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Abstract—We evaluated olfactory attraction of overwintered plum curculio
(PC) adults, Conotrachelus nenuphar, to 16 individual volatile components
of unripe plum odor in the laboratory using a still-air dual-choice bioassay
system and in the field using baited cotton dental wicks attached to boll-weevil
traps placed on the ground beneath the canopy of unsprayed apple trees. Two
compounds, ethyl isovalerate and limonene, were significantly attractive in
both laboratory bioassays and field experiments. In laboratory bioassays, as
concentration was decreased across five orders of magnitude, a greater number
of compounds elicited responses suggestive of attractancy (except at the lowest
concentration). Even so, linalool, 2-hexanone, and 3-hydroxy-2-butanone were
the only other compounds showing significant attractiveness in laboratory
bioassays, but none of these (nor any other compounds) were significantly
attractive in field assays. We suggest that the use of ethyl isovalerate and/ or
limonene as odor attractants offers potential to increase the efficacy of current
traps for monitoring PCs immigrating into fruit orchards during spring.
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INTRODUCTION

Currently, no reliable monitoring device exists to detect initiation and amount
of fruit injury by the plum curculio (PC), Conotrachelus nenuphar (Herbst)
(Coleoptera: Curculionidae). This insect is a principal pest of stone and pome
fruit in eastern and central North America (Racette et al., 1992) and one of the
most destructive pests of peaches and plums in the southeastern United States
(Yonce et al., 1995). Growers are forced to use the appearance of fresh egg-lay-
ing scars as a sign that PCs pose an imminent threat to fruit in orchards (Prokopy
and Croft, 1994).

Various trap designs have been evaluated for monitoring PC adults. They
include inverted polyethylene funnels hung beneath tree trunks to capture falling
adults (Le Blanc et al., 1981), unbaited sticky-coated apples or plastic spheres
hung from host tree branches (Yonce et al., 1995), pitfall traps placed beneath
host trees (Yonce et al., 1995), unbaited cotton boll-weevil traps placed on ver-
tical stakes between woods and commercial orchards (Yonce et al., 1995), and
cotton boll-weevil traps baited with a component of male PC sex pheromone,
grandisoic acid, and placed on cut ends of vertical host tree branches (Eller and
Bartelt, 1996). Tall dark-colored unbaited pyramid traps capped with detachable
conical boll weevil trap tops, developed originally as supernormal visual mimics
of tree trunks for attracting host-seeking pecan weevils, Curculio caryae (Horn)
(Tedders and Wood, 1994) also have been tested; these traps were placed on the
ground in or adjacent to orchards (Prokopy and Wright, 1998; Prokopy et al.,
1999). Of these candidates, only the last two methods showed any success, but
even they captured small numbers of PCs.

Numerous species of weevils are attracted to host plant volatiles or specific
compounds present in host plant volatiles, including the banana weevil, Cos-
mopolites sordidus (Germar) (Budenberg et al., 1993), the cabbage seed weevil,
Ceutorhynchus assimilis Payk. (Evans and Allen-Williams, 1992, 1993; Bartlet
et al., 1997; Smart and Blight, 1997), the pecan weevil, Curculio caryae (Horn)
(Collins et al., 1997), the pea weevil, Sitona lineatus L. (Landon et al., 1997),
and the red weevil, Rhynchophorus ferrugineus (Olivier) (Gunawardena et al.,
1998).

PCs are attracted to host fruit odor over short distances in the labora-
tory (Butkewich and Prokopy, 1993; Prokopy et al., 1995; Leskey and Prokopy,
2000), and in the field at distances up to 3 m (Butkewich and Prokopy, 1997). A
potential method for improving trap efficacy for PCs is to deploy specific attrac-
tive compounds present in host plant volatiles in conjunction with a trap. This
has been done with the cabbage seed weevil, for which water-bowl traps painted
yellow and filled with detergent solution were baited with specific odor com-
pounds from oilseed rape, Brassica napus (Smart and Blight, 1997). Although
PCs are attracted to host fruit odor, it is not known which particular compounds
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present in such odor could potentially be attractive to PCs and provide growers
with a means of increasing trap efficacy over unbaited traps (Le Blanc et al.,
1981; Yonce et al., 1995; Prokopy and Wright, 1998; Prokopy et al., 1999) or
be used in combination with grandisoic acid (Eller and Bartelt, 1996).

Wild plum, Prunus americana, is the native host of PCs (Maier, 1990),
suggesting that volatiles from cultivated plum potentially could be attractive.
We identified 16 individual volatile compounds from odor of unripe host fruit
of cultivated plum, Prunus domestica, and evaluated responses of PCs to these
compounds in the laboratory both in 1998 and in 2000. We used a laboratory
bioassay system designed to test PC responses to host fruit odor (Prokopy et al.,
1995). During 1998, we also evaluated PC responses to these 16 compounds at a
field site using baited boll weevil traps placed on the ground beneath the canopy
of unsprayed apple trees.

METHODS AND MATERIALS

Immature Plum Volatiles. Unripe cultivated plums (var. Fellenburg) were
gathered approximately two weeks after bloom from an unmanaged orchard
at the Ohio Agricultural Research and Development Center. Forty plums were
placed in an 8-dr (32 ml) vial, held on ice, and transported to the laboratory for
volatile collections. Volatile analysis commenced within 10 min of collecting
the fruit. The cap of the vial was outfitted with two rubber septa, which allowed
the flow of compressed air into the vial and flow of volatile-laden air out to a
trap. Prior to entering the sample vial, the high-purity compressed air was fil-
tered through activated charcoal and humidified by bubbling through distilled
water. Fruit volatiles were collected using a trapping device described previ-
ously by Phelan and Lin (1991). The device consisted of a 60-cm × 0.1-cm-ID
nickel capillary trap packed with Tenax GC (60/ 80 mesh) and attached to a
Hewlett-Packard 5890A gas chromatograph (GC) using a two-position six-port
Valco valve (Houston, Texas). This setup allowed volatiles to be collected from
the sample and then thermally desorbed at 2008C directly to the capillary GC
column. Plum volatiles were collected for 30 min at 20 ml/ min. The trap was
purged with dry helium for 3 min, and then volatiles were desorbed for 2 min to
a DB-1 (0.32 × 30 m, 5-mm film) capillary column. Components were eluted at
30–2008C at 108C/ min, followed by analysis using a HP 5970 Mass Selective
Detector interfaced to the GC. Initial identifications were confirmed by compar-
ison of retention times and mass spectra with authentic samples. Blank volatile
collections using a clean empty vial were conducted each morning to isolate pos-
sible contaminants from the trapping system and GC. Following volatile collec-
tion, plums were placed immediately in hexane to permit extraction of possible
additional compounds.
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FIG. 1. Total ion chromatogram of natural plum volatiles collected on Tenax for 30 min
at 20 ml/ min from 40 immature plums (10 g total, avg. c 7.3 mm) at 2 weeks after
bloom. Compound identity: 1, 2-propanol (8 ng); 2, ethyl acetate (119 ng); 3, 3-hydroxy-
2-butanone (56 ng); 4, 2-pentanol (4 ng); 5, ethyl butanoate (40 ng); 6 + 7, trans-2-hexenal
and ethyl isovalerate, respectively (71 ng); 8, benzaldehyde (11 ng); 9, limonene (51 ng);
10, linalool (29 ng). Unmarked peaks were incompletely identified.

Ten compounds were identified from volatile emissions of field-collected
plums (Figure 1). Six additional compounds not found in plum volatile profiles
were identified from hexane extracts of plums: benzonitrile, 2-hexanol, 3-hex-
anol, 2-hexanone, 3-hexanone, and isopropyl acetate. All compounds identified
from volatile emissions and from hexane extracts were evaluated as potential
attractants for PCs in laboratory and field experiments. Compounds were pur-
chased from Aldrich Chemical Company, Inc. (Milwaukee, Wisconsin). For lab-
oratory bioassays, each compound was diluted in hexane (with the exception of
3-hydroxy-2-butanone, which was diluted in water) to yield five concentrations:
1.00, 0.10, 0.01, 0.001, and 0.0001%. For field experiments, all compounds were
diluted in technical grade mineral oil to a 5.00% concentration; those compounds
found to exhibit high levels of either attractancy or repellency were diluted again
to a 0.50% concentration.

Laboratory Bioassay Procedures. All PCs used here were collected as over-
wintered adults in the field in late May or early June in 1998 and 2000 from pop-
ulations present on unsprayed wild plum or apple trees in Hampshire County,
Massachusetts. They were assumed to be approximately the same age but of
unknown mating status. Within a few hours of collection from the field, PCs
were segregated according to sex using criteria described by Thomson (1932).
Adults were held for the duration of all experiments in wax-coated paper cups
(473 ml) with clear plastic lids. No more than 60 individuals were held in any
one cup. PCs were held under a photoregime of 16L : 8D to mimic long-day
conditions in nature from late May to late June. Fresh food, either unsprayed
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wild plum or apple fruit, was provided along with a wetted cotton wick as a
water source. Although some herbivorous insects respond differently to host
plant odors according to type of diet provided prior to assay, in preliminary lab-
oratory experiments with PCs, we saw no difference in pattern of PC response
to host fruit odors between individuals fed unsprayed apple or plum (Leskey and
Prokopy, unpublished data).

A dual-choice still-air system of enclosed Petri dishes, described by
Prokopy et al. (1995), was employed to test attractiveness of the 16 volatile com-
ponents of plum odor. Tests were conducted at ∼268C, 65–80% relative humidity,
at the beginning of scotophase of the 16L : 8D cycle, and were carried out from
late May to late June in 1998 and 2000. Two pipette tips were attached over
holes of the same diameter pierced in the lid of the Petri dish. These tips act as
treatment tubes down which the volatiles can pass. A 75-ml aliquot of a solu-
tion containing a single compound was pipetted onto a 1-cm square of cotton
wick placed next to one of the two pipette tips. A 75-ml aliquot of hexane (or
water, in the case of 3-hydroxy-2-butanone) was used as a solvent control and
pipetted onto a second cotton square placed next to the end of other pipette tip.
During bioassay preparation, volatiles and controls were pipetted beneath a fume
exhaust system to prevent cross-contamination between treatments and controls.
Hexane-diluted compounds and controls were allowed to evaporate for approx-
imately 4 min, and then each tube was covered with a transparent polystyrene
cup. Water-diluted compounds and controls were covered immediately by cups.
After cups were placed over both tubes, the bioassay became a closed system,
allowing volatiles from the treatment wick to diffuse through the opening of the
adjacent pipette tip, into the treatment tube, and then into the Petri dish cham-
ber, presumably creating a concentration gradient of treatment odor that did not,
however, exclude treatment odor from entering the control tube. PCs, chosen ran-
domly from the available field-collected pool, were held in groups of 40 males
or 40 females, starved for 24 hr, and chilled for 15–20 min in a cold room at
8–98C just before use. Handling of PCs was kept to a minimum. A single PC
was placed gently in the center of each bioassay dish. Each replicate, measuring
response to a particular compound, consisted of 12 PCs tested singly in individ-
ual bioassay dishes held together on a tray. Dishes were then moved immediately
to the testing room. PCs were fed immediately after the bioassay period (2 hr)
had ended and were reused in subsequent bioassays no less than four days later.

To assess attractiveness of a particular compound, we used a response index
(RI) developed by Phillips et al. (1993). A positive response to either the treat-
ment (a particular compound) or control (corresponding solvent) was considered
to have occurred when a PC crawled up the inner surface of one of the two tubes
and entered a cup containing either the treatment or control within 2 hr. Few PCs
(<3%) leave a treatment or control cup after entering it. PCs were allowed 2 hr
to respond because it takes longer than 1 hr for the odor gradient and/ or PC
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response level to reach an asymptote; after 2 hr, little change in PC response
level occurs (Prokopy et al., 1995). The RI was calculated by subtracting the
number of PCs responding to the control (C) from the number responding to the
treatment (T), dividing the amount by the total number of PCs tested, and mul-
tiplying by 100. Thus, RI c ((T − C )/ total) × 100; the greater the RI value, the
more attractive the stimulus. We accept a RI value of 9 as the minimum for sug-
gesting attractiveness and a RI value >40 as being highly attractive. This latter
is based on the mean ± a single standard deviation unit (mean RI c 25.0 ± 16.0
SD, N c 120) obtained for responses to a standard attractive source: a hexane
extract of McIntosh fruit collected one week after bloom, previously shown to
be the most attractive phenological stage of apples (Leskey and Prokopy, 2000).
Under this system, a RI value of −13 or greater can be considered as indicat-
ing repellency (according to the subtraction of two standard deviation units from
the mean RI for our hexane standard). One replicate (involving assay of 12 PCs)
was tested each day that bioassays were conducted. If the RI for the standard fell
below a value of 9, data from that particular day were discarded. Discrimination
of host odor by PCs is significantly and positively correlated with barometric
pressure (Leskey 2000). On test days when barometric pressure was low, PCs
did not discriminate well between standard and control. In addition to assess-
ment using RI values, data were subjected to a one-tailed Wilcoxon signed rank
test (P < 0.05). For each replicate of a particular compound, i.e. a tray of 12
Petri dishes, we subtracted the total number of PCs that entered control cups
from the total number of PCs that entered treatment cups to obtain the differ-
ence between them and used this value to designate ranks among all replicates.
Ranks were ultimately used to calculate the test statistic (Statistix, 1992). Those
PCs that remained in the dishes were excluded from this analysis because they
did not respond to either the treatment or control.

Field Assay Procedures. For each compound tested, a 150- or 15-ml aliquot
of compound in neat solution was diluted to a 5.00 or 0.50% concentration,
respectively, in mineral oil (3 ml total volume); 3 ml of mineral oil alone served
as a control. Each treatment or control substance was applied to a 7.6-cm piece of
cotton dental wick (Absorbal, Wheatridge, Colorado), which was then wrapped
with aluminum foil, sealed at one end, and suspended horizontally by a wire
attached to the base of a fountain-style boll weevil trap top capping an accom-
panying solid green boll weevil plastic trap base (Gemplers, Inc., Belleville, Wis-
consin).

Release rates were determined by exposing five wrapped wicks (identical to
those deployed in field assays) containing each compound at each concentration
tested to open-air indoor conditions at 26–288C for 96 hr and weighing each
wick daily to determine milligrams of compound lost per day over the four-day
period.

All compounds were evaluated simultaneously in a small unmanaged block
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of apple trees of mixed cultivars, each about 3 m in canopy diameter. Grass
beneath tree canopies was maintained at 5–10 cm throughout. One trap was
placed at each cardinal point approximately 1 m away from the trunk beneath the
canopy of an unsprayed apple tree, with the compound- or control-baited wick
facing the trunk. For each tree, traps baited with the same compound were placed
at north and south positions and control-baited traps at east and west positions
(or the reverse orientations determined randomly). After 48 hr, PCs captured
in the compound- and control-baited traps were counted, with totals from the
two compound-baited traps combined into a single value and totals from the
two control-baited traps combined into a single value, each value constituting
one replicate. For the next replicate, trap location for each compound was reran-
domized among trees, cardinal orientation of compound- and control-baited traps
beneath trees was randomly assigned, and compound- and control-baited wicks
were replaced.

In the first field experiment, each of the 16 compounds was evaluated in
12 replicates run consecutively over a 24-day period at a 5.00% concentration
of each compound. In the second field experiment, the most and least attractive
compounds from the first field experiment were tested again, at a 5.00% as well
as a 0.50% concentration, with 10 replicates of each. Procedures were essentially
the same as in the first field experiment except that each replicate lasted 24 rather
than 48 hr.

To measure the attractiveness of a particular compound, a field response
index was calculated by subtracting the number of PCs responding to the control
(C) from the number responding to the treatment (T) [the particular compound],
dividing by the total number of PCs captured in the treatment and control traps,
and multiplying by 100. Thus, RI c [(T−C )/ (T+C )] × 100; the greater the RI, the
more attractive the compound. To analyze the extent of response to traps baited
with a particular compound compared to corresponding control traps, data were
subjected to a one-tailed Wilcoxon signed rank test (P ≤ 0.05). For each replicate
of a particular compound, we subtracted the total number of PCs that entered
control-baited traps from the total number of PCs that entered treatment-baited
traps to obtain the difference between them and used this value to designate ranks
among all replicates. Ranks were ultimately used to calculate the test statistic
(Statistix, 1992).

RESULTS

Laboratory Assays. There were no significant differences between males
and females in response to compounds at any of the five concentrations tested.
Therefore, results were combined across sex to increase statistical power. For
compounds at 1.00% concentration (Table 1), an RI suggesting attraction (RI >



LESKEY ET AL.8

TABLE 1. LABORATORY RESPONSE OF ADULT PCs TO INDIVIDUAL VOLATILE

COMPONENTS OF PLUM ODOR (AT 1.00% IN SOLVENT) AND CORRESPONDING RESPONSE

INDICES FOR EACH COMPOUND

PCs responding (%)b

Compound PCs assayed (N )a Treament Control RI

Benzaldehyde 72 1 29b
−27.8

Benzonitrile 48 2 31b
−29.2

Ethyl acetate 48 31 25 6.3
Ethyl butyrate 48 35 21 14.6
Ethyl isovalerate 72 15 19 −4.2
2-Hexanol 48 15 19 −4.2
3-Hexanol 48 21 21 0.0
2-Hexanone 72 25 23 2.1
3-Hexanone 48 4 21b

−16.7
3-Hydroxy-2-butanone 48 19 35b

−16.7
Isopropyl acetate 48 13 25b

−12.5
Limonene 72 22 29 −6.9
Linalool 48 2 29b

−27.1
2-Pentanol 48 23 25 −2.1
2-Propanol 48 21 21 0.0
trans-2-Hexenal 48 4 25b

−20.8

a Each replicate consisted of 12 PCs tested individually in bioassay dishes and held together on a
single tray.

b Treatments and controls are significantly different from each other at P ≤ 0.05 according a
one-tailed Wilcoxon signed rank test.

9) was recorded for ethyl butyrate (RI c 14.6), while RIs suggesting repel-
lency (RI < −13) were recorded for benzaldehyde, benzonitrile, 3-hexanone,
3-hydroxy-2-butanone, linalool, and trans-2-hexenal. The positive response to
ethyl butyrate was not significant, whereas there was a significantly greater
response to control over treatment for the latter six compounds plus isopropyl
acetate, indicating that PCs were likely repelled at 1.00% concentration. At
0.10% concentration, responses suggesting attraction were recorded for ethyl iso-
valerate (RI c 12.5), 2-pentanol (RI c 12.5), and 2-hexanone (RI c 10.4), with
response to ethyl isovalerate being significantly greater than to control (Table 2).
RIs suggesting repellency were recorded for benzaldehyde and trans-2-hexenal,
just as at the 1.00% concentration, with significantly greater response to control
over treatment for each (Table 2). At 0.01% concentration, responses suggesting
attraction were recorded for ethyl isovalerate (RI c 23.6), limonene (RI c 18.1),
ethyl acetate (RI c 12.5), linalool (RI c 12.5), and benzonitrile (RI c 11.7), with
responses to treatments of ethyl isovalerate, limonene and linalool being sig-
nificantly greater than to controls (Table 3). A RI suggesting repellency was
recorded for 3-hydroxy-2-butanone as was also the case at 1.00% concentration;
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TABLE 2. LABORATORY RESPONSE OF ADULT PCs TO INDIVIDUAL VOLATILE

COMPONENTS OF PLUM ODOR (AT 0.10% IN SOLVENT) AND CORRESPONDING RESPONSE

INDICES FOR EACH COMPOUND

PCs responding (%)b

Compound PCs assayed (N )a Treatment Control RI

Benzaldehyde 84 13 26b
−13.1

Benzonitrile 60 15 25 −10.0
Ethyl acetate 48 21 27 −6.3
Ethyl butyrate 48 35 29 6.3
Ethyl isovalerate 72 26b 14 12.5
2-Hexanol 48 23 15 8.3
3-Hexanol 48 23 23 0.0
2-Hexanone 48 31 21 10.4
3-Hexanone 48 10 21 −10.4
3-Hydroxy-2-butanone 48 23 29 −6.3
Isopropyl acetate 48 13 17 −4.2
Limonene 72 33 29 4.2
Linalool 48 13 19 −6.3
2-Pentanol 48 29 8 12.5
2-Propanol 48 19 19 0.0
trans-2-hexenal 48 8 25b

−16.7

a Each replicate consisted of 12 PCs tested individually in bioassay dishes and held together on a
single tray.

b Treatments and controls are significantly different from each other at P ≤ 0.05 according to a
one-tailed Wilcoxon signed rank test.

responses to controls of 3-hexanone, 3-hydroxy-2-butanone, and trans-2-hexenal
were significantly greater than to treatments. For compounds at 0.001% concen-
tration, RIs suggesting attraction were recorded for 2-hexanol (RI c 13.3), 3-
hexanol (RI c 13.3), 2-hexanone (RI c 13.3), 3-hydroxy-2-butanone (RI c 23.3),
linalool (RI c 11.7), and trans-2-hexenal (RI c 10.0), with responses to treat-
ments of 2-hexanone and 3-hydroxy-2-butanone being significantly greater than
to controls (Table 4). RIs suggesting repellency were recorded for benzalde-
hyde, benzonitrile, and isopropyl acetate with significantly greater responses to
controls of benzonitrile and isopropyl acetate (Table 4). At 0.0001% concentra-
tion, no responses suggesting attraction were recorded and only isopropyl acetate
elicited a response indicating repellency, with response to control being signifi-
cantly greater than to treatment (Table 5).

Field Assays. In the first field experiment, the highest positive RIs were
recorded for responses to traps baited with ethyl isovalerate (RI c 71.4), limonene
(RI c 37.5), benzonitrile (RI c 33), and 3-hydroxy-2-butanone (RI c 26.3), with
responses to ethyl isovalerate and limonene being significantly greater than to
controls (Table 6). Negative RIs, indicative of more PCs caught in control-baited
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TABLE 3. LABORATORY RESPONSE OF ADULT PCs TO INDIVIDUAL VOLATILE

COMPONENTS OF PLUM ODOR (AT 0.01% IN SOLVENT) AND CORRESPONDING RESPONSE

INDICES FOR EACH COMPOUND

PCs responding (%)b

Compound PCs assayed (N )a Treatment Control RI

Benzaldehyde 84 24 24 0.0
Benzonitrile 60 33 22 11.7
Ethyl acetate 48 38 21 12.5
Ethyl butyrate 48 27 19 8.3
Ethyl isovalerate 72 35b 11 23.6
2-Hexanol 48 21 13 8.3
3-Hexanol 48 19 21 −2.1
2-Hexanone 48 27 27 0.0
3-Hexanone 48 4 15b

−10.4
3-Hydroxy-2-butanone 48 8 25b

−16.7
Isopropyl acetate 48 23 19 4.2
Limonene 72 39b 25 18.1
Linalool 48 23b 10 12.5
2-Pentanol 48 17 23 −6.3
2-Propanol 48 17 21 −4.1
trans-2-Hexenal 48 12 25b

−12.5

a Each replicate consisted of 12 PCs tested individually in bioassay dishes and held together on a
single tray.

b Treatments and controls are significantly different from each other at P ≤ 0.05 according to a
one-tailed Wilcoxon signed rank test.

traps than compound-baited traps, were recorded for 2-hexanol, 3-hexanol, 2-
hexanone, 3-hexanone, isopropyl acetate, 2-pentanol, and 2-propanol, with sig-
nificantly greater responses to control-baited traps than to traps baited with 3-
hexanol or 3-hexanone. In the second field experiment, highest positive RIs were
recorded for responses to limonene (RI c 100) and ethyl isovalerate (RI c 80) at
5.00% concentration, with response to each compound being significantly greater
than to control. A lesser degree of positive response (none significant) occurred
to both of these compounds at the 0.50% concentration and to 3-hexanol at either
concentration (Table 7).

DISCUSSION

Two compounds, ethyl isovalerate and limonene, were significantly more
attractive than controls in both laboratory bioassays and field experiments
(Tables 2, 3, 6, and 7). In laboratory bioassays, as the concentration of com-
pound was decreased successively from 1.00% to 0.001%, a successively greater
number of compounds elicited a response suggestive of attractancy (RI > 9),
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TABLE 4. LABORATORY RESPONSE OF ADULT PCs TO INDIVIDUAL VOLATILE

COMPONENTS OF PLUM ODOR (AT 0.001% IN SOLVENT) AND CORRESPONDING RESPONSE

INDICES FOR EACH COMPOUND

PCs responding (%)b

Compound PCs assayed (N )a Treatment Control RI

Benzaldehyde 48 21 33 −16.7
Benzonitrile 48 19 35b

−16.7
Ethyl acetate 48 27 21 6.3
Ethyl butyrate 60 35 28 6.7
Ethyl isovalerate 60 22 23 −1.7
2-Hexanol 60 35 22 13.3
3-Hexanol 60 30 17 13.3
2-Hexanone 60 33b 20 13.3
3-Hexanone 60 23 25 −1.7
3-Hydroxy-2-butanone 60 38b 15 23.3
Isopropyl acetate 60 20 35b

−15.0
Limonene 60 23 20 3.3
Linalool 60 32 20 11.7
2-Pentanol 60 17 23 −6.7
2-Propanol 60 30 22 8.3
trans-2-Hexenal 60 27 17 10.0

a Each replicate consisted of 12 PCs tested individually in bioassay dishes and held together on a
single tray.

b Treatment and controls are significantly different from each other at P ≤ 0.05 according to a
one-tailed Wilcoxon signed rank test.

including significantly greater response to treatment over control for linalool at
0.01% (Table 3) and 2-hexanone and 3-hydroxy-2-butanone at 0.001% (Table 4).
Benzaldehyde, benzonitrile, 3-hydroxy-2-butanone, linalool, and trans-2-hexenal
were significantly less attractive than controls in laboratory bioassays at 1.00%
(Table 1) but yielded positive RIs (although not significantly positive responses)
in the field (Table 6). In contrast, the green leaf volatiles 2-hexanol and 2-hex-
anone showed RI values suggesting attractancy in laboratory assays at 0.001%
(Table 4) but showed negative RIs in field assays (Table 6).

Ethyl isovalerate and limonene were the only compounds tested here that
yielded positive and significant responses from PCs in both laboratory bioassays
(Tables 2 and 3) and field experiments (Tables 6 and 7). Volatiles from host plant
odors can be used in conjunction with traps to markedly increase trap efficacy,
as has been shown in the case of butyl hexanoate (a component of apple odor)
that enhances attraction of apple maggot flies, Rhagoletis pomonella (Walsh),
to fruit-mimicking red sphere traps (Reissig et al., 1982; Duan and Prokopy,
1992; Reynolds and Prokopy, 1997). Addition of ethyl isovalerate and limonene
to traps may provide growers with a means to increase trap efficacy over cur-
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TABLE 5. LABORATORY RESPONSE OF ADULT PCs TO INDIVIDUAL VOLATILE

COMPONENTS OF PLUM ODOR (AT 0.0001% IN SOLVENT) AND CORRESPONDING RESPONSE

INDICES FOR EACH COMPOUND

PCs responding (%)b

Compound PCs assayed (N )a Treatment Control RI

Benzaldehyde 72 18 19 −1.4
Benzonitrile 72 19 25 −5.5
Ethyl acetate 72 15 21 −5.5
Ethyl butyrate 72 24 22 1.4
Ethyl isovalerate 72 21 26 −5.5
2-Hexanol 72 22 31 −8.3
3-Hexanol 72 21 24 −2.8
2-Hexanone 72 27 19 4.2
3-Hexanone 72 21 31 −9.7
3-Hydroxy-2-butanone 72 26 29 −2.7
Isopropyl acetate 72 17 31b

−13.9
Limonene 72 21 29 −8.3
Linalool 72 17 18 −1.4
2-Pentanol 72 19 11 8.3
2-Propanol 72 22 29 −6.9
trans-2-Hexenal 72 24 21 2.8

a Each replicate consisted of 12 PCs tested individually in bioassay dishes and held together on a
single tray.

b Treatment and controls are significantly different from each other at P ≤ 0.05 according to a
one-tailed Wilcoxon signed rank test.

rent unbaited PC traps (Le Blanc et al., 1981; Yonce et al., 1995; Prokopy and
Wright, 1998; Prokopy et al., 1999). In combination with grandisoic acid, an
attractive component of the male-produced aggregation pheromone (Eller and
Bartelt, 1996), these fruit volatiles could be even more useful in enhancing trap
efficacy, such as in the case of traps for the palmetto weevil, Rhynchophorus
cruentatus Fabricius (Giblin-Davis et al., 1994) and the West Indian sugarcane
weevil, Metamasius hemipterus sericeus (Olivier) (Giblin-Davis et al., 1996),
where combinations of host plant tissue or host plant volatile compounds plus
synthetic pheromones were deployed.

Green leaf volatiles including, most importantly, certain 6-carbon alcohols
and aldehydes, result from metabolism of lipids and are produced by many green
plants (Bernays and Chapman, 1994). Chemotactic responses by herbivorous
insects to these compounds are considered to be a generalized mechanism of
host plant recognition (Metcalf and Metcalf, 1992). In our field experiment, a
negative RI was recorded for PC responses to 2-hexanol, 3-hexanol, 2-hexanone,
and 3-hexanone with significantly greater responses to control-baited traps for
3-hexanol and 3-hexanone (Table 6). Perhaps at the concentrations tested, PCs
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TABLE 6. FIELD RESPONSE OF ADULT PCs TO INDIVIDUAL VOLATILE COMPONENTS OF

PLUM ODOR (AT 5.00% IN MINERAL OIL) AND CORRESPONDING RESPONSE INDICES FOR

EACH COMPOUND

PCs responding (%)b

Release-rate Total PCs

Compound Replicatesa (mg/ day) captured Treatment Control RI

Benzaldehyde 12 14.64 16 56 44 12.5
Benzonitrile 12 11.33 15 67 34 33.0
Ethyl acetate 12 30.54 25 56 44 9.1
Ethyl butyrate 12 27.60 44 57 43 13.6
Ethyl isovalerate 12 19.51 21 86b 25 71.4
2-Hexanol 12 18.59 16 44 56 −12.5
3-Hexanol 12 18.57 18 17 83b

−66.7
2-Hexanone 12 22.43 20 40 60 −18.2
3-Hexanone 12 26.37 26 31 69b

−38.5
3-Hydroxy-2-butanone 12 27.29 19 63 37 26.3
Isopropyl acetate 12 33.31 23 43 57 −13.0
Limonene 12 4.99 32 69b 31 37.5
Linalool 12 3.71 20 55 45 10.0
2-Pentanol 12 35.33 24 38 62 −25.0
2-Propanol 12 31.97 29 34 66 −31.0
trans-2-Hexenal 12 1.85 26 54 46 7.7

a Each replicate consisted of captures by two compound-baited and two control-baited traps placed
on the ground beneath the canopy of an unsprayed apple tree for 48 hr.

b Treatments and controls are significantly different from each other at P ≤ 0.05 according to a
one-tailed Wilcoxon signed rank test.

perceived these volatiles to be from a nonhost green plant and thus avoided
them. Similarly, traps baited with the green leaf volatiles 1-hexanol, (E )-2-hexen-
1-ol, (Z )-2-hexen-1-ol, and (Z )-3-hexen-1-ol alone or in combination resulted
in reduced trap catches of the striped ambrosia beetle, Trypodendron lineatum
(Olivier), in forests of Douglas fir trees in British Columbia, indicating that these
beetles may use these compounds as cues to avoid nonhost angiosperm logs in
their search for host coniferous logs (Borden et al., 1997). On the other hand,
unlike T. lineatum, PCs could be attracted to broad-spectrum green leaf volatile
compounds, but at lower concentrations. For example, male PCs were attracted
to a 5-mg dose of a known green leaf volatile, (Z )-3-hexen-1-ol, in an olfac-
tometer in significantly greater numbers than to higher doses of this compound
or to a control (Cormier et al., 1998). Similarly, attractive response was recorded
for PCs to 3-hexanol at 0.001% concentration but not to this green leaf volatile
at higher concentrations in our laboratory bioassays (Tables 1–4).

Insect response to a particular volatile compound can be markedly influ-
enced by the concentration of that compound. For example, the boll weevil,
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TABLE 7. FIELD RESPONSE OF ADULT PCs TO INDIVIDUAL VOLATILE COMPONENTS OF

PLUM ODOR AND CORRESPONDING RESPONSE INDICES FOR EACH COMPOUND

PCs responding (%)c

Release rate Total PCs

Compound %a Replicatesb (mg/ day) captured Treatment Control RI

Ethyl isovalerate 5.00 10 19.51 10 90c 10 80.0
0.50 10 2.82 4 75 25 50.0

3-Hexanol 5.00 10 18.57 8 63 37 25.0
0.50 10 2.39 10 60 40 20.0

Limonene 5.00 10 4.99 10 100c 0 100.0
0.50 10 1.03 19 63 37 26.0

a % compound in mineral oil.
b Each replicated consists of captures by two compound-baited and two control-baited traps placed
on the ground beneath the canopy of an unsprayed apple tree for 24 hr.

c Treatments and controls are significantly different from each other at P ≤ 0.05 according to a
one-tailed Wilcoxon signed rank test.

Anthonomus grandis Boheman, was repelled at the highest concentration and
attracted at lower concentrations of b-bisabolol, the major volatile of cotton,
evaluated in laboratory experiments in a moving air olfactometer (Dickens,
1986). The concentrations of 1.00% and 0.10% for most compounds tested in
our laboratory bioassays were probably too high to elicit an attractive response
from a PC in the confined space of a Petri dish chamber and over the short
distance between odor source and release point of the PC. However, concentra-
tions were not high enough to anesthetize or immobilize PCs as can be done
by holding PCs at cold temperatures. When immobilized, PCs exhibit retracted
antennae and legs. We conducted extensive observations of PCs in Petri dishes
at these higher concentrations and observed that PCs appeared to be alert (erect
antennae and nonretracted legs) during experiments. More importantly, as con-
centration was decreased to as low at 0.001%, a greater number of compounds
elicited responses, suggesting attraction of PCs in our laboratory bioassays. For
example, both linalool and 3-hydroxy-2-butanone were significantly less attrac-
tive than controls at 1.00% but were significantly more attractive than controls
at 0.01% and 0.001%, respectively (Tables 1, 3, and 4), and trans-2-hexenal was
significantly less attractive than control at 1.00% but elicited a response suggest-
ing attraction at 0.001% (Tables 1 and 4). Thus, concentration of a particular
compound appears to have been an important factor influencing PC responsive-
ness in our laboratory bioassays.

The concentration of a particular compound (or amount released) and the
context in which it is evaluated likely have strong effects on the nature of PC
responsiveness. As already mentioned, we found that benzaldehyde, benzoni-
trile, 3-hydroxy-2-butanone, linalool, and trans-2-hexenal were significantly less
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attractive than controls in laboratory bioassays at 1.00% concentration (Table
1), but yielded positive RIs in the field at 5.00% concentration (Table 6). Lab-
oratory bioassays evaluated PC responses in enclosed chambers over short dis-
tances, whereas field assays involved PC responses over longer distances in nat-
ural surroundings. The reverse was true for cabbage seed weevils; these wee-
vils were attracted to (Z )-3-hexen-1-ol in a linear track olfactometer in labora-
tory experiments (Bartlet et al., 1997), but in the field, this compound had no
effect on trap captures during weevil colonization of crop fields or was slightly
depressive to trap captures during dispersal from crop fields (Smart and Blight,
1997). Similarly, male Mediterranean fruit flies, Ceratitis capitata (Weidemann),
were attracted to limonene, a-terpineol, linalool, and geranyl acetate in labora-
tory cages and in wind tunnels, but not in the field (Howse and Knapp, 1996).
Perhaps PCs, cabbage seed weevils, and male Mediterranean fruit flies express
attraction to certain compounds under certain conditions, but do not do so under
other conditions because of greater/ lesser concentration of compound and/ or the
context in which a compound is offered. The still-air dual-choice bioassay sys-
tem used here is a relatively simple method for simultaneously rapid screening
of PC response to a large number of compounds, but this method can not be rec-
ommended for gaining deeper insight into the true nature of PC behavior during
orientation toward or away from compounds of differing concentration.

This study provides the first evidence for PC attraction to specific com-
pounds present in host plant odor, namely ethyl isovalerate and limonene. How-
ever, both of these compounds, as well as other compounds tested, might be
more attractive at concentrations or release rates different from those used here,
or when in combination. Although ethyl isovalerate and limonene significantly
increased trap captures under the conditions tested here, further tests are needed
to optimize formulation, release rate, type of trap used in association with com-
pound deployment, and positioning of compounds on traps. The indication here
of PC attraction to these compounds increases the potential for creating a reliable
monitoring device for this important tree fruit pest.
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Abstract—L-Canavanine is a nonprotein amino acid contained in jack bean
[Canavalia ensiformis (L.) DC] and shows a plant inhibitory effect. The
inhibitory effect was determined by an immersion test and a microdrop test
that employed rice seedlings. L-Canavanine inhibited elongation of the second
leaf sheath of rice seedlings more than other natural bioactive substances, such
as salicylic acid and cinnamic acid. The modified microdrop test revealed that
the mode of action of L-canavanine had no relation to gibberellin synthesis.
In the microdrop test, the inhibitory effect of L-canavanine was decreased by
simultaneous addition of L-arginine, an analog of L-canavanine. Free amino
acid analysis of rice shoots clearly showed that L-canavanine induced an
unusual accumulation of L-arginine. However, accumulation of L-arginine did
not cause the inhibitory effect on plant growth. These results suggest that the
mechanism of inhibition of L-canavanine is closely related to the inhibition of
arginine metabolism.

Key Words—L-Canavanine, nonprotein amino acid, plant growth inhibitor,
mode of action.

INTRODUCTION

Some chemicals contained in plants have protective functions against insects,
microorganisms, and plants. They are variable in their chemical structures and
modes of action (Einhellig, 1995b). Some of them may be useful as agricultural
chemicals. Many insecticides and fungicides come from natural plants (Benner,
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FIG. 1. Chemical structure of L-canavanine and L-arginine.

1996). On the other hand, few natural plant compounds are used as commercial
herbicides because they do not show strong and long-term effects like synthetic
herbicides (Benner, 1996). However, it should be possible to reduce the amount
of synthetic herbicide applied by using natural products or allelopathic plants or
microorganisms that produce those products (Einhellig, 1995a).

L-Canavanine (Figure 1) is a nonprotein amino acid found in legumes such
as jack bean [Canavalia ensiformis (L.) DC.] (Turner and Harbone, 1967). Jack
bean has been shown to inhibit growth of some other plants (Shibuya, 1994), and
L-canavanine is referred to as an allelochemical of jack bean (Shibuya, 1994). In
this study, the plant inhibitory activity of L-canavanine was determined and com-
pared with other bioactive substances derived from plants. The mode of action
of L-canavanine was investigated.

METHODS AND MATERIALS

Comparison of Activity on Elongation Growth. The immersion test
(Murakami, 1973) and the microdrop test (Murakami, 1968) were modified as
follows.

In the immersion test, 1 ml of 0.5% (w/ v) agar medium containing 0.5 mM
of the test compound was poured into a glass vial (30 mm ID × 60 mm long).
After solidification, five rice seeds (Oryza sativa L. cv. Nipponbare) germinated
for two days at 308C were planted on the agar medium in the vial and incubated
for five days at 308C under continuous irradiation with fluorescent lamps (50
mmol/ m2/ sec). The length of the second leaf sheath of treated seedlings was
measured and compared with that of controls (untreated seedlings).

In the microdrop test, a vial (30 mm ID × 60 mm long) was filled with 30
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ml of 0.5% (w/ v) agar medium, and five germinated rice seeds (Oryza sativa L.
cv. Nipponbare) were planted on the medium after solidification. The vial was
incubated at 308C for two days under continuous irradiation with fluorescent
lamps (50 mmol/ m2/ sec). Test solution (1 ml) was applied on the cross-point of
a coleoptile and the first leaf of a seedling by using a microsyringe. After four
days, the length of the second leaf sheath was measured. A test solution was
prepared by dissolving each test compound in 50% (v/ v) aqueous acetone (5
mM). The lighting was changed by covering with one or two layers of black
cheesecloth to shade and improve the sensitivity of this method. One or two
layers of black cheesecloth decreased light intensity to 20 and 12 mmol/ m2/ sec,
respectively.

Influence of Gibberellin on Activity. The microdrop test described above
was further modified to clarify the relation of the inhibitory effect of allelochemi-
cals with gibberellin synthesis. In this method, rice seedlings grown in the pres-
ence of GA3 were used. To optimize the concentration of GA3 in agar medium,
germinated seeds were placed on medium containing 0, 0.5, 1.0, 1.5, 2.0, 2.5,
or 3.0 mM GA3 and incubated for six days at 308C under continuous irradiation
with fluorescent lamps (50 mmol/ m2/ sec). After incubation, the length of the
second leaf sheath was measured and the appropriate concentration of GA3 was
determined. Rice seedlings grown under the above conditions were examined
for allelochemicals. After application of the test solution, the vial was incubated
under the same conditions described above, and length of the second leaf sheath
of the seedling was measured after four days.

Effect of L-Arginine on Growth Inhibition Induced by L-Canavanine. In the
microdrop test, 0 or 5 nmol/ plant of L-canavanine was applied to the coleoptile
and the first leaf of a rice seedling, and after drying at room temperature for 1 hr,
0, 25, or 50 nmol/ plant of L-arginine was added. After four days of incubation
at 308C, the length of the second leaf sheath of the seedling was measured.

Analysis of Free Amino Acids and Determination of Ammonia. The shoots
of rice (0.5–1.0 g) were homogenized in 80% ethanol at 48C and extracted at
808C for 20 min. The supernatant was collected by centrifugation at 2000g for
10 min. The extraction was repeated twice. Supernatants were combined and
evaporated at 408C under vacuum conditions. They were dissolved in water and
washed with ethyl ether to remove pigments. The water fraction was reevapo-
rated and dissolved into 1.5 ml of 0.02 N HCl and analyzed with an amino acid
analyzer (Hitachi L-8500) to determine amino acids and ammonia.

Chemicals. GA3, L-mimosine [a-amino-3-hydroxy-4-oxo-1(4H)-pyridine-
propanoic acid], protocatechuic acid (3,4-dihydroxybenzoic acid), cinnamic
acid (3-phenyl-2-propenoic acid), oxalic acid (ethanedioic acid) and sali-
cylic acid (2-hydroxybenzoic acid) were obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Paclobutrazol [(2RS,3RS )-1-(4-chlorophenyl)-
4,4-dimethyl-2-(1H-1,2,4-triazol-1-yl)pentan-3-ol] was obtained from Zeneka
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K. K. Agrochemicals (Tokyo, Japan). Vanillic acid (4-hydroxy-3-methoxy-
benzoic acid) and salicylhydroxamic acid (N,2-dihydroxybenzamide) were
obtained from Aldrich Chemical Company, Inc. (Milwaukee, Wisconsin
USA). Hydroquinone (1,4-benzenediol), arbutin (4-hydroxyphenyl-b-D-glucopy-
ranoside), L-canavanine {O-[(aminoiminomethyl)amino] homoserine}, L-DOPA
[3-(3,4-dihydroxyphenyl)alanine], and syringic acid (3,5-dimethoxy-4-hydro-
xybenzoic acid) were obtained from Nacalai Tesque Inc. (Kyoto, Japan).
Synthetic abscisic acid (ABA) {[S-(Z,E )]-5-(1-hydroxy-2,6,6-trimethyl-4-oxo-2-
cyclohexen-1-yl)-3-methyl-2,4-pentadienoic acid}, coumarin (2H-1-benzopyran-
2-one), and sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid) were obtained
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). A new plant growth
inhibitor found in Duranta repens, durantanin II, was purified by the method
reported by Hiradate et al. (1999).

RESULTS

To evaluate the sensitivity of the bioassay methods for determining
inhibitory activity, paclobutrazol, an inhibitor of gibberellin synthesis, was
selected as a reference compound. In the immersion test, the inhibitory effect
of 1 mM paclobutrazol was detected (Figure 2).

FIG. 2. Effect of paclobutrazol on elongation growth of the second leaf sheath of rice
seedlings (immersion test). Germinated seeds were planted on 1 ml of 0.5% agar con-
taining an appropriate concentration of paclobutrazol. Inhibition (%) was calculated as
100 − [(treated/ control) × 100].



L-CANAVANINE GROWTH INHIBITION 23

FIG. 3. Effect of irradiance condition on the growth inhibition activity of paclobutrazol
on the second leaf sheath of rice (microdrop test). Inhibition (%) was calculated as 100
− [(treated/ control) × 100]. O: 50 mmol/ m2/ sec, R: 20 mmol/ m2/ sec.

For the microdrop test, the effect of light irradiance on the inhibitory effect
of paclobutrazol was studied to optimize sensitivity of this test. Paclobutrazol
showed higher inhibitory activity under 20 mmol/ m2/ sec of irradiance than under
50 mmol/ m2/ sec (Figure 3). The low irradiance condition of 12 mmol/ m2/ sec
was almost at the same level as that under 20 mmol/ m2/ sec (data not shown).
In this study, an irradiance condition of 20 mmol/ m2/ sec was used.

The immersion test detected strong inhibitory effects of coumarin, L-cana-
vanine, L-mimosine, and a triterpenoid saponin, durantanin II (Figure 4). The
microdrop test showed specific strong inhibitory activity of L-canavanine (Fig-
ure 5).

The microdrop test was modified to detect inhibitory effects on gibberellin
synthesis. Elongation of the second leaf sheath is promoted when the rice
seedling is grown in GA3-containing medium. The rate of the GA3-induced pro-
motion of elongation became constant when the concentration of GA3 was higher
than 1 mM (data not shown). Paclobutrazol, a gibberellin synthesis inhibitor,
inhibited elongation of the second leaf sheaths of rice seedlings grown with no
GA3 in the medium, but not when they were grown in 1 mM GA3 medium
(Figure 6a). On the other hand, ABA, which inhibits gibberellin-induced plant
growth, inhibited elongation of the second leaf sheaths of the rice seedlings
grown in 1 mM GA3 medium as well as in medium with no GA3 (Figure 6b).
L-Canavanine had the same effect as ABA (Figure 6c).

When 25 and 50 nmol/ plant of L-arginine was applied after application of
L-canavanine, the inhibitory effect of L-canavanine was removed in proportion
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FIG. 4. Effect of allelochemicals on the elongation growth of the second leaf sheath of
rice seedlings (immersion test). Five germinated seeds were planted on 1 ml of 0.5%
agar each containing 0.5 mM of chemical. Inhibition (%) was calculated as 100 −

[(treated/ control) × 100].

to the concentration of L-arginine (Table 1). On the other hand, application of
L-arginine alone had no effects on the elongation growth (Table 1).

Table 2 shows that almost all amino acids were increased by application of
5 nmol/ plant of L-canavanine. L-Arginine content was increased (698% of con-
trol), but it was not significant. Application of 5 nmol/ plant of L-canavanine and
50 nmol/ plant of L-arginine significantly increased the contents of alanine (266%
of control) and L-arginine (2885% of control). On the other hand, application of

FIG. 5. Effect of allelochemicals on the elongation growth of the second leaf sheath of
rice seedlings (microdrop test). One microliter of 5 mM of each test solution (5 nmol)
was applied onto the cross point of the coleoptile and the first leaf of a rice seedling by
using a microsyringe. Inhibition (%) was calculated as 100 − [(treated/ control) × 100].
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FIG. 6. Effect of 1 mM GA3 in agar medium on elongation growth of the second leaf
sheath of rice seedlings as influenced by (a) paclobutrazol, (b) ABA, and (c) L-canavanine
in microdrop test. Inhibition (%) was calculated as 100 − [(treated/ control) × 100]. O:
0 mM GA3, R: 1 mM GA3.
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TABLE 1. EFFECT OF TREATMENT OF L-CANAVANINE AND L-ARGININE ON LENGTH OF

SECOND LEAF SHEATH OF RICE SEEDLINGS IN MICRODROP TESTa

Treatment (nmol/ plant) Length of second
leaf sheath

L-canavanine L-arginine (mm)

0 0 37.2 ± 1.7
0 25 37.4 ± 1.9
0 50 36.9 ± 2.6
5 0 30.0 ± 2.4b

5 25 32.1 ± 2.4b,c

5 50 35.1 ± 2.9b,c

a Values are the means with SD (N c 24).
b Significant difference from treatment of 0 nmol/ plant L-canavanine and 0 nmol/ plant L-arginine
by t test (P < 0.01).

c Significant difference from treatment of 5 nmol/ plant L-canavanine and 0 nmol/ plant L-arginine
by t test (P < 0.01).

50 nmol/ plant of L-arginine did not significantly increase arginine content. After
four days of treatment (Table 3), glutamic acid and alanine was increased in
comparison with controls by application of L-canavanine. The content of L-argi-
nine was reduced to 124% of control. In application of L-canavanine and L-argi-
nine, the contents of glutamic acid, alanine, and L-arginine increased. Glutamic
acid also increased by application of L-arginine. Application of L-canavanine and
L-arginine had no effect on ammonia content at two and four days after treatment
(data not shown).

DISCUSSION

In this study, effects of an allelochemical candidate, L-canavanine, on elon-
gation growth of a plant was investigated in comparison with other bioactive
substances derived from plants by using microdrop and immersion tests. In these
tests, paclobutrazol, an inhibitor of gibberellin synthesis (Hedden and Graebe,
1985), was used as a reference inhibitor. In the immersion test, inhibitory activ-
ity of 1 mM paclobutrazol was seen (Figure 2). To improve the sensitivity of
the microdrop test, experimental lighting conditions were optimized prior to
the test. Gawaronska et al. (1995) reported that low irradiance promoted gib-
berellin synthesis and elongation growth of pea seedlings (Pisum sativum). Fig-
ure 2 shows that the inhibitory activity was more significant under low irradiance
(20 mmol/ m2/ sec) than under high irradiance (50 mmol/ m2/ sec). Acceleration of
elongation increases the sensitivity to detect inhibitory effects. By using these
tests, inhibitory effects of L-canavanine and the other bioactive substances on
elongation growth were compared.
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In the immersion test, L-canavanine, coumarin, L-mimosine, and durantanin
II showed inhibitory effects on elongation of the second leaf sheaths of rice
seedlings (Figure 4). In the microdrop test, L-canavanine showed the strongest
inhibitory effects, but most of the phenolic acids such as vanillic acid and cin-
namic acid had only weak activity (Figure 5). Among the tested compounds,
L-canavanine was the strongest plant growth inhibitor.

One mechanism of inhibition of plant elongation is gibberellin synthesis
inhibition. It is well-known that most commercial growth retardants inhibit syn-
thesis of gibberellin (Kamiya, 1991). Because L-canavanine inhibited elongation
and had growth-retarding activity, the inhibition of gibberellin synthesis is a can-
didate for the inhibitory mechanism. In order to clarify the mode of action, a
bioassay for detecting inhibitory effects of gibberellin synthesis was developed.
The microdrop test was modified to detect this inhibitory mechanism. In this
method, rice seedlings were grown in the agar medium containing GA3, result-
ing in recovery from gibberellin synthesis inhibition. Therefore, it should be
possible to distinguish between inhibition of gibberellin synthesis and the other
mechanisms by applying this test. The concentration of GA3 in the agar medium
was adjusted to 1 mM, because the gibberellin-induced elongation growth of the
second leaf sheath became constant at a GA3 concentration of more than 1 mM
(data not shown). Paclobutrazol and ABA were used as reference substances
to evaluate the effectiveness of the test. Paclobutrazol, which is an inhibitor of
gibberellin synthesis (Hedden and Graebe, 1985), inhibited elongation of rice
seedlings only when grown in the absence of GA3 (Figure 6a). This is because
paclobutrazol specifically inhibits gibberellin synthesis and decreases the con-
centration of gibberellin in rice seedlings. Paclobutrazol, however, barely inhib-
ited elongation of rice seedlings grown in the presence of 1 mM GA3. This is
because GA3 was supplied to the rice seedlings from the medium and paclobu-
trazol was not effective in lowering the concentration of gibberellin in the plants
(Figure 6a). On the other hand, ABA is not an inhibitor of gibberellin synthesis,
but an inhibitor of elongation growth of plants. ABA showed inhibitory activity
on elongation of rice seedlings in the presence of GA3 as well as in absence of
GA3 (Figure 6b). Accordingly, in this bioassay done in the presence of GA3, an
inhibitor of gibberellin synthesis shows no inhibitory effects, but other inhibitors
with other mechanisms may show inhibitory activity. L-Canavanine showed a
similar inhibitory effect to ABA on elongation of rice seedlings in the presence
and absence of 1 mM of GA3 (Figure 6c). This result suggests that the mechanism
of inhibition by L-canavanine is not that of a gibberellin synthesis inhibition.

L-Canavanine is a nonprotein amino acid, and its structure is similar to
L-arginine (Figure 1). Therefore, L-canavanine is likely to have some effect on
the metabolism of arginine and the other related amino acids in plants. Simul-
taneous application of L-arginine significantly reduced the inhibitory effect of
L-canavanine (Table 1). This suggests that the mode of action of L-canavanine
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may be closely related to the metabolism of L-arginine. From the free amino
acid analysis of rice shoots, it was clear that the L-canavanine increased L-argi-
nine content after two days of treatment when both were applied (Table 2). This
can be attributed to the application of exogenous L-arginine. However, in the
treatment with only L-arginine, the accumulation of L-arginine was less. There-
fore, we concluded that L-canavanine inhibited the metabolism of L-arginine in
plants, resulting in its accumulation. This phenomenon is interesting because dis-
turbance of amino acid metabolism is one of the important mechanisms of com-
mercial herbicides, such as sulfonylurea derivatives or glyphosate. It may be that
the inhibition of L-arginine metabolism is related to the growth inhibitory effect
of L-canavanine. The accumulation of L-arginine seemingly would not cause the
growth inhibitory effect, because the accumulation occurred more remarkably
as rice seedlings recovered from the inhibitory effect of L-canavanine by appli-
cation of L-arginine. After four days of treatment, this tendency was less, and
amino acid contents including L-arginine changed similar to controls (Table 3).
Except for L-arginine, treatment of L-canavanine only increased alanine after two
days of treatment, and glutamic acid after four days of treatment. These amino
acids derive from biosynthetic processes of L-arginine. Therefore, they may be
affected by inhibition of L-arginine metabolism. In contrast, L-canavanine had
no relation to the ammonia contents, indicating the inhibitory effect of L-cana-
vanine was not due to ammonia accumulation. Thus, a deficiency of some of the
compounds derived from L-arginine may be responsible for the growth inhibitory
effect of L-canavanine.

As an analog of L-arginine, L-canavanine can be esterified with tRNA (Mitra
and Mehler, 1967). Rosenthal (1991) reported that L-canavanine was incorpo-
rated into proteins of insects instead of L-arginine. Incorporation of L-canavanine
into proteins alters the conformation and disrupts the function of the proteins.
Production of proteins containing L-canavanine affects developmental processes
and contributes significantly to expression of canavanine’s potent antimetabolic
properties in insects (Rosenthal, 1991). In this study, L-canavanine seemed to
inhibit the metabolism of L-arginine in plants. Further study is needed in order
to clarify whether or not L-canavanine is incorporated into proteins in plants.
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Abstract—Electrophysiological and behavioral responses of the ladybird
parasitoid Dinocampus coccinellae to volatiles from the seven-spot ladybird,
Coccinella septempunctata, were investigated to identify semiochemicals
involved in host location. Coupled gas chromatography–electroantennography
(GC-EAG) with D. coccinellae located a small peak of prominent activity in
an extract of volatiles from adult C. septempunctata. The active compound
was identified by coupled GC-mass spectrometry and by comparison with an
authentic sample as the free-base alkaloid precoccinelline, which forms part
of the toxic defense of this ladybird. Behavioral studies in an olfactometer
showed that D. coccinellae was significantly attracted to the volatile extract
and also to the alkaloid. Myrrhine, a stereoisomer of precoccinelline found in
low amounts in C. septempunctata and in other ladybird species, was shown
to be electrophysiologically active and significantly attractive. Perception of
ladybird alkaloids by D. coccinellae is a rare example of toxicants acting as
aerially transmitted cues for interactions between the third and fourth trophic
levels.

Key Words—Seven-spot ladybird, Coccinella septempunctata, Coleoptera,
Coccinellidae, electroantennogram, behavior, Dinocampus coccinellae, Hy-
menoptera, Braconidae, alkaloid, precoccinelline, myrrhine, hippodamine,
volatile, semiochemical.
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INTRODUCTION

Ladybird beetles or ladybugs (Coleoptera: Coccinellidae) are important preda-
tors contributing to the natural control of pest aphid populations. However, they
are themselves attacked by a range of natural enemies (Majerus, 1994). Gen-
eral predation on ladybirds by vertebrates such as birds is largely prevented
by highly toxic alkaloids contained in a reflex bleed released when the lady-
bird is attacked. The effectiveness of this chemical defense is enhanced by the
associated bright warning (aposematic) coloration and corelease of characteris-
tic volatile compounds, e.g., 2-isopropyl-3-methoxypyrazine, which serves as a
protective allomone and also as an aggregation pheromone (Al Abassi et al.,
1998). The wasp Dinocampus coccinellae Schrank (Hymenoptera: Braconidae)
is the main parasitoid of a number of ladybird species and can cause substantial
reductions in populations of the seven-spot ladybird, Coccinella septempunc-
tata L. (Majerus, 1994; Triltsch, 1996). There is a close association with the
host, involving oviposition by D. coccinellae into the adult ladybird body and
subsequent larval development, which indicates a tolerance by the wasp to the
toxic alkaloids. Furthermore, D. coccinellae is known to utilize a combination
of visual and olfactory cues in short-range host location (Orr et al., 1992). Since
the associated semiochemicals may provide a means of reducing the impact of
D. coccinellae on populations of C. septempunctata currently being exploited in
biological control programs, the antennal and behavioral responses of D. coc-
cinellae to volatiles associated with C. septempunctata were investigated using
coupled gas chromatography–electroantennography (GC-EAG) and olfactome-
ter studies. Our hypothesis was that D. coccinellae would exploit 2-isopropyl-
3-methoxypyrazine as a kairomone in host location, since this compound had
previously been identified as an aggregation pheromone for adult C. septem-
punctata (Al Abassi et al., 1998).

METHODS AND MATERIALS

Insects. C. septempunctata adults were collected during July–August from
the grounds of IACR-Rothamsted, Hertfordshire, U.K., and kept in ventilated
polyethylene boxes at 208C, with the aphid Acyrthosiphon pisum as a food
source, prior to vacuum distillation. D. coccinellae for electrophysiological stud-
ies were obtained from parasitized C. septempunctata adults; they were main-
tained under the same conditions as the ladybirds and kept in Petri dishes lined
with moist filter paper and provided with a mixture of honey and water. Para-
sitoids less than 3 days old were used. For olfactometer studies, parasitized C.
septempunctata adults were sent by air mail to Sweden and emerging D. coc-
cinellae were provided with a diet of whey-cheese (Mild Mesost) and water.
Parasitoids more than 1 day old were used.
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Isolation of Volatiles. Adult C. septempunctata (ca. 1000, not sexed) were
cooled with liquid nitrogen and extracted with freshly distilled chloroform (2 ×
200 ml) for 24 hr (48 hr in total) at 258C. The combined extracts were dried using
anhydrous magnesium sulfate, filtered, and evaporated to ca. 5 ml. Volatiles were
distilled under vacuum (0.03 torr) for 21 hr at 258C as described previously
(Pickett and Griffiths, 1980), and the distillate concentrated under a stream of
nitrogen to 100 ml (10 ladybird equivalents/ ml) and stored in a tightly capped
microvial at −208C.

Gas Chromatography (GC). The vacuum distilled volatiles were analyzed
on a Hewlett-Packard 5890A gas chromatograph equipped with a cold on-col-
umn injector, a flame ionization detector (FID), and a 50-m × 0.32-mm-ID HP-
1 bonded-phase fused-silica capillary column. The oven temperature was main-
tained at 408C for 2 min and then programmed at 108/ min to 2508C. The carrier
gas was hydrogen.

Electrophysiology. Electroantennogram (EAG) recordings from recently
emerged D. coccinellae were made using Ag–AgCl glass electrodes filled with
saline solution [composition as in Maddrell (1969) but without glucose]. The
insect was anesthetized by chilling and an antenna was excised and suspended
between the two electrodes. The tip of the terminal process of the antenna was
removed to ensure a good contact. The signals were passed through a high-
impedance amplifier (UN-06, Syntech) and analyzed using a customized soft-
ware package (Syntech).

Stimulus Delivery. The delivery system, which employed a filter paper in a
disposable Pasteur pipet cartridge, has been described previously (Wadhams et
al., 1982). The stimulus (2-sec duration) was delivered into a purified airstream
(1 liter/ min) flowing continuously over the preparation. Samples (10 ml) of the
standard solutions of test compounds were applied to filter paper strips, and the
solvent was allowed to evaporate (30 sec) before the paper strip was placed in
the cartridge. The control stimulus was hexane (10 ml). Fresh cartridges were
prepared immediately prior to each stimulation. Five individual D. coccinellae
were used.

Coupled Gas Chromatography–Electroantennography (GC-EAG). The
coupled GC-electrophysiology system, in which the effluent from the GC column
is simultaneously directed to the antennal preparation and the GC detector, has
been described previously (Wadhams, 1990). Separation of the vacuum distillate
volatiles was achieved on an AI 93 GC equipped with a cold on-column injector
and an FID. Two columns were used, a 50-m × 0.32-mm-ID HP-1 column and
a 30-m × 0.32-mm-ID HP-Wax column. For the HP-1 column, the oven tem-
perature was maintained at 408C for 2 min and then programmed at 58/ min to
1008C and then at 108/ min to 2508C. For the HP-Wax column, the oven tem-
perature was maintained at 408C for 1 min and then programmed at 108/ min
to 2208C. The carrier gas was hydrogen. The outputs from the EAG amplifier
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and the FID were monitored simultaneously and analyzed using the software
package.

Coupled Gas Chromatography–Mass Spectrometry (GC-MS). A capillary
GC column (50 m × 0.32 mm ID HP-1) fitted with an on-column injector was
directly coupled to a mass spectrometer (VG Autospec, Fisons Instruments). Ion-
ization was by electron impact at 70 eV, 2508C. The oven temperature was main-
tained at 308C for 5 min and then programmed at 58/ min to 2508C. Tentative
identification by GC-MS was confirmed by peak enhancement with authentic
samples (Pickett, 1990).

Chemicals. 2-Isopropyl-3-methoxypyrazine (97%) was purchased from the
Aldrich Chemical Company (Gillingham, United Kingdom). Coccinelline, i.e.,
the N-oxide of precoccinelline, the major toxic component of the reflex bleed
of adult C. septempunctata, was isolated by acid–base extraction of a chloro-
form extract (extraction method as above, from ca. 900 adults), followed by
liquid chromatography over neutral alumina (BDH, Brockmann Grade 1), elut-
ing with chloroform and 99 : 1 chloroform–methanol (Pasteels et al., 1973). Pre-
coccinelline (59 mg, 93% pure by GC) was obtained by catalytic hydrogena-
tion [Adams’ catalyst (PtO2), methanol, 258C] of coccinelline (80 mg) (Tursch
et al., 1971). Myrrhine (10 mg, 90% pure by GC) was prepared from coc-
cinelline (40 mg) via the Polonovski reaction (Tursch et al., 1975). Precoc-
cinelline and myrrhine were then further purified (>99% by GC) by repeated
liquid chromatography over neutral alumina (BDH, Brockmann grade 1), using
99 : 1 chloroform–methanol as the eluant. For all alkaloids, identity was con-
firmed by comparison of the IR, MS, 1H NMR, and 13C NMR spectra with liter-
ature values (Mueller et al., 1984; Lebrun et al., 1999). A sample of hippodamine
(5 mg, >99% by GC) was provided by Professor D. Daloze (see Acknowledg-
ments). Solutions for electrophysiological studies (10−5–10−8 g/ 10 ml) were pre-
pared in redistilled hexane, and for behavioral studies (10−6 g/ ml) in redistilled
diethyl ether.

Olfactometry. Behavioral assays using parthenogenetic D. coccinellae
adults were carried out in a two-way Perspex olfactometer as described previ-
ously (Al Abassi et al., 1998). This comprised a weak airstream being directed
towards the center of the olfactometer from two drawn-out arms to which volatile
sources were applied at the inlets. For each experiment, one D. coccinellae was
introduced into the center of the chamber and its position noted every 2 min
for 20 min. Each experiment was replicated 8–10 times and the results analysed
by paired t test; the number of visits into the treatment arm was compared with
visits to the control arm. If the insect did not move between observations, the
experiment was terminated and the data discarded. Stimuli comprised: (a) a sin-
gle intact C. septempunctata adult; (b) the vacuum distillation extract, applied in
a 0.5-ml microcap (i.e., 5 ladybird equivalents); (c) the test compounds (Figure
1) 2-isopropyl-3-methoxypyrazine (I), precoccinelline (II), myrrhine (III), and



LADYBIRD ALKALOIDS AND PARASITOID RESPONSE 37

FIG. 1. Structures of compounds I–IV.

hippodamine (IV), diluted to 10−6/ ml and applied individually in 0.5 ml micro-
caps, giving a stimulus approximately equivalent to the level of II found in the
ladybird vacuum distillate.

RESULTS

In the olfactometer, adult D. coccinellae were not significantly attracted to
a single intact C. septempunctata adult but showed strong attraction to the vac-
uum distillation extract (5 ladybird equivalents) (Table 1). Coupled GC-EAG of
this extract with D. coccinellae, using nonpolar (HP-1) and polar (HP-Wax)
capillary columns, showed that 2-isopropyl-3-methoxypyrazine had no electro-
physiological activity (I, Figure 2). However, a small peak with a long retention
time on both columns was associated with prominent electrophysiological activ-
ity (II, Figure 2). This compound was tentatively identified by coupled GC-MS
and comparison with published mass spectra (e.g., Tursch et al., 1975; Mueller
et al., 1984) as a 2-methylperhydro-9b-azaphenylene alkaloid (M+ 193, Figure
3). Peak enhancement on coinjection with an authentic sample confirmed the
identity of the compound as the free-base precoccinelline (II), a known defense
alkaloid of C. septempunctata having high toxicity. A minor component of the
volatile extract also showed significant electrophysiological activity (III, Fig-
ures 2 and 4), and GC-MS analysis gave a spectrum virtually identical to that
of II (M+ 193), suggesting that this component was a diastereoisomer. Coinjec-
tion with an authentic sample confirmed the identity of this peak as the ladybird
alkaloid myrrhine (III). EAG dose–response curves from D. coccinellae con-
firmed that the pyrazine I was not active, even at high concentrations, while
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TABLE 1. RESPONSES OF Dinocampus coccinellae IN THE OLFACTOMETER

Observations (mean N)a

Stimulus Treated arm Control armb P Replicates (N )

C. septempunctata
Single adult 5.6 ± 3.7 4.4 ± 3.7 NSc 8
Vacuum distillated 5.8 ± 1.8 2.9 ± 1.5 < 0.01 10

2-Isopropyl-3- 4.8 ± 1.2 5.2 ± 1.2 NS 10
methoxypyrazinee

Precoccinellinee 5.2 ± 2.5 2.4 ± 1.7 < 0.05 10
Myrrhinee 5.3 ± 1.4 1.2 ± 1.8 < 0.01 10
Hippodaminee 4.5 ± 2.0 3.8 ± 2.6 NS 10

a Cumulative counts over 20 min (± SD).
b Control c solvent (diethyl ether).
c NS c not significantly different at P c 0.05 (paired t test).
d Five ladybird equivalents.
e Compounds tested at 10−6 g/ ml (0.5 ml applied).

precoccinelline (II) and myrrhine (III), and the other known ladybird alkaloid
hippodamine (IV), showed similarly high activities (Figure 5). In olfactometer
assays, D. coccinellae was significantly attracted to the alkaloids II and III but
not to the pyrazine I or the alkaloid IV (Table 1).

FIG. 2. Coupled GC-EAG with female Dinocampus coccinellae. Upper trace: GC of
volatiles from a vacuum distillate of adult Coccinella septempunctata (HP-1 column);
lower trace: EAG response. I c 2-isopropyl-3-methoxypyrazine; II c precoccinelline; III
c myrrhine.
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FIG. 3. Mass spectrum from peak II in Figure 2.

DISCUSSION

Although D. coccinellae is known to be attracted by C. septempunctata
(Orr et al., 1992), in this study, single intact ladybirds did not elicit statisti-
cally significant attraction. However, in the search for electrophysiologically and
behaviorally active material, the volatile sample obtained by extraction and vac-
uum distillation of C. septempunctata gave highly significant responses. This
difference may be due to a concentration effect, but it is more likely that the
initial extraction in chloroform accessed compounds normally released only on
damage, i.e., in the reflex bleed produced during predator attack. D. coccinellae
showed no EAG or behavioral responses to 2-isopropyl-3-methoxypyrazine (I),
despite such activity being anticipated under the hypothesis initiating this study.
Surprisingly, the electrophysiologically active components of the vacuum distil-
lation extract were found to comprise the free-base alkaloids precoccinelline (II)
and myrrhine (III). When tested at biologically appropriate levels in the olfac-
tometer, both compounds were significantly attractive to D. coccinellae and thus
confer the kairomonal activity of the C. septempunctata volatiles.

Precoccinelline (II), myrrhine (III), and hippodamine (IV) are natu-
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FIG. 4. Expansion of trace from Figure 2 (12–17 min), showing peak for myrrhine (III).

rally occurring 2-methylperhydro-9b-azaphenylene alkaloids that appear to be
restricted mainly to ladybirds; of the six possible diastereoisomers, only these
three have so far been isolated (Daloze et al., 1994/ 5; King and Meinwald,
1996). They are also utilized in a similar defense role by cantharid beetles and
some amphibious vertebrates (Moore and Brown, 1978; Daly et al., 1993). Their
limited occurrence in nature and their importance in the family Coccinellidae
suggest that, for a specialist parasitoid such as D. coccinellae, these compounds
would be reliable indicators for locating suitable hosts (Vet et al., 1991). Con-
trary to expectations, D. coccinellae was not significantly attracted to hippo-
damine (IV), the free-base defense alkaloid produced by another host species, the
convergent ladybird, Hippodamia convergens Guerin. However, it was attracted
to myrrhine (III), the minor EAG active component in the C. septempunctata
volatiles; this compound is the major defense alkaloid produced by the eighteen-
spot ladybird, Myrrha octodecimguttata L., a species that D. coccinellae has
not been observed to parasitize (Richerson, 1970; Hodek and Honek, 1996;
Majerus, 1997). Although further behavioral and ecological studies are necessary
to elucidate the issues involved, the identification of toxic alkaloids as volatile
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FIG. 5. EAG dose–response of Dinocampus coccinellae to 2-isopropyl-3-methoxypyra-
zine (I), precoccinelline (II), myrrhine (III) and hippodamine (IV). The points on each
graph are the means of five preparations ± SE.

kairomones for D. coccinellae will form the basis for such work in these labo-
ratories and, it is hoped, elsewhere.

Seminal studies on the defensive chemistry of ladybirds suggested that, of
the six possible diastereoisomers, precoccinelline (II) and hippodamine (IV) are
unique to C. septempunctata and H. convergens, respectively (Pasteels et al.,
1973), which implies stereochemical control in their biosynthesis. However, with
the onset of more advanced analytical techniques, investigations have revealed
that such control is not as effective as previously thought, with mixtures of II and
IV being found in both species (Daloze et al., 1994/ 5), although the presence of
myrrhine (III) in C. septempunctata was not reported. Moreover, hippodamine
(IV) was not found in the study of C. septempunctata volatiles described here.

The chemical ecology of multitrophic interactions such as those between



AL ABASSI ET AL.42

plants, aphids and aphid parasitoids has been widely studied with a view to
exploiting parasitoids in biological control of pest aphid populations (Wadhams
et al., 1999). In contrast, the chemical ecology of interactions between plants,
aphids, ladybirds, and their parasitoids has received relatively little attention. The
results of this study demonstrate the role of volatile semiochemicals in mediat-
ing trophic interactions between the third and fourth levels and represent a rare
example of toxicants to which an animal has adapted acting directly as volatile
kairomones.

For the development of aphid control programs that involve manipulation
of ladybirds, methods of manipulating their natural enemies may also be needed.
The significant attraction of D. coccinellae to such specific cues as the ladybird
alkaloids suggests that there is potential for development of control strategies for
this particular natural enemy, thereby enhancing the beneficial role of ladybirds
through increased populations. However, as host location is likely to involve a
mixture of olfactory and visual cues (Orr et al., 1992), further studies are required
to assess the significance of the latter in this process.
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Abstract—We examined the effects of predator diet on the antipredator
responses of larval woodfrogs (Rana sylvatica). We found that tadpoles
showed stronger responses to fish (Perca flavescens) that were fed tadpoles
than those fed invertebrates. Similarly, we found that tadpoles responded more
strongly to larval dragonflies (Anax spp.) fed tadpoles than to dragonflies fed
invertebrates. The overall intensity of response of tadpoles to fish was much
stronger than that to dragonflies. Predator diet effects are not ubiquitous in
predator–prey systems. We discuss possible reasons why predator diet effects
are seen in some, but not all, predator–prey systems.

Key Words—Predation, antipredator behavior, chemical cues, diet cues,
amphibians, wood frogs, Rana sylvatica.

INTRODUCTION

A wide diversity of aquatic organisms use chemical cues to mediate predation
risk (reviews in Chivers and Smith, 1998; Kats and Dill, 1998). Chemical cues
are particularly important in aquatic environments when visual cues are limited,
such as at night, in structurally complex habitats, or in areas of high turbidity
(Smith, 1992). Aquatic media are well suited for chemical signals because a large
number of compounds can dissolve in water, giving a large number of potential
chemical signals to be detected (Kleerekoper, 1969; Hara, 1994).
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Recently, a number of studies have begun to examine the importance of
predator diet cues in the behavioral, morphological, and life historical responses
of prey animals to predators. For example, Mathis and Smith (1993a) doc-
umented that predator-naı̈ve fathead minnows (Pimephales promelas) do not
exhibit antipredator behavior to chemical stimuli from predatory pike (Esox
lucius) if the pike are fed swordtails (Xiphophorus helleri), but do respond if the
pike are fed fathead minnows. In a similar behavioral study, Chivers et al. (1996)
showed that larval damselflies (Enallagma spp.) exhibit antipredator behavior to
cues of pike fed damselflies, but not cues of pike fed a different diet. Stabell and
Lwin (1997) found that crucian carp (Carassius carassius) exhibit an adaptive
change in body morphology in response to predators fed carp but not predators
fed a different fish diet (arctic char, Salvelinus alpinus). Moreover, Crowl and
Covich (1990) showed that snails (Physella virgata) exposed to cues of crayfish
feeding on snails were significantly larger and older at the age of first reproduc-
tion and at death than snails that were exposed to crayfish that were not feeding
on snails.

A few studies have examined the importance of predator diet cues for
amphibian prey. For example, Petranka and Hayes (1998) did not observe any
differences in the intensity of antipredator behavior of wood frog (Rana sylvat-
ica) tadpoles to larval dragonflies (Anax junius) that were fed tadpoles versus
those that were starved for two days. In contrast, Laurila et al. (1997) showed
that tadpoles of the common frog (Rana temporaria) responded more strongly
to cues of larval dragonflies (Aeshna juncea) fed tadpoles than dragonflies fed
insects. Similarly, Wilson and Lefcort (1993) showed that tadpoles of the red-
legged frog (Rana aurora) exhibit antipredator behavior in response to predatory
newts (Taricha granulosa) fed tadpoles but not to newts fed insects.

Even though diet-dependent antipredator responses are common in aquatic
systems, they are not ubiquitous (Petranka and Hayes, 1998; Bryer et al., 2000).
Additional studies are needed to understand the importance of diet-dependent
antipredator responses in most predator–prey systems, including those involv-
ing amphibians. The aim of the current study was to examine if the importance
of predator diet were dependent on the type of predator to which the prey is
exposed. We examined the responses of wood frog tadpoles to cues from their
natural fish predators (perch, Perca flavescens) and invertebrate predators (larva
dragonflies, Anax spp.) that were fed either wood frog tadpoles or a diet of inver-
tebrates.

METHODS AND MATERIALS

We collected six wood frog egg masses from a wetland in Orono, Maine,
in April 1998 and transported them to our laboratory at the University of Maine
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for testing. Each of the six clutches was maintained in its own 37-liter glass
aquarium. The clutches were kept on a 14L : 10D photoperiod at approximately
208C. After the tadpoles hatched, they were fed ad libitum with ground alfalfa
pellets and fish food. Tests began when the tadpoles reached Gosner stage 25
(Gosner, 1960).

We placed one tadpole from each of the six clutches into each of 80 5-liter
plastic pails filled with fresh well water. Each pail had a line drawn on the bottom.
The line passed through the center of the pail. Tadpoles were kept in the pails for
two days before being tested. We recorded the number of times the tadpoles in each
pail crossed the centerline for a period of 5 min before and 5 min after adding one
of five chemical stimuli to the center of the pail. The stimuli included: (1) cues of
fish fed invertebrates, (2) cues of fish fed wood frog tadpoles, (3) cues of larval
dragonflies fed invertebrates, (4) cues of larval dragonflies fed wood frog tadpoles,
and (5) a control of well water. In each trial 10 ml of stimulus was used. The order
of testing was randomized between treatments.

Preparation of Test Stimuli

Fish Cues. A total of four perch (mean ± SD mass c 3.39 ± 0.47 g) were
used to prepare the fish cues. Two perch were kept in each of two different 37-
liter aquaria and fed ad libitum with either wood frog tadpoles or invertebrates
(Daphnia and corixids). Twenty-four hours before trials began, we placed one
tadpole-fed fish and one invertebrate-fed fish into separate glass jars that held 3
liters of water. The fish conditioned the water for 24 hr prior to the trials. Fish
were not fed in the stimulus collection chambers.

Dragonfly Cues. We prepared the dragonfly cues in the same manner as the
fish cues except that we used 10 dragonfly larvae to condition the dragonfly-fed
tadpole water and 10 dragonfly larvae to condition the dragonfly-fed invertebrate
water. The mean (± SD) mass of dragonflies was 0.36 ± 0.03 g. We used 10
dragonflies not one dragonfly because we wanted to match the dragonfly mass
with the mass of fish that we used to prepare the stimulus.

For each trial we calculated the change in number of line crosses before
versus after the addition of each chemical stimulus. We used a paired t-test to
compare whether tadpoles changed their behavior after addition of the control
stimulus. Given that we found no effect of disturbance related to the addition
of the control cue (t c 0.27, d.f. c 15, P c 0.791), we completed a two-way
ANOVA testing for effects of predator diet, predator type, and an interaction
between predator diet and predator type. We used one-tailed tests because we
predicted that tadpoles would decrease activity in response to chemical cues of
predators and that the intensity of the response would be stronger if the predator
was fed a diet that contained the prey (Kiesecker et al., 1996; Petranka and
Hayes, 1998; Chivers and Smith, 1998).
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FIG. 1. Mean (+ SE) change in number of line crosses by groups of tadpoles exposed to
various chemical cues.

RESULTS

Tadpoles showed a reduction in movement in response to all predator treat-
ments (Figure 1). Our two-way ANOVA revealed that there was a significant
effect of predator diet and a significant effect of predator type, but there was no
interaction term (Table 1). The intensity of response of tadpoles to fish cues was
more than double that of dragonflies.

DISCUSSION

The results of our study demonstrate that predator diet can dramatically
influence the intensity of responses of wood frogs to cues of predators. These

TABLE 1. RESULTS OF TWO-WAY ANOVA FOR EFFECTS OF

PREDATOR DIET AND PREDATOR TYPE ON ACTIVITY OF WOOD FROG TADPOLES

F d.f. P

Predator diet 4.784 1 0.033
Predator type 11.081 1 0.001
Predator diet × predator type 0.420 1 0.520
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results have important implications. Prey animals should exhibit antipredator
responses to cues of predators that are a threat, but they should not waste valu-
able time and energy to respond to predators that are not a threat (Sih, 1987;
Lima and Dill, 1990; Chivers and Smith, 1998).

Several studies have documented that tadpoles exhibit antipredator behavior
when exposed to cues of fishes (e.g., Petranka et al., 1987; Kats et al., 1988;
Stauffer and Semlitsch, 1993; Feminella and Hawkins, 1994). Some of these
studies show that prior experience with fishes is not required for the prey to
recognize and respond to the predator. Our results concur with these previous
findings. We found that wood frog tadpoles with no prior experience with fishes
exhibited antipredator behavior to chemical cues of the fish. Our study extends
these findings because we found that the intensity of the response was increased
when the fish were fed tadpoles as opposed to when the fish were fed invertebrate
prey.

Tadpoles often respond to chemical cues of invertebrate predators even
if the individual does not have experience with the predator. For example,
Kiesecker et al. (1996) showed that tadpoles of the western toad (Bufo boreas),
raised from eggs in the laboratory, exhibit responses to cues of backswim-
mers (Notonecta spp.) and giant waterbugs (Lethocerus americanus). Simi-
larly, Petranka and Hayes (1998) found that predator-naı̈ve wood frog tadpoles
responded to chemical cues of dragonflies that were fed or starved for two days.
In our experiment, we found that tadpoles decreased activity when exposed to
either chemical cues of dragonflies fed invertebrates or dragonflies fed tadpoles.

We do not know which chemicals are responsible for eliciting the diet
responses. In some predatory–prey systems, the prey animals respond to conspe-
cific alarm pheromones in the diet of the predator (Mathis and Smith, 1993a,b).
However, this is probably not the case in this system; wood frog tadpoles do not
seem to possess a chemical alarm cue system (Petranka and Hayes, 1998).

We observed a significant difference in the intensity of responses to fish
versus dragonfly predators. This difference could reflect that fish represent a
much stronger threat than do dragonflies. Alternatively, the difference could be
attributable to differences in the concentration of cues produced by the two types
of predators. This is unlikely because we attempted to match the mass of drag-
onflies with that of fish.

A few previous studies have examined the effects of predator diet on
antipredator responses of tadpoles. Petranka and Hayes (1998) failed to find
differences in the way wood frog tadpoles responded to dragonflies that were
fed tadpoles versus those that were starved. In contrast, Laurila et al. (1997)
documented that tadpoles of the common frog responded with a more intense
antipredator response to cues of dragonflies fed tadpoles than dragonflies fed
insects. Wilson and Lefcort (1993) showed that tadpoles of the red-legged frogs
exhibit antipredator behavior in response to predatory newts fed tadpoles but not
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to newts fed insects. We found that wood frog tadpoles showed greater reduc-
tions in activity when exposed to both fish and dragonfly predators that were fed
tadpoles as opposed to those fed invertebrates.

The fact that diet effects are seen in some predator–prey systems but not
others is interesting and worth further investigation. Bryer et al. (2000) docu-
mented that slimy sculpins (Cottus cognatus) that were experienced with brook
trout (Salvelinus fontinalis) exhibit antipredator behavior to chemical stimuli
from trout regardless of the diet of the trout. They argue that brook trout are
always a threat to slimy sculpins in this population and hence knowledge of the
last meal eaten by the trout may provide little valuable information to the sculpin.
This reasoning could explain why no diet effect was observed in this system.
The same logic may apply to other predator–prey systems that have failed to find
predator-diet effects. The fact that an effect of diet is observed when using one
predator but not when using a different predator may be a consequence of differ-
ences in gut physiology of the predators. Some predators may be able to break
down the chemicals that elicit the responses. Alternatively, if we see a diet effect
when using one predator but not another, then this may indicate that the intensity
of predation by one predator is less predictable than that of the other. If preda-
tors specialize on specific prey types during some times of the year, the actual
threat posed by the predator is context dependent. Prey could use predator diet
cues to respond more strongly to the predator only if predation on conspecifics
was occurring. Additional studies are needed in order to elucidate why predator
diet effects are seen in some, but not all, predator–prey systems.
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Abstract—The purpose of this work was to investigate whether ethylene is
involved in the oxidative and defensive responses of barley to the aphids
Schizaphis graminum (biotype C) and Rhopalophum padi. The effect of aphid
infestation on ethylene production was measured in two barley cultivars
(Frontera and Aramir) that differ in their susceptibility to aphids. Ethylene
evolution was higher in plants infested for 16 hr than in plants infested for 4
hr in both cultivars. Under aphid infestation, the production of ethylene was
higher in cv. Frontera than in Aramir, the more aphid susceptible cultivar.
Ethylene production also increases with the degree of infestation. Maximum
ethylene evolution was detected after 16 hr when plants were infested with 10
or more aphids. Comparing the two species of aphids, Schizaphis graminum
induced more ethylene evolution than Rhopalosiphum padi. Infestation with S.
graminum increased hydrogen peroxide content and total soluble peroxidase
activity in cv. Frontera, with a maximum level of H2O2 observed after 20
min of infestation and the maximum in soluble peroxidase activity after
30 min of infestation. When noninfested barley seedlings from cv. Frontera
were exposed to ethylene, an increase in hydrogen peroxide and in total
peroxidase activity was detected at levels similar to those of infested plants

*To whom correspondence should be addressed. e-mail: vargando@abello.dic.uchile.cl
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from cv. Frontera. When noninfested plants were treated with 40 ppm of
ethylene, the maximum levels of H2O2 and soluble peroxidase activity
were at 10 and 40 min, respectively. Ethylene also increased the activity
of both cell-wall-bound peroxidases types (ionically and covalently bound),
comparable with infestation. These results suggest that ethylene is involved
in the oxidative responses of barley plants induced by infestation.

Key Words—Hordeum vulgare, Schizaphis graminum, Rhopalosiphum padi,
Poaceae, greenbug, hydrogen peroxide.

INTRODUCTION

Ethylene regulates many physiological processes in plants (Mattoo and Suttle,
1991; Kende and Zeevart, 1997). Ethylene evolution is observed under many
situations, including mechanical wounding, hypoxia, environmental pollution,
and invasion by pathogens (Osborne, 1978; Boller, 1991; Anderson et al., 1993;
Koiwa et al., 1997; Solano and Ecker, 1998). Ethylene induces defense responses
in plants against pathogens (Van Loon, 1977) and pathogen resistance genes (PR
genes) such as the PI genes, which encode proteinase inhibitors (Bol et al., 1990;
Knogge, 1996; Koiwa et al., 1997). Ethylene induction and defense responses
in Nicotiana tobacco can be elicited by xylanase from the fungus Trichoderma
viridis (Anderson et al., 1993) or can be induced by jasmonic acid, which in turn
is induced by abscissic acid (ABA) (Wasternack and Parthier, 1997; Koiwa et al.,
1997). It has been reported that ethylene production is stimulated by a positive
feedback loop with activation of ACC synthase (Chalutz et al., 1984; Kende and
Zeevart, 1997). However, not all species of plants or cultivars respond to ethy-
lene treatment (Bailey et al., 1993) and/ or cell wall-digesting enzymes released
by pathogens (Sharon et al., 1993; Knogge, 1996), suggesting specific require-
ments for ethylene and infection responses. In most plants, ethylene induces the
synthesis of compounds that cross-link with cell wall polymers, thus reinforcing
the cell wall structure and inhibiting the spread of the pathogen in plant tissues
or reducing the injury caused by insect attack. For example, the lignification
of Swede root is induced by ethylene (Rhodes and Wooltorton, 1973), possi-
bly through the activation of PAL (Ecker and Davis, 1987) and peroxidases,
which considerably reduce the pathogenicity (Ke and Saltveit, 1988; Ingham et
al., 1998). In addition, tissues treated with ethylene accumulate cross-linking
hydroxyproline-rich glycoproteins in cell walls (Esquerré-Tugayé et al., 1979;
Fry, 1982; Cassab, 1998). Peroxidases are also involved in repair of cell walls
because they catalyze the biosynthesis of lignin (Ingham et al., 1998; Cassab,
1998) and suberin (Espelie et al., 1986) and induce covalent linkage between
lignin and other cell wall polymers (Iiyama, et al., 1994; Cassab et al., 1988;
Cassab, 1998). In addition, ethylene induces the accumulation of some mRNAs,



ETHYLENE PRODUCTION IN APHID-INFESTED BARLEY 55

such as those of PAL, coumarate CoA ligase, chalcone synthase, and transcripts
of glycoproteins rich in hydroxyproline (Cassab et al., 1988).

Some barley cultivars are more resistant than others to aphid infestation
because of morphological and/ or biochemical characteristics (Corcuera, 1993).
These characteristics can act as defensive barriers against the invader agent
(Boller et al., 1983; Jackson and Taylor, 1996). Barley plants of cultivar Fron-
tera are more tolerant to aphid infestation than cultivar Aramir (Casaretto and
Corcuera, 1998).

The aphid species and its biotype may cause differences in the degree of
damage caused by infestation of a particular wheat genotype (Anderson and
Peters, 1994) or barley cultivar (Zúñiga et al., 1989). In barley the combination
Frontera/ Schizaphis graminum (biotype C) gives rise to less damage to the plant
than the combination Aramir/ S. graminum (biotype C). Both cultivars, Fron-
tera and Aramir, are less damaged when they are infested by Rhopalosiphum
padi. Therefore, the susceptibility or tolerance of a plant to aphid infestation
will depend on the specific cultivar–biotype and cultivar–aphid species combi-
nations (Dillwith et al., 1991; Anderson and Peters, 1994).

Aphids induce ethylene production in cereals (Dillwith et al., 1991; Miller et
al., 1994; Anderson and Peters, 1994). Ethylene production induced by mechani-
cal injury also influences morphological changes by increasing peroxidase activ-
ity (Depége et al., 1997; Ingham et al., 1998; Loukili et al., 1998). This phe-
nomenon is called thigmomorphogenesis and has been observed in a wide vari-
ety of plants such as bean, tomatoes, Bryonia dioica, etc. (Depége et al., 1997;
Loukili et al., 1998). Some aphids release cell wall-digesting enzymes, which
could induce defensive responses in plants similar to those induced by pathogens
(Runlin et al., 1999).

In this paper we postulate that ethylene is involved in the oxidative
responses of barley induced by aphids. To test this hypothesis we examined: (1)
ethylene evolution in two barley cultivars that differ in susceptibility to aphids;
(2) the effect of infestation and ethylene on the synthesis of hydrogen peroxide;
and (3) the effect of ethylene on the activity of soluble peroxidase and ionically
and covalently bound peroxidases to the cell wall.

METHODS AND MATERIALS

Plants and Aphids. Two barley cultivars, Frontera and Aramir, which differ
in their susceptibility to aphids (Casaretto and Corcuera, 1998), were used to
study the effect of aphid infestation on plants. The aphids used in the assays
were Schizaphis graminum (biotype C) and Rhopalosiphum padi. They were
obtained from colonies maintained in the laboratory at temperatures of 288C ±
28C and under a photoperiod of 12L : 12D.
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Ethylene Measurements. For ethylene production, infested and noninfested
seedlings cultivated in little pots with vermiculite were placed in 1-liter bot-
tles sealed with rubber caps. The accumulation of ethylene was measured by
taking samples of air from the bottles with a syringe after 0, 1, 3, and 5 h. Sam-
ples of 1 ml were injected in a Shimadzu gas chromatograph equipped with a
flame ionization detector (FID) using an alumina column. The temperature was
1108C for the column and 2008C for the FID detector. A standard of ethylene
with a concentration of 77.2 ppb was used for calibration. Samples of air taken
from a bottle without plants were used for controls. A control sample also was
obtained from a bottle containing 20 aphids without plants. In each sample the
fresh weight of the seedlings was used to express the ethylene production per
kilogram of fresh weight. The values expressed in the results are the mean of
three samples each obtained from independent bottles.

Hydrogen Peroxide and Peroxidase Activity Measurements. Nine-day-old
barley plants (cv. Frontera) were incubated with 20 and 40 ppm of ethylene for
a period of 6 hr. Samples were taken immediately after incubation (0 time) and
at 5, 10, 15, 20, 25, 30, and 35 min after the end of the incubation period.

Extraction of Peroxidases. One gram of leaf tissue was ground in an ice-
cold mortar using a pestle, and 10 ml of buffer phosphate (50 mmol/ liter, pH 7)
was added. The homogenate was centrifuged at 15,000g for 10 min. The super-
natant was used as the cytosolic fraction and assayed for peroxidase activity.
To extract proteins ionically bound to cell walls, the pellet from the previous
extract was incubated in 1 mol/ liter KCl at 48C for 12 hr under constant agita-
tion; this extract was centrifuged at 15,000g for 30 min. The proteins previously
ionically bound to the cell wall were released into the supernatant. Peroxidases
covalently bound to the cell walls were obtained by washing the pellet left from
this last centrifugation 3 times with 1 mol/ liter KCl. After the washes, the pel-
let was resuspended in 50 mmol/ liter Na acetate, pH 5.0, with 2.5% pectinase
(w/ v), 0.65% cellulase (w/ v), 2 mmol/ liter benzamidine, and 1 mmol/ liter pep-
tain A and kept under agitation for 12 hr at 258C. This extract was centrifuged
at 15,000g for 30 min, and the covalently bound peroxidases were released into
the supernatant.

Measurement of Peroxidase Activity. Peroxidase activity was measured
against two substrates to determine whether the substrate would make a dif-
ference in the quantification of the enzyme activity. However, no differences
in activity were found between the methods. In the first method (Chance and
Maehly, 1955), guaiacol was used as substrate. The oxidation of guaiacol was
measured by the increase in absorbance at 470 nm for 2 min. The assay con-
tained 50 ml of 20 mmol/ liter guaiacol, 2.9 ml phosphate buffer (pH 7.0), and
10 ml of enzyme extract. The reaction was started with 20 ml of 40 mmol/ liter
H2O2. An enzyme unit (EU) was defined as the amount of enzyme needed to oxi-
dize 1 mmol of guaiacol per minute. In the second method (Cassab et al., 1988;
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modified by Riquelme and Cardemil, 1993) the substrates were 0.1% o-fenilen-
diamine (o-PDA) and 0.012% H2O2 in 0.1 mol/ liter Na citrate, pH 5. After 10
min of incubation of the enzyme extract with the substrates at 258C, the oxi-
dized o-PDA was measured at 450 nm. One enzyme unit (EU) was defined as
the amount of enzyme which oxidizes 1 mmol/ liter of o-PDA/ min. No reaction
was observed in the absence of H2O2. In both assays, peroxidase activities were
expressed in EU per gram of dry weight.

Determination of Hydrogen Peroxide. H2O2 concentration was measured
according to the method of Okuda et al. (1991). The reaction mixture contained
100 ml extract, 200 ml of 12.3 mmol/ liter 3-(dimethylamino) benzoic acid in
0.4 mol/ liter phosphate buffer (pH 6.5), 40 mliter of 3-methyl-2-benzothiazoline
hydrazoline hydrazone, and 20 ml peroxidase (0.25 EU) in a total volume of 1
ml. The reaction was started by the addition of peroxidase at 258C. The increase
in absorbance at 590 nm was monitored in a double-beam spectrophotometer
(Shimadzu UV-160).

Statistical Analysis of Data. Descriptive statistics (means, standard devia-
tions and standard errors) were used to characterize the data on a plants basis.
One-way ANOVA was used to determine the significance of differences of ethy-
lene and aphid effects on plant hydrogen peroxide and peroxidase activity.

RESULTS

Ethylene Evolution from Two Infested Barley Cultivars. Barley plants (cv.
Frontera and Aramir) 6, 9, or 12 days old were infested with S. graminum. Ethy-
lene was measured after 0, 1, 3, and 5 hr of infestation and was expressed in
parts per million per killigram of fresh weight. Ethylene evolution was higher
for infested plants than noninfested plants and was also higher for older than
younger plants (Table 1). In 6-day-old plants ethylene evolution values of Aramir
and Frontera cultivars were not significantly different (P ≤ 0.05). However, the
ethylene production by 9- and 12-day-old plants was higher for cv. Frontera
(the more resistant cultivar). Differences in ethylene production between culti-
vars increased in 12-day-old plants; cv. Frontera evolved almost twice as much
ethylene as cv. Aramir after 3 and 5 hr of infestation (P ≤ 0.05).

Twelve-day-old Aramir and Frontera plants were infested with different
numbers of S. graminum nymphs. Evolution of ethylene increased as a function
of the number of aphids per plant and as a function of infestation time (Figure
1). Maximum ethylene evolution was detected in both cultivars infested with 10
or more aphids for 16 hr. At this time, the levels of ethylene were 37% higher
in cv. Frontera than in cv. Aramir.

Plants of cultivars Frontera and Aramir were infested each with 20 aphids
of S. graminum or R. padi. Controls were noninfested plants. Ethylene level
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TABLE 1. EFFECT OF APHID INFESTATION ON ETHYLENE EVOLUTION IN Hordeum vulgarea

Amount (ppm)

Cultivar Age (days) Assay 0 hr 1 hr 3 hr 5 hr

Frontera 6 Infested ND 0.2 ± 0.1 0.6 ± 0.1 1.2 ± 0.1
Noninfested ND 0.1 ± 0.1 0.2 ± 0.2 0.4 ± 0.1

9 Infested ND 0.5 ± 0.1 4.0 ± 0.5 6.0 ± 0.8
Noninfested ND 0.2 ± 0.1 0.5 ± 0.1 0.5 ± 0.5

12 Infested ND 7.5 ± 1.2 15.0 ± 2.0 25.0 ± 3.0
Noninfested ND 2.5 ± 0.2 6.0 ± 0.7 10.0 ± 1.2

Aramir 6 Infested ND 0.5 ± 0.1 0.8 ± 0.1 1.2 ± 1.0
Noninfested ND 0.2 ± 0.1 0.3 ± 0.1 0.4 ± 0.4

9 Infested ND 0.5 ± 0.1 1.2 ± 0.2 2.2 ± 0.1
Noninfested ND 0.3 ± 0.1 0.8 ± 0.1 1.5 ± 0.2

12 Infested ND 4.0 ± 0.6 8.0 ± 1.0 12.0 ± 1.0
Noninfested ND 2.0 ± 1.0 5.0 ± 1.0 9.0 ± 1.0

a Plants were infested with 10 aphids 1 hr before initiated the ethylene measurements. Data on
ethylene accumulation represent the mean of four samples (±SD). ND c non detectable.

FIG. 1. Effect of aphid infestation on ethylene production in barley. Plants were infested
with different numbers of S. graminum, one group during 4 hr and another during 16 hr.
Each point represents the mean of three measurements (±SE); fwt c fresh weight).
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FIG. 2. Effect of two aphid species on ethylene production in barley plants. Plants of
Frontera and Aramir cultivars 12 days old were infested with 20 aphids of S. graminum
or of R. padi for 12 hr. Each point represents the mean of three measurements (±SE).

was measured after 12 hr of infestation (Figure 2). Production of ethylene in
cv. Frontera plants infested with S. graminum was 53% higher with respect to
controls and 29% higher than those infested with R. padi. In all assays with
infested plants, cv. Frontera produced more ethylene than cv. Aramir (P ≤ 0.05).

H2O2 Accumulation and Soluble Peroxidase Activity. H2O2 accumulation
and soluble peroxidase activity were measured in 10-day-old plants of cv. Fron-
tera infested with 20 aphids of S. graminum per plant. The aphids induced an
increase in H2O2 accumulation with a transient maximum after 20 min of infes-
tation (Figure 3) and was 41% higher than in noninfested plants. S. graminum
also increased by 64% the soluble peroxidase activity with respect to control
plants after 30 min of infestation (Figure 4).

In response to ethylene pulses of 20 and 40 ppm during 6 hr, H2O2 and
soluble peroxidase activity in noninfested barley plants, cv. Frontera, increased
to levels similar to those of plants infested with aphids (Figures 5 and 6). Levels
of H2O2 were 53% higher in the plants treated with 40 ppm ethylene than in
control plants reaching a maximum after 10 min of treatment. With 20 ppm,
H2O2 accumulation was 43% higher in treated plants than in the controls. A
maximum accumulation occurred after 15 minutes of treatment (Figure 5).

The maximum activity of soluble peroxidases occurred at 40 min with 40
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FIG. 3. Effect of aphid infestation on the accumulation of hydrogen peroxide in barley.
Plants of Frontera cultivar 10 days old were infested with 20 aphids of S. graminum per
plant for different periods of time. Each point represents the mean of three measurements
(±SE).

ppm of ethylene treatment. However, the maximum activity occurred after 60
min when the treatment was 20 ppm of ethylene. With 40 ppm, soluble peroxi-
dase activity was 53% higher in treated plants than in control ones. With 20 ppm
the soluble peroxidase activity was 45% higher than in control plants (P ≤ 0.05)
(Figure 6).

Activity of both cell wall-bound peroxidases, those covalently and ionically
bound, also increased under exposure of the plants to 40 ppm of ethylene. In the
case of the ionically bound peroxidases, the level of activity was 40% higher than
in the control plants after 20 hr of incubation. Covalently bound peroxidases
were 24% higher than the control plants after 50 hr of incubation with ethylene
(Figure 7).

DISCUSSION

Ethylene has been implicated in the response by plants to wounding
(Osborne, 1978) and to pathogen attack (Ecker and Davis, 1987; Kende and
Zeevart, 1997). Its biosynthesis is also promoted by many environmental stresses
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FIG. 4. Accumulation of soluble peroxidases in barley plants cv. Frontera infested with
20 aphids of S. graminum per plant for different periods of time. Each point represent
the mean of three measurements (±SE).

(Kende and Zeevart, 1997). In pathogenesis, ethylene evolution is correlated with
the induction of several PR genes (Dong, 1998). It is still unknown whether
aphid infestation induces PR genes in barley as defensive mechanism. Results
obtained in this work show that aphids induced more ethylene evolution in Fron-
tera, a more resistant cultivar than Aramir, when infested by S. graminum (bio-
type C). Previous reports indicated that aphid infestation induced higher evolu-
tion of ethylene in susceptible than in resistant cultivars of alfalfa, wheat, and
barley (Dillwith et al., 1991; Anderson and Peters, 1994; Miller et al., 1994).
However, the physiological and molecular responses to infestation will depend
on several factors such as plant cultivar, plant age, degree of infestation, aphid
species and biotype, and infestation time. Anderson and Peters (1994) found that
different combinations of wheat genotype–greenbug biotypes produced different
amounts of ethylene.

In this work the infestation also induced an increase in the levels of hydro-
gen peroxide and peroxidase activity. Moreover, when the plants were subjected
to ethylene, this hormone induced an increase in the hydrogen peroxide and in
the peroxidase activity. Both hydrogen peroxide and peroxidases are related to
the oxidative metabolism triggered by pathogenicity, stress conditions, and infes-
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FIG. 5. Accumulation of hydrogen peroxide in cv. Frontera barley plants treated with 20
and 40 ppm of ethylene for 6 hr. After treatment, the hydrogen peroxide was measured
at different periods of time. Each point represent the mean of three measurements (±SE).

tation, suggesting that in these cultivars ethylene may induce physiological and
molecular responses related to aphid tolerance similar to those found in plant
responses to pathogens (Wasternack and Parthier, 1997; Koiwa et al., 1997).

The time and intensity of plant defensive responses to a pathogen are cru-
cial to determine if the infection can be prevented (Koiwa et al., 1997; Dong,
1998). In 12-day-old barley plants of both cultivars, ethylene production became
significantly higher after 1 hr of infestation. This ethylene evolution was faster
than that detected by Anderson and Peters (1994), suggesting that this initial
ethylene evolution may be involved in the oxidative burst of barley plants. This
burst may mediate defensive mechanisms against infestation, as has been found
for pathogen-infested plants (Koiwa et al., 1997; Dong, 1998). Later produc-
tion of ethylene by the infested plant may be related to the senescence pro-
cess (Nakatsuka et al., 1998). Anderson and Peters (1995) found that AVG (2-
aminoethoxyvinylglycine), an inhibitor of ethylene biosynthesis, did not reduce
chlorophyll degradation or the lesions induced by infestation, indicating that
ethylene may not be involved in the development of these symptoms.

The time of production of ethylene was similar in both cultivars of barley,
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FIG. 6. Effect of ethylene on the activity of soluble peroxidases in barley plants cv. Fron-
tera treated with 20 and 40 ppm of ethylene for 6 hr. After treatment, the peroxidase
activity was determined at different periods of time. Each point represent the mean of
three measurements (±SE).

FIG. 7. Effect of ethylene on the activity of peroxidases ionically (A) and covalently
bound (B) to the cell wall. The plants of cv. Frontera were treated with 40 ppm of ethylene
for 6 hr. After treatment, the activity was measured at different periods of time. Each point
represent the mean of three measurements (±SE).
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although the levels were higher in cv. Frontera than in cv. Aramir. It seems,
therefore, that in the two cultivars it was the magnitude of ethylene evolution,
rather than the speed of the response that probably made the difference in their
response to infestation.

In both cultivars during the first 4 hr of infestation, ethylene evolution
increased slightly with the number of aphids. However, after 16 hr of infes-
tation the level of ethylene evolution was clearly dependent upon the number of
aphids per plant reaching a maximum when plants were infested with 10 aphids.
This seems to indicate that in plants of this age the threshold of infestation to
induce maximum ethylene production requires this number of aphids per plant.

S. graminum (biotype C) induced a higher level of ethylene evolution, indi-
cating that this species was more aggressive in this barley cultivar than R. padi
and produced more plant damage. This result is in agreement with previously
published results, where the amount of chlorophyll loss was higher in barley
plants infested with S. graminum (biotype C) than with R. padi (Casaretto and
Corcuera, 1998).

In addition, aphids also induced accumulation of H2O2 and increased per-
oxidase activity. As occurs in the response to plants pathogens, the burst of
H2O2 production by barley plants preceded the accumulation of soluble and cell
wall peroxidases (Lamb and Dixon, 1997; Somssich and Hahlbrock, 1998). In
infested barley plants, the maximum level of H2O2 was found about 10 min
before the maximum accumulation of soluble peroxidase activity. However, in
noninfested plants exposed to 40 ppm of ethylene the maximum level of H2O2

was reached after 10 min with a maximum induction of the peroxidase activity
after 40 min. This suggests that the accumulation of soluble peroxidase activity
is a consequence of the H2O2 burst and appears to indicate that the accumulation
of H2O2 could be the beginning of a cascade of events that triggers physiological
and molecular plant responses to prevent or minimize insect attack. This H2O2

may be produced in the cell wall or in the plasma membrane via a NADPH oxi-
dase associated with this membrane, as has been reported in the case of pathogen
attacks on plants (Somssich and Hahlbrock, 1998).

Plant cells produce H2O2 in response to both biotic and abiotic stress (Woj-
taszek, 1997). H2O2 accumulation may be also implicated in the induction of
defense genes (Wu et al., 1995). Therefore, the H2O2 production is a general
response of plants to stress conditions and not specific to plants infested by
aphids. While the exact biochemical reaction involved in the production of the
H2O2 is still being studied, one may speculate that plants may use this com-
pound not only as an inducer of the defensive cascade of metabolic events but
rather as a defense mechanism itself (Lamb and Dixon, 1997). However, H2O2

can damage plant cells. The prevention of this damage would depend on the effi-
ciency of the antioxidant systems. In plants, H2O2 is destroyed specifically by
ascorbate peroxidase, and catalases (Asada, 1992; Mehlhorn et al., 1996; Foyer
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et al., 1997). It is possible then that the Frontera cultivar has more antioxidant
systems, thereby reducing the damage produced by the oxidants.

Infestation induced levels of H2O2 and peroxidases similar to those induced
in plants by 40 ppm of ethylene, although, the production of H2O2 in plants
exposed to ethylene was 10 min earlier than in the aphid infested ones. The
increase in ethylene evolution induced by aphids is mediated by unknown events.
One of them may be an increase in the level of abscissic acid (ABA), since ethy-
lene and jasmonic acid synthesis seems to be mediated by ABA accumulation
during pathogenicity (Peña-Cortés et al., 1995; Koiwa et al., 1997). ABA levels
have been measured in extracts of infested barley leaves. No changes were found
during the first 48 hr of infestation although, a substantial increase was found
after 65 hr of infestation (Cabrera et al., 1994). Further research is needed to elu-
cidate the possible role of ABA in ethylene induction in aphid infested barley
leaves.

The ionically and covalently cell wall-bound peroxidase activities of barley
seedlings increased more under ethylene treatment than in the control seedlings.
The activity increase in the control samples was probably due to the experi-
mental stressing conditions such that endogenous ethylene was produced by the
seedlings placed in the sealed flasks. However, a small increase in cell wall-
bound peroxidases could induce a rapid cell wall reinforcement by oxidative
cross-linking and insolubilization of structural cell wall proteins. The extensin
cell wall proteins are the best studied and identified. Being a family of proteins,
extensins are also known as hydroxyproline-rich glycoproteins (HRGP) (Bradley
et al., 1992; Cassab, 1998). Recently, in cotton cell cultures, a covalent linkage
has been found between extensin and a pectin fraction, ramnogalacturan I (RG
I), (Qi et al., 1995). The role of extensins still remains to be determined, but they
probably facilitate cell wall lignification, acting as a primer for lignin deposition
and lignin polymerization (Cassab, 1998; Loukili et al., 1998). Whether ligni-
fication of the cell walls in vascular bundles also occurs during infestation is
unknown, but certainly it would make penetration of the aphid stylet more dif-
ficult.

It is interesting to note that the peroxide accumulation seems to occur before
ethylene accumulation in infested plants. Thus, aphid attack may first induce
H2O2 accumulation and H2O2 itself may be in part responsible for the induction
of peroxidases and ethylene biosynthesis. However, it is not possible at this stage
to know exactly the sequence of these events in the plant tissues. Ethylene, in
turn, may induce expression of other genes involved in the reinforcement of
plant cell walls (Esquerré-Tugayé et al., 1985).
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Abstract—The Dufour gland of Nannotrigona testaceicornis is a large,
wide, pear-shaped sac. The gland secretion consists chiefly of the diterpene
ester all-trans-geranylgeranyl acetate (64% of the total), together with a
complex mixture of small amounts of cyclic ketals; mono-, sesqui-, and
diterpene compounds; acetates; and other oxygenated compounds. Samples
of N. testaceicornis collected at two sites in Brazil and one in México shared
the same composition of their glands, suggesting that the species is uniform
over this wide geographical area.

Key Words—Hymenoptera, Apidae, Meliponinae, exocrine secretion, ger-
anylgeranyl acetate, terpene, oxidation products.

INTRODUCTION

An accessory gland of the poison apparatus, first described by Dufour (1834), is
found in all aculeate Hymenoptera, which include bees, stinging wasps, and ants.
It is a sac, surrounded by a single layer of secretory cells, with a duct which in
bees opens into the sting chamber below the sting bulb. No common function has

*To whom correspondence should be addressed. e-mail: e.d.morgan@chem.keele.ac.uk
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been discovered for the Dufour gland in this wide range of insects (Hölldobler
and Wilson, 1990). Among some solitary bees, according to Hefetz (1998), the
Dufour gland contents are used to form a waterproof lining to the brood cells,
e.g., in the ground-dwelling bees Colletes thoracicus and Andrena haemorrhoa
(Hefetz, 1987), or to mark their nest entrances. In another ground-dwelling euso-
cial bee, Lasioglossum (Euylaeus) malachurum, Dufour gland secretion is prob-
ably used in nest-mate recognition.

The chemistry of the contents of the Dufour gland of solitary bees has
already been studied in a number of species. In the Colletidae family, the secre-
tion is dominated by saturated and unsaturated macrocyclic lactones as well as
hydrocarbons (Hefetz et al., 1979; Albans et al., 1980; Cane, 1981). The Halicti-
dae also contain macrocyclic lactones (Bergström, 1974; Hefetz, 1987), although
Duffield et al. (1981) reported the presence of trace amounts of esters. The
Dufour gland secretion of Andrenidae bees is composed of a variety of terpene
hydrocarbons and terpene esters (Bergström and Tengö, 1974). In two Melitti-
dae species, the Dufour gland secretion is composed of alkyl butanoates (Tengö
and Bergström, 1976). Members of the Anthophoridae exhibited a variety of
compounds: terpenoids (Batra and Hefetz, 1979), triglycerides (Norden et al.,
1980), saturated and unsaturated hydrocarbons (Vinson et al., 1978). Francke et
al. (1984), Williams et al. (1986) and Tengö et al. (1982) documented lactones,
esters, hydrocarbons, spiroacetals, ketones, and alcohols in the Dufour gland of
the Megachilidae.

Within the bees, social behavior is found chiefly in the family Apidae, and
particularly in the subfamilies Meliponinae (stingless bees), Apinae (honeybees)
and Bombinae (bumblebees). The Dufour gland of workers of Apis mellifera is
very small, and although much is known about pheromones of honeybees, neither
the chemical composition of the secretion nor its function is known. The Dufour
glands of very few species of bumblebees have been studied. The secretions are
dominated by straight-chain alkanes and alkenes from C21 to C31, with some
oxygenated compounds, terpenes, and fatty acids (Oldham et al., 1994a; Tengö
et al., 1991). Again, the function is unknown.

In Meliponinae, de Lello (1976) described the single gland that opens at
the end of the abdomen as homologous with the Dufour gland. The gland varies
considerably in size and shape among species of stingless bees. In spite of the
large number of species (about 500 and still increasing), no chemical studies of
the Dufour gland secretion of Meliponinae have been made until now.

The genus Nannotrigona is found throughout southern México and Cen-
tral and South America. It contains 10 recognized species (Camargo, 1990). The
genus is of some importance because certain species of Nannotrigona are consid-
ered good pollinators for crops. N. testaceicornis (Lepeletier) (Apidae: Melipo-
ninae) is used in Japan for the pollination of strawberries (Maeta et al., 1992).
The cephalic secretion of this species has been shown to contain 2-methyl-6-
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pentyl-3,4-dihydro-2H-pyran (Francke et al., 1985) (for structure, see Figure 3
below). According of Camargo (1990), N. testaceicornis is the only species of
Nannotrigona found in Mexico.

The aim of this work was to learn something of the chemistry of the Dufour
gland secretion of stingless bees. We have studied samples of N. testaceicornis
collected in Brazil and Mexico, first, to see whether there was any variation in the
composition of the secretion, since a single species with such a wide distribution
might display geographical variations in its secretions. We have attempted to
identify the material in the secretion as a preliminary to studying what might be
its function.

METHODS AND MATERIALS

Samples of N. testaceicornis were collected at Rio Claro and Cosmopólis,
two different regions in the state of São Paulo, Brazil, and in Union Juárez in
the state of Chiapas, Mexico.

Scanning Electron Microscopy. The abdominal tergites of workers were
carefully removed in a solution of cold 2% glutaraldehyde in sodium cacody-
late buffer at pH 7.3, so as to expose the abdominal tissues for observation with
a Topcon SM-510 scanning electron microscope. For this purpose, the opened
abdomens were critical-point dried and coated with a 30-nm layer of gold.

Transmission Electron Microscopy. Worker bees were immobilized by
cooling to 38C, the Dufour glands were dissected and fixed in a solution of
2% glutaraldehyde in sodium cacodylate buffer (0.15 M), at pH 7.2. After 3 hr
the glands were rinsed in cacodylate buffer (0.15 M), postfixed in 1% buffered
osmium tetroxide for 2 hr and contrasted with uranyl acetate overnight. The
material was dehydrated in an increasing series of alcohol and acetate solutions
and embedded in Spurr’s resin. Ultra thin sections were obtained with a Porter-
Blum MT-2 Ultramicrotome, with glass and diamond knives, mounted on a grid,
contrasted with lead citrate, and examined in a Zeiss transmission electron micro-
scope.

Gland Dissection. Individual workers of N. testaceicornis were cooled in a
refrigerator and dissected under distilled water. The Dufour gland was removed
and carefully dropped into a thin-walled soda-glass tube (1.8 × 20 mm) pre-
viously sealed at one end, and the open end was then sealed in a micro-flame
(Morgan, 1990).

Chemical Analysis. Gas chromatography–mass spectrometry was carried
out with a Varian Star 3400 CX gas chromatograph linked to a Varian Saturn
4D mass spectrometer. The samples were analyzed using a fused silica column
(30 m × 0.25 mm) coated with poly(5% diphenyl–95% dimethyl)siloxane. The
oven was programmed from 508C to 2508C at 158C/ min. The carrier gas was
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helium. The injector port temperature was held at 2008C. The sample was heated
in the injector to 2008C for 4 min before crushing the capillary, as described by
Morgan and Wadhams (1972).

RESULTS

Dissection of worker abdomens of N. testaceicornis revealed a large sac
at the end of the abdominal tip, which correspond to the Dufour gland (Figure
1). The reservoir opens into the cloacal chamber, from where the secretion may
be deposited on the substratum by the tip of the abdomen. The Dufour glands
of Meliponinae, like those of ants and other Hymenoptera, originate from the
integument and are composed of class 1 cells according to Noirot and Quennedey
(1974). The gland reservoir is lined with a single sheet of epidermal cells. Trans-
mission electron microscopy revealed the fibrillar aspect of the procuticle, but

FIG. 1. Scanning electron micrograph of the partially dissected abdominal tip of N. tes-
taceicornis (tergites removed) showing the size of the Dufour gland.
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FIG. 2. Structures of some compounds discussed in the text.

contrary to what is found in the Dufour glands of other Meliponinae (Patri-
cio, in preparation), the epicuticle is not smooth, but strongly crenellated. Since
no cuticular pores were evident, the secretion from the internal vesicles may
cross the cuticle by diffusion, as has been observed in some glands of termites
(Quennedey, 1982). The vesiculated smooth endoplasmic reticulum is typical of
pheromone-producing glands of invertebrates (Billen, 1987). Multilamellar bod-
ies and storage vesicles are suggestive of intense cellular metabolism of these
secretory cells. The epithelium of the glandular duct was composed of thin cells,
indicating poor or no secretory activity.

The GC-MS analysis of the Dufour gland secretion of the three samples
of N. testaceicornis showed that they had approximately the same composition,
with the same major compounds and many minor components (Figure 2). Four
individuals from each area were analyzed and their chromatograms compared.
There was as much variation between individuals as there was between samples
from different areas. We therefore concentrated on the identification of the first
sample from Rio Claro. As learned from the microscopic examination, the gland
forms a relatively large part of the abdominal organs and contains about 5 mg
of secretion on average. The most notable feature of the composition was the
relatively large amount of one component, all-trans-geranylgeranyl acetate (Fig-
ure 3), an acyclic diterpene ester (Table 1). There was a very small amount of
the corresponding alcohol, trans-geranylgeraniol, and the corresponding lower
homolog trans-farnesyl acetate. Retention times and mass spectra for these com-
pounds were confirmed by comparison with authentic samples. Farnesyl acetate
and geranylgeranyl acetate were prepared from acetyl chloride and the respec-
tive alcohols. Trace amounts of springene, the hydrocarbon corresponding to
dehydrated geranylgeraniol were also seen (peak 30). There was also a set of
oxidation products derived from geranylgeraniol (or its acetate), the simplest
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FIG. 3. Total ion current chromatogram of the Dufour gland secretion of Nannotrigona
testaceicornis. Peak numbers refer to Table 1. The lower figure is an expansion of the
region 10–25 minutes with many small peaks.

of these is 1,3,3-trimethyl-2,7-dioxabicyclo[2.2.1]heptane (Figure 3). The higher
homologs can exist in two diastereomeric pairs, so two peaks are seen for each
homolog of these compounds (peaks 14 and 15 and peaks 19 and 21; Figure 3).
Identification of these compounds was provided by the work of Oldham et al.
(1994b). Neral, geranial, geranylacetone, and the acetate esters were identified
by comparison of their mass spectra and retention times with those of synthetic
compounds. Farnesal was identified by comparison with the spectrum of mate-
rial made earlier. As a sample was not available for retention time comparison,
the isomer could not be identified with certainty, but was probably all-trans.

The second most abundant substance was identified as hexadecatrienal (M+

234). The double-bond positions were unknown, so the exact structure could not
be identified, and no mass spectra were available for direct comparison. The next
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TABLE 1. QUANTIFICATION OF DUFOUR GLAND SECRETION OF Nannotrigona
testaceicornis (N c 4)

Percent
Peaka Compound (mean ± SD)

1 Unidentified t
2 1,3,3-Trimethyl-2,7- 1.34 ± 0.50

dioxabicyclo[2.2.1]heptane (isomer 1)
3 Unidentified t
4 C8H14O2 isomeric with compound 2 t
5 C10H16 1.89 ± 1.20
6 Unidentified 0.22 ± 0.18
7 Unidentified t
8 Unidentified t
9 C9H16O 0.48 ± 0.15

10 C9H16O 0.73 ± 0.09
11 Neral 0.97 ± 0.40
12 Geranial 1.3 ± 0.13
13 Unidentified t
14 3-Isopentenyl-1,3-dimethyl-2,7- 0.55 ± 0.04

dioxabicyclo[2,2,1]heptane (isomer 1)
15 3-Isopentenyl-1,3-dimethyl-2,7- 0.28 ± 0.10

dioxabicyclo[2,2,1]heptane (isomer 2)
16 Unidentified 0.30 ± 0.02
17 Geranylacetone 1.54 ± 0.13
18 Unidentified 0.29 ± 0.05
19 3-Geranyl-1,3-dimethyl-2,7- 0.46 ± 0.25

dioxabicyclo[2,2,1]heptane (isomer 1)
20 Bornyl compound (?) 0.30 ± 0.01
21 3-Geranyl-1,3-dimethyl-2,7- 1.17 ± 0.90

dioxabicyclo[2,2,1]heptane (isomer 2)
22 Unidentified 0.81 ± 0.03
23 Unidentified 0.38 ± 0.06
24 Farnesal 0.65 ± 0.03
25 Unidentified t
26 Hexadecatrienalb 4.2 ± 1.25
27 Tetradecyl acetate 3.83 ± 0.80
28 Farnesyl acetate 0.39 ± 0.15
29 Hexadecadienalb 0.58 ± 0.20
30 Springene t
31 Hexadecatrienyl acetateb 4.40 ± 1.20
32 Terpenoid 0.88 ± 0.03
33 Unidentified 0.83 ± 0.40
34 Geranylgeraniol 0.83 ± 0.36
35 Geranylgeranyl acetate 64.04 ± 9.47
36 Isomer of compound 35 1.08 ± 0.09
37 Isomer of compound 35 1.63 ± 0.30
38 Isomer of compound 35 1.58 ± 0.60
39 Terpenoid t
40 Squalene t

Total amount (mg/ gland) 4.8

a Peak numbers refer to Figure 2.
b Unconfirmed identification.
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in quantity was peak 31 (Figure 3), identified as hexatrienyl acetate (M+ 278),
with the ions characteristic of a long-chain triunsaturated alkene, plus a strong
ion at m/ z 43 and a weak ion at m/ z 61, characteristic of an acetate group. The
next in quantity were tetradecyl acetate (peak 27) followed by geranylacetone
(peak 17), which can also be regarded as an oxidation product of geranylgeraniol.
The monoterpene aldehydes geranial and neral, together referred to as citral,
comprised about 2.25% of the secretion. Peak 29 had a molecular mass two units
greater than hexadecatrienal, and a mass spectrum very similar to that of peak 26.
We deduce it is a hexadecadienal, but the difference in retention times should be
much less if these two differ only in the presence of one double bond. Compound
4 is a structural isomer of compound 2. It has the same molecular mass (M+ 142)
and a similar mass spectrum [m/ z 109 (5%), 100 (3), 82 (18), 72 (35), 71 (32), 67
(26), 57 (25), 43 (100)]. Its spectrum does not correspond to that of frontalin,
which has the same mass and similar structure to compound 2. Compound 5
has a molecular mass of 138 and a mass spectrum close to that of geraniol. It
must therefore be a 2,6-dimethyloctadiene or dihydroocimene, but we lack the
synthetic standards to determine the double-bond positions. Compounds 9 and
10 are an isomeric pair of mass 140 (C10H16O), probably dimethylnonadienols,
cis and trans, with a (CH3)2COH—because of the strong m/ z 59 ion [m/ z 140
(<5%), 110 (30), 95 (45), 69 (42), 59 (80), 43 (80% in compound, 100% in
compound 10), 41 (100% in compound 9, 95% in compound 10)].

The component labeled 20 gave a mass spectrum with base peak of m/ z 95,
which resembles the mass spectrum of isoborneol, but the substance has a higher
molecular weight than isoborneol. The structure of the unknown may be an isobor-
neol derivative with a long-chain alkyl substituent. Compounds 36, 37, and 38 are
all geometric isomers of geranylgeranyl acetate. Their spectra are all similar to
that of compound 35. They all differ from geranylgeraniol by having significantly
strong ions at m/ z 43, which is virtually absent in geranylgeraniol. The remaining
3.6% of the total consisted of seven unidentified terpenes (Table 1).

DISCUSSION

Unlike the tiny Dufour gland of honeybee workers, that of the stingless
bee N. testaceicornis is a relatively large organ, filling the posterior part of the
abdomen and containing micrograms of liquid secretion. The most important
component by far is geranylgeranyl acetate. This compound has been found
before in labial glands of males of several species of bumblebees (Kullenberg
et al., 1973; Bergström et al., 1996; Bergman and Bergström, 1997), where it is
used for territorial marking. The territorial marking pheromone from the male
bee-wolf Philanthus pulcher (Hymenoptera, Sphecidae) contains a mixture of
ethyl oleate and geranylgeranyl acetate as major components (McDaniel et al.,
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1992). The Dufour gland of some species of Formica ants also contains ger-
anylgeranyl acetate (Bergström and Löfqvist, 1973). All-trans-geranylgeranyl
acetate and geranylgeraniol are components of the recruitment pheromone of the
ponerine ant Ectatomma ruidum (Bestmann et al., 1995). The compounds have
also been found in the female sex pheromone of click beetles (Agriotes sputa-
tor, A. obscurus, Sinaptus, and Melanotus species, Coleoptera, Elateridae) (Yat-
synin et al., 1996) and even in a mammalian secretion, from the dorsal glands
of the collared peccary, Tayassu tajacu (Mammalia, Tayassuidae) (Waterhouse
et al., 1996). We have found geranylgeraniol in the Dufour glands of the Old
World army ant Aenictus rotundatus and the isomer geranyllinalool in the Dufour
glands of the New World army ant Eciton burchelli (Keegans et al., 1993).

Oldham et al. (1994b) found a series of bicyclic ketals accompanying ger-
anylgeraniol, the principal component in the Dufour gland of the army ant Aenic-
tus rotundatus. The simplest of these ketals is 1,3,3-trimethyl-2,7-dioxabicy-
clo[2.2.1]heptane (Figure 2). It was accompanied by higher homologs containing
an isopentenyl or geranyl group (Figure 2). Two isomers were seen for each.
We deduced that these compounds were oxidation products, either biochemi-
cal or atmospheric, of the geranylgeraniol. The same series of ketals has been
observed in this work, always in very small quantity. 1,3,3-Trimethyl-2,7-diox-
abicyclo[2.2.1]heptane was first identified in the aroma of Granny Smith apples
(Stanley et al., 1986), and then identified in several species of ants of the sub-
family Dolichodorinae (Tomalsky et al., 1987; Cox et al., 1989, see also Francke
and Schröder, 1999). The complete series of homologs was recognized by Old-
ham et al. (1994b). Reexamination of the chromatograms from Keegans et al.
(1993), Oldham et al. (1994b), and the present work shows that the first peak of
each isomeric pair of homologs is the larger one. Study of molecular models indi-
cates this must be the 3S,4S, 3R,4R enantiomeric pair. There are no reports of the
presence of this substance in the secretion of bees that contain geranylgeraniol
or its acetate. We also identified 6-methyl-5-hepten-2-one, geranylacetone, and
farnesylacetone, the supposed biosynthetic precursors of these compounds, in A.
rotundatus (Oldham et al., 1994b) and E. burchelli (Keegans et al., 1993), which
adds support to the proposed structures and origins.

We found no differences in the analysis of the Dufour gland secretion of
N. testaceicornis samples from Brazil and Mexico in the present study, although
geographical variation is frequently encountered in other insect secretions with
pheromonal activity. For example, the green stink bug, Nezara viridula has
a worldwide distribution in the tropics and subtropics. The male pheromone
includes various sesquiterpene compounds. Bugs from Brazil lack a sesquiter-
pene component that is present in populations from the southern United States
and southern France, and sesquiterpene isomer ratios differ between French and
North American bugs (Aldrich, 1988). In Lepidoptera, also, geographical vari-
ation of pheromone blends has been found. Hansson et al. (1990) found that
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the sex pheromone of Agrotis segetum include three main components, (Z )-5-
decenyl acetate, (Z )-9-dodeceyl acetate, and (Z )-9-tetradecenyl acetate. The ratio
of these compounds in populations from Sweden, Britain, France, Armenia, and
Bulgaria show marked differences. On the other hand, Pectinophoroa gossip-
iella, the pink bollworm, shows little variation among insects from California,
Argentina, Brazil, China, Egypt, Mexico and Pakistan (Haynes and Baker, 1988).
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FRANCKE, W., and SCHRÖDER, W. 1999. Bicyclic acetals in systems of chemical communication.
Curr. Org. Chem. 3:407–443.
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berg, G. Bergström, B. G. Svensson, J. Tengö, and L. Agren (eds.). The Ecological Station of
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KEEGANS, S. J., BILLEN, J., MORGAN, E. D., and GÖK ̧CEN, O. A. 1993. Volatile glandular secretions of

three species of New-World army ants, Eciton burchelli, Labidus coecus, and Labidus praeditor.
J. Chem. Ecol. 19:2705–2719.
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Abstract—CE145-66 is an improved early-maturing grain sorghum genotype,
increasingly grown by farmers in the Sahelian part of Senegal. This genotype
is known to have negative effects on the following groundnut crop, because
of the release of allelopathic phenolic compounds into the soil. We have
assessed the synthesis of phenolics in sorghum vegetative parts and the
variations in synthesis between years and sites. Total phenols and phenolic
acids in the aerial parts and roots of flowering sorghum plants from 52
farmers’ fields at two sites (Sagnanème and Médina) in Senegal in 1996 and
1997 were measured. Thirty-eight soil samples, collected after the sorghum
harvest, from sorghum rows and interrows also were analyzed for their
phenolic content. Total phenols reached 1.1–1.5% of root dry weight and
1.1–2.2% of aerial parts dry weight, with little variation between sites, and
large variability between years, presumably due to climatic conditions. Eight
phenolic acids and three associated aldehydes were identified by HPLC, with
p-hydroxybenzoic, p-coumaric, and ferulic acids the most abundant. Their
totals reached 2.9–3.2 mg/ g in 1996 and 2.6–2.8 mg/ g in 1997 for the aerial
part; and 3.3–3.6 mg/ g in 1996 and 2.8–3.3 mg/ g in 1997 for roots. In soils
under sorghum rows, the mean water-soluble total phenols increased from 4.6
in 1997 to 6.7 mg/ g in 1998 in Sagnanème, and from 3.8 in 1997 to 5 mg/ g
in 1998 in Médina. The concentrations of total phenols and phenolic acids
were higher in rows than in interrows. All the phenolic monomers identified
in vegetative parts were recovered in associated soil samples, with vanillic
and p-hydroxybenzoic acids the most abundant. Finally, variability in plant
phenolic content seemed more due to climatic than to cropping or soil factors,

*To whom correspondence should be addressed.
3 Permanent Address: ISRA-CNRA, BP 53 Bambey, Senegal.
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as differences between years appear more important than differences between
or within sites.

Key Words—Agricultural soils, allelopathy, phenolics, sorghum.

INTRODUCTION

Sorghum [Sorghum bicolor (L.) Moench] is a widely produced agricultural crop.
Its aerial vegetative parts and seeds are used for many purposes. The vegeta-
tive parts are used for animal forage and rural construction, and sorghum grains
is a basic food source for many. Grain sorghum is the second most important
cereal crop grown under pluvial conditions in Senegal. CE145-66 is an improved
early-maturing grain sorghum genotype that is well adapted to the Sahelian zone
(dryland) growing conditions in Senegal. Hence, more and more acreage is under
cultivation in this part of the country.

Sorghum is also known to possess strong phytotoxic potential against weeds
(Einhellig and Rasmussen, 1989; Weston, 1996), against itself (Guenzi and
McCalla, 1962, 1966; Chopart and Nicou, 1973; Burgos-Leon et al., 1980), and
against other crops (Chopart and Nicou, 1973; Delafond and Burgos-Leon, 1978;
Burgos-Leon et al., 1980; Nicou, 1980; Ben-Hammouda et al., 1995). This toxic-
ity is due to the production and release of phenolic compounds, including pheno-
lic acids (Burgos-Leon et al., 1980; Ben-Hammouda et al., 1995) and sorgoleone
(Einhellig and Souza, 1992; Einhellig et al., 1993; Weston et al., 1997, 1999).
Sène et al. (2000) showed that phenolic acids left in the soil after a CE145-66 crop
affected the germination of groundnut. However, few studies have been done on
phenolic metabolism and its variability in the vegetative parts of sorghum, and
the release and decomposition of such compounds have never been studied under
field conditions.

This study was done to enhance our knowledge of phenolic production by
sorghum vegetative parts, and to establish the phenolic pattern of sorghum aerial
parts and roots in agricultural conditions. A second aim was to compare patterns
to those of associated soils, in order to assess the influence of this species on
soil composition and subsequent fertility. Large sampling sets of plants (N c

52) and of soils (N c 38) were chosen directly in farmer’s fields under natural
conditions (wet season followed by a dry season) to take in account and estimate
the variability of these compounds.

METHODS AND MATERIALS

Study Sites. Two sets of in situ measurements were made in farmers’ fields
(in 1996 and 1997) to examine the levels of phenolic compounds present in
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sorghum aerial parts and roots. The fields were located at two sites in the central
groundnut producing region of Senegal, at the villages of Sagnanème (latitude
148N, longitude 16815′W) and Médina (latitude 14820′N, longitude 15820′W).
Twelve fields were monitored in Sagnanème and 15 in Médina in 1996, and 8
and 17, respectively, in 1997. The soils are ferralitic or ferruginous tropical, with
61–78% sand in the 0- to 10-cm layer. The crops were grown without fertilizer,
herbicides, or additional irrigation, similar to the farmers’ cultivation methods.
Weeds were removed by hand.

Sampling Methods. Sorghum was sown by the farmers at the beginning
of the rainy season, which lasts from July to October. A plot 25 × 25 m was
marked out in each field on day 15 after emergence. These plots were divided
into 25 subplots of 5 × 5 m; five of these subplots were randomly chosen for
plant measurements and five others for soil measurements.

Ten flowering sorghum plants were collected from each subplot. Aerial parts
and roots of the 10 plants were separated and pooled as a sample of aerial parts
or a sample of roots. Samples were dried at 708C for 96 hr and ground to a
homogeneous powder. The five samples of ground aerial parts from each field
were pooled and a 50-g sample was taken for phenol analysis. The root samples
were treated similarly.

Soil samples were collected from the same fields (from five fields in Sag-
nanème and eight fields in Médina in 1997, but from all the fields in 1998) in June
1997 and April 1998 (during the dry seasons following the sorghum crop), from the
prior sorghum rows and interrows. A total of three soil samples were taken from
rows and three from interrows at 0–40 cm depth on each soil subplot. The sam-
ples (15) from previous sorghum rows at each field were mixed, and a 250-g sam-
ple was taken for phenol analysis. The samples taken from interrows were treated
similarly. The soil was sampled before the beginning of the rainy season in 1997,
but the rainy season started two weeks prior to soil sampling in 1998. The latter
samples were taken after a total rainfall of 157 mm in Sagnanème and 91 mm in
Médina. The 1997 and 1998 samples were air-dried for three months.

Plant Analysis. Dried ground roots or aerial parts (500 mg) were extracted
twice (100 ml/ 75 ml) by refluxing with 70% (v/ v) boiling ethanol for 20 min.
The extracts were combined and evaporated under vacuum. The residues were
dissolved in a standard volume of hot distilled water, and aliquots were taken
for total phenol determination, with the Folin-Ciocalteau reagent and gallic acid
as a standard. Results are expressed as milligrams of gallic acid equivalents.

Although most phenolic compounds are in the leaves as glycosides, the
glycosidic bonds are rapidly cleaved at the beginning of senescence and the
free phenolics accumulate in surface layers. Mild acidic hydrolysis was used
to extract phenolic monomers from ground aerial parts. This type of hydrolysis
also releases anthocyans from condensed tannins (proanthocyanidins) and allows
quantification.
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Dried, ground material (1000 mg roots or aerial parts) from each sample
was hydrolyzed with 80 ml 2 M HCl (at 1008C, under O2) for 40 min, and the
resulting solutions were then extracted three times with diethyl ether. The resid-
ual aqueous extracts were filtered, and the anthocyan concentrations estimated
by measuring at the wavelength of maximum absorbance. The organic extract
was evaporated to dryness, and the residues were dissolved in ethanol and stored
at −188C until analyzed for phenolic acid content by HPLC.

Soil Analysis. Free (active) phenols were estimated in aqueous extracts to
assess the extracellular persistence of phenolic compounds in humus. Water-sol-
uble phenolic compounds were extracted for each sample by shaking approxi-
mately 100 g dry weight soil with 200 ml distilled water under N2 for 14 hr at
108C.

The solutions were filtered, and one aliquot was used to measure total phe-
nols as above. About 500 ml of each water extract was then acidified with 2 M
HCl and extracted three times with diethyl ether. The ether extracts were evap-
orated to dryness, and the resulting residues were dissolved in a known volume
of ethanol and stored at −188C.

Liquid Chromatography. The phenolic monomers were separated with a
Waters 600 Controller, equipped with the diode array detector (Waters 996) and
Millenium software. The samples (20 ml) were injected onto a column (250 ×
4.6 mm) filled with mBondapak C18, 10 mm, and eluted with a gradient of sol-
vent A (0.5% acetic acid in distilled water) and solvent B (0.5% acetic acid
in acetonitrile). The phenolic acids were separated by a linear gradient (flow
rate 1.5 ml/ min) from 0% to 20% B in 45 min, with 15 min of reequilibration
between samples. They were further identified and quantified by comparing their
UV spectra and retention times with those of standard compounds. About 90%
of the products detected by chromatographic analysis from both plant and soil
extracts were identified.

Statistical Analysis. Individual field results were not considered in this
paper. Means across sites and across years were compared by the Mann Whit-
ney U test. The Wilcoxon signed-ranks test for dependent variables was used
to compare data from roots and aerial parts, and soil data from rows and inter-
rows. Proportions (%) of individual phenolic acids were compared across years
or sites by the binomial test.

RESULTS

Polyphenols in Aerial Parts of Sorghum. The total phenol concentrations
estimated by the Folin-Ciocalteau reagent were 2.0–2.2% of the sorghum DW
in aerial portions in 1996 at both sites, but only about half of this value in 1997
(Table 1). Some of these products were identified as phenolic monomers, and
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TABLE 1. PHENOLIC COMPOUNDS OF SORGHUM AERIAL PARTSa

Sagnanème Médina

1996 1997 1996 1997
(N c 12) (N c 8) (N c 15) (N c 17)

Total phenols (mg/ g) 22.3 ± 2.6aa 10.7 ± 1.8b 19.7 ± 2.9ab 11.6 ± 1.5b
Phenolic acids (mg/ g) 3.2 ± 0.6a 2.6 ± 0.4b 2.9 ± 0.5a 2.8 ± 0.3a

Protocatechuic acid (%) 3.1 ± 1.6 1.0 ± 0.3 2.3 ± 0.7 1.4 ± 0.4
Gentisic acid (%) 3.4 ± 0.9 2.3 ± 0.6 3.8 ± 3.8 2.2 ± 0.5
p-Hydroxybenzoic acid (%) 19.6 ± 3.5 10.6 ± 1.9 16.2 ± 4.0 12.8 ± 2.5
p-Hydroxybenzaldehyde (%) 23.2 ± 5.6 6.7 ± 2.3 14.5 ± 4.6 10.1 ± 2.9
Vanillic acid (%) 2.4 ± 0.4 2.9 ± 0.3 2.4 ± 0.4 2.7 ± 0.4
Caffeic acid (%) 8.7 ± 1.2 5.5 ± 1.6 8.7 ± 3.8 3.1 ± 1.3
Syringic acid (%) 1.7 ± 1.7 2.9 ± 1.6 1.5 ± 1.4 1.8 ± 0.5
Vanillin (%) 0.2 ± 0.3 1.3 ± 0.2 0.4 ± 0.4 1.3 ± 0.2
p-Coumaric acid (%) 8.3 ± 1.7 23.5 ± 2.5 12.6 ± 2.5 22.3 ± 2.3
Ferulic acid (%) 29.3 ± 3.8 43.3 ± 2.1 37.5 ± 4.6 42.4 ± 3.7

a Total phenols are expressed in mg gallic acid equivalents/ g dry weight; and the sum of all
the identified phenolic acids in mg/ g dry wt. Letters (a,b) indicate differences between years
(Mann-Whitney test; P < 0.05). No differences (Mann-Whitney test; P < 0.05) were detected
between sites except for total phenols in 1996 (a,b). No differences between phenolic acid relative
weights (%) for 1996 and 1997 were detected by the binomial test. All values are mean ± SD.

their contribution to the amount of total phenols varied significantly, depending
on the year. In 1996, they accounted for 14–15% at both sites and for 24% at
both sites in 1997. Phenolic monomers included eight acids and two aldehy-
des, with some of them in very small amounts, including vanillin and syringic,
protocatechuic, gentisic, and vanillic acids. p-Hydroxybenzoic acid, p-hydroxy-
benzaldehyde, p-coumaric and ferulic acids, and to a lesser extent, caffeic acid,
were well represented. Their individual contributions to the total phenolic acids
remained relatively stable across years and sites. These five acids accounted for
87–93% of the total acids. There was no difference between the two sites except
for total phenols, which were more concentrated in aerial parts from Sagnanème
in 1996 than in those from Médina. The lack of absorbance of the acidic extract
at 500–600 nm indicated the absence of proanthocyanidins (condensed tannins)
from aerial parts.

Sorghum Polyphenols in Roots. The roots also contained more total phe-
nols at Sagnanème (1.6% dry wt) than at Médina (1.1%) in 1996 (Table 2). The
concentration of phenolic acids in the roots was also higher at Sagnanème than at
Médina in 1997. The proportion of phenolic acids in roots compared to the total
phenol compounds varied between 24% and 27% (in 1997 and 1996, respec-
tively). The patterns of phenolic monomers of the roots were the same as those of
the aerial parts, except that the former contained less caffeic acid. p-Hydroxyben-
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TABLE 2. PHENOLIC COMPOUNDS OF SORGHUM ROOTSa

Sagnanème Médina

1996 1997 1996 1997
(N c 12) (N c 8) (N c 15) (N c 17)

Total phenols (mg/ g) 15.7 ± 3.7aa 12.2 ± 0.9b 10.9 ± 2.4ab 12.7 ± 1.1b
Phenolic acids (mg/ g) 3.6 ± 0.6a 3.3 ± 0.2aa 3.3 ± 0.8a 2.8 ± 0.4bb

Protocatechuic acid (%) 0.8 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 0.6 ± 0.3
Gentisic acid (%) 1.1 ± 0.9 0.9 ± 0.2 0.7 ± 0.3 1.2 ± 0.4
p-Hydroxybenzoic acid (%) 18.1 ± 7.8 13.8 ± 2.0 27.6 ± 10.2 14.5 ± 2.5
p-Hydroxybenzaldehyde (%) 16.3 ± 5.2c 9.0 ± 2.3d 21.3 ± 6.9 11.7 ± 3.7
Vanillic acid (%) 2.1 ± 0.4 2.3 ± 0.3 2.1 ± 0.6 2.2 ± 0.5
Caffeic acid (%) 0.5 ± 0.2 1.0 ± 0.2 0.3 ± 0.1 0.7 ± 0.2
Syringic acid (%) 2.4 ± 0.9 3.6 ± 0.7 1.5 ± 1.4 2.9 ± 0.7
Vanillin (%) 0.1 ± 0.1 0.6 ± 0.3 0.4 ± 0.2 0.8 ± 0.2
p-Coumaric acid (%) 28.9 ± 5.2 33.4 ± 2.2 22.0 ± 6.4 31.6 ± 8.7
Ferulic acid (%) 29.5 ± 5.3 34.9 ± 1.9 23.5 ± 6.5 34.0 ± 4.9

a Total phenols are expressed in mg gallic acid equivalents/ g dry weight and the sum of all
the identified phenolic acids in mg/ g dry wt. Letters (a,b) indicate differences between years
(Mann-Whitney test; P < 0.05). Differences between Sagnanème and Médina (Mann-Whitney test;
P < 0.05) are indicated by Greek superscripts (for total phenols in 1996 and phenolic acids in
1997). Superscript letters (c,d) indicate differences between phenolic acid relative weights (%) in
1996 and 1997 (binomial test; P < 0.05). See values and mean ± SD.

zoic acid, p-hydroxybenzaldehyde, p-coumaric, and ferulic acids accounted for
91–94% of total phenolic acids. No proanthocyanidins were detected in sorghum
roots.

Water-Soluble Compounds in Soil. As previous experiments (data not
shown) have shown that amounts of water-soluble polyphenolics extracted from
dried soils were inferior compared to frozen soil, this latter process was prefer-
able. Unfortunately, due to field conditions, freezing of soil samples was not
possible. For this reason, underestimation of concentrations was foreseeable in
our study. As a result, data were analyzed by comparing sites or years rather
than in terms of absolute concentration.

The total water-soluble phenols extracted from soils under sorghum rows
increased from 4.6 in 1997 to 6.7 mg/ g dry wt in 1998 (at Sagnanème), and
from 3.8 in 1997 to 5.0 mg/ g dry wt in 1998 at Médina (Table 3). Total phe-
nols were more abundant under previous sorghum rows than under interrows in
both years and at both sites (Table 3). In 1997, amounts under interrows were
89% of those under rows, and these proportions decreased to 34% and 38% in
1998, respectively, for Sagnanème and Médina. Phenolic acids also increased in
concentrations from 1997 to 1998, with concentrations eightfold higher at Sag-
nanème and 18-fold higher at Médina (Table 3). Differences between rows and
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interrows were not significant in 1997, whereas in 1998, phenolic acid concen-
trations were four to six times higher in soils under sorghum rows than in soils
from interrows.

The same phenolic acids found in the soils were all found in sorghum
vegetative parts, except for syringaldehyde, which was found only in 1997 in
Sagnanème soils. All 10 acids from sorghum vegetative parts were found in
at least one soil, but their weight in total acids were very different. Protocate-
chuic, gentisic, caffeic, and ferulic acids were not found in any soils in 1997,
including those from rows or interrows. p-Hydroxybenzoic acid, vanillic acid,
and syringaldehyde accounted for 87–96% of the acids found in the soils in 1997,
and for 65–83% of those found in 1998. p-Coumaric acid was more abundant
in 1998 than in 1997, accounting for 7–15% of the total phenolic acids in 1998
and 0–2% in 1997.

DISCUSSION

Phenolic Metabolism in Sorghum Vegetative Parts. Although sorghum
grain is a major source of condensed tannins (Gupta and Hashlam, 1978), tannins
were not detected in the vegetative parts of sorghum tissues. Many of the total
phenols extracted (15–30%) were in the form of phenolic monomers, although
direct comparisons of these two parameters is difficult because of the relative
Folin-Ciocalteau results (in gallic acid equivalents). Other phenolic compounds,
including those that were detected by HPLC but not identified (one or two com-
pounds in plant or soil extracts), require further analysis to provide a more com-
plete view of sorghum phenolic metabolism.

Within one site and one year, relatively low variability was observed. Coef-
ficients of variation (mean value) were, for total phenols, 14% in aerial parts and
15% in roots, and for phenolic acids 15% in both aerial parts and roots. Because
these results were obtained with a large number of samples, they clearly indi-
cate that the sorghum cultivar CE145-66 contains higher concentrations of pheno-
lics than other species, such as Dennstaedtia punctilobula leaves (0.4–1.2 mg/ g
equivalent tannic acid) (Dustin and Cooper-Driver, 1992), or Triticum aestivum
roots (0.5 mg/ g) and shoots (1.8 mg/ g equivalent tyrosine) (Brown et al., 1984),
or component parts of three other sorghum cultivars (leaves: 0.208–0.246, culms:
0.060–0.202, glumes: 0.120–0.193 mg/ g, and roots: 0.166–0.215 mg/ g equiva-
lent acid ferulic) (Ben-Hammouda et al., 1995). The phenolic acid concentrations
were also high in roots, where they reached one third of the total phenol concen-
tration. Other genotypes contained (mg/ g) 0.012–0.079 in glumes, 0.046–0.728
in leaves, 0.009–0.117 in culms, and 0.026–0.205 in roots (Ben-Hammouda et
al., 1995). Sorghum vulgare had a total phenolic concentration of 0.421 mg/ g
in roots (Burgos-Leon et al., 1980). In contrast, Woodhead and Bernays (1978)
found a higher phenolic acid level in sorghum leaves (5.4 mg/ g). Burgos-Leon
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et al. (1980) and Ben-Hammouda et al. (1995) found an allelopathic effect of
these sorghum genotypes and species on other crops. The CE145-66 genotype,
with which phytotoxicity on groundnut germination has been shown, could be
at least as allelopathic as those sorghum types. Sorghum sundangrass hybrid
shoot tissues also have been reported to contain high levels of p-hydroxyben-
zoic acid and aldehydes that were well correlated with allelopathic potential of
shoot tissues themselves (Weston et al., 1989). In our study, cinnamic pheno-
lic monomers ( p-coumaric, ferulic, and caffeic) were particularly abundant in
CE145-66. The phenolic acids identified in its vegetative parts were more varied
than those previously found by the above authors in other sorghum varieties
or species, probably because they were restrained by technical limits of detec-
tion. For instance, Woodhead and Bernays (1978) found no protocatechuic or
syringic acids or vanillin in the sorghum genotype they studied, while Burgos-
Leon et al. (1980) identified only p-coumaric, protocatechuic, and o-hydroxyben-
zoic acids. The other phenolic compounds they identified occurred at trace levels.
More recently, Ben-Hammouda et al. (1995) found ferulic, p-coumaric, syringic,
p-hydroxybenzoic, and vanillic acids.

Total phenol concentration in the aerial plant parts was higher than in the
roots in 1996 and 1997, but phenolic acid content in roots was equal to or higher
than that in aerial parts. The relatively high concentrations of phenolic acids
in roots compared to aerial parts is important for the management of farmers’
cropping systems because aerial parts are completely removed from the fields
for animal feed or other uses. Decomposing roots are thus likely to be the major
source of phenolics and, hence, of allelopathic effects.

Variations Between Sites and Between Years. Comparisons of phenolic
concentrations in roots and aerial parts between Sagnanème and Médina revealed
small but sometimes significant differences. Environmental and agronomic fac-
tors likely explain this variability, including climate and soil fertility, since the
same variety was grown at both sites. Médina has a drier climate (324 mm rain-
fall in 1996 and 403 mm in 1997), compared to Sagnanème (622 mm in 1996
and 932 mm in 1997). Soils are less fertile in Médina than in Sagnanème (Sène,
1999). The drop (by a factor of 2) in phenolic production in aerial parts between
1996 and 1997 could be due mainly to climatic factors (rainfall, radiation), which
were very different in the 1996 and 1997 growing seasons. Rainfall was about
1.5 times greater in Sagnanème, and 1.25 times greater in Médina in 1997 than in
1996. As a moderate water deficit is believed to stimulate secondary metabolite
synthesis (Horner, 1990; Koricheva et al., 1998), the water stress that occurred
in 1996 could have resulted in increased phenolic production and then increased
allelopathic potential. The between-sites and between-years differences were far
greater for total phenols than for phenolic acids, and for aerial parts than for
roots. Nevertheless the same pattern of acids has been found through years and
sites, for both aerial and subterranean parts.
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Phenolic Compounds in Soils. Although both plant biomass (Sène, 1999)
and phenolic production were much lower in 1997 than in 1996, the highest
concentration of phenolics in soils associated with sorghum occurred in 1998,
rather than 1997. Total phenol concentrations in the soils that supported CE145-66
were about 10- and 100-fold higher than those reported by Ben-Hammouda et al.
(1995) from soils under diverse sorghum genotypes (70–200 ng/ g). The patterns
of phenolic acids found in the soils we assayed were the same as those identified
in aerial parts and roots, confirming that sorghum is probably the main source of
phenolic acids for its associated soils. The differences in the respective weights
of these acids between plant and soil were due to biotransformations that occur
during senescence, such as transformation of syringic acid to syringaldehyde, and
the emergence of vanillic acid and vanillin following lignin breakdown. These
phenolics therefore probably came mainly from sorghum root exudates or root
decomposition, although leaching of aerial parts by rain prior to cropping is pos-
sible. It is likely that these phenolic acids remaining in soils after the sorghum
crop had a negative impact on groundnut germination (Sène et al., 2000). Two of
the major phenolic acids found in the soils ( p-hydroxybenzoic and vanillic acid)
were the same as those identified by Ben-Hammouda et al. (1995), which they
found to be transmitted to the soil by root exudates, and which were reported
by Rice and others to be active as phytoinhibitors (Rice, 1984; Weston et al.,
1989). In the same way, synergistic inhibitory effects of vanillic and p-hydroxy-
benzoic acids (Einhellig and Rasmussen, 1978), or p-coumaric and ferulic acids
(Einhellig et al., 1982) towards grain sorghum have been observed.

The amounts of total phenols and phenolic acids in the soil were lower in
1997, when samples were taken two weeks after the start of the rainy season, than
in 1998. However, phenolics were more abundant in sorghum roots in 1996 than
in 1997. Phenolics can be released from rotting roots and degraded by microor-
ganisms (Paul et al., 1994). Burgos et al. (1980) found that Aspergillus spp. and
Enterobacter cloacae quickly degraded sorghum phenolic acids in natural soils.
It is likely that a great portion of the phenolics released in 1997 by the roots had
been broken down, before sampling, by microbial activity following rainfall and
soil imbibition. In contrast, the dry soils from 1998 were collected before the
renewal of these activities. The large between-years differences in soil phenolic
content might be attributed, therefore, to the differences in the sampling date
and not necessarily to differences in the sorghum phenolic content. This would
indicate that breakdown occurs rapidly in soil, thus leading to a decrease in phe-
nolic compounds as soon as the rainfall season begins. This is also supported
by the fact that p-hydroxybenzoic acid, vanillic acid, and their associated alde-
hydes, which were highly concentrated in the soils in 1997, are the least easily
degraded phenolics in the soil (Morita, 1981; Maciack and Harms, 1986).

The total phenol contents of soil from previous sorghum rows were higher
than in soil from interrows in 1997 and in 1998. The phenolic acid content of
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soil samples from rows and interrows of previous sorghum were low and not
significantly different in 1997, but in 1998, previous sorghum rows had four
or five times higher concentrations of phenolic acids than interrows. A greater
suppressive effect on succeeding crops would be expected in the prior sorghum
rows than in interrows in farmers’ fields, as shown by Sène et al. (2000) in cer-
tain fields. The spatial difference in the allelopathic potential of the soil from
prior sorghum rows and interrows suggests that detrimental allelopathic effects
from sorghum can be partly managed by cultural practices. For instance, sow-
ing the succeeding crop in previous sorghum interrows may limit the residual
allelopathic effect of sorghum; waiting for the beginning of rainy season before
seeding is also a way to benefit from phenolic breakdown in the soil.

Finally, the same qualitative pattern of phenolic acids was found in vege-
tative parts of sorghum (var. CE145-66) through a wide range of growing condi-
tions, and variability in content seemed more due to climate than cropping or
soil factors, as differences between years appear more important than differences
between or within sites.
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sableux du Sénéǵal. Afr. Soils 17:181–188.

DELAFOND, G., and BURGOS-LEON, W. 1978. Effet du précédent cultural sorgho sur la qualité de
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Abstract—The buffy-headed marmoset (Callithrix flaviceps) is apparently
the only predispersal herbivore of the seeds of Siparuna guianensis at the
Caratinga Biological Station in southeastern Brazil. Both the fruit receptacles
and the frutioles (seeds) of S. guianensis are relatively rich in nutrients
such as carbohydrates, proteins, and lipids, but the receptacles contain high
concentrations of benzylisoquinoline alkaloids. The latter presumably act as
a qualitative chemical defense, impeding the access of potential predators
to the alkaloid-poor frutioles. However, on ripening, the receptacle splits
open, exposing the frutioles, which enables C. flaviceps to avoid the plant’s
chemical defenses effectively. Taking care to avoid contact with the receptacle,
the marmosets pluck out the frutioles and ingest the seeds. Qualitative and
quantitative changes (in particular a significant reduction in daily ranging) in
the marmosets’ behavior during the period when S. guianensis frutioles were
accessible indicate that this was a preferred plant resource. This is the first
record of the consumption of S. guianensis seeds by callitrichine monkeys
(which are not known to be systematic seed eaters), despite the fact that
both are widely distributed in the Neotropics. It is thus possible that the
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behavioral strategy observed here is a unique phenomenon resulting from
a specific combination of factors, including the abundance of S. guianensis
within the study area. The lack of other records may nevertheless be a
result of insufficient sampling effort, in which case, the feeding strategies of
callitrichines may have an important influence on the reproductive biology of
S. guianensis in many areas.

Key Words—Callithrix flaviceps; Siparuna guianensis; Monimiaceae; chem-
ical ecology; benzylisoquinoline alkaloids; seed eating; Brazilian Atlantic
Forest.

INTRODUCTION

Marmosets (Callithrix spp., sensu Schneider and Rosenberger, 1996), the
smallest-bodied extant simians (mean adult body weights 125–350 g), are widely
distributed in the Neotropics south of the Amazon/ Japurá river system and east
of the Andes (Hershkovitz, 1977; Rylands et al., 1993). The key feature of mar-
moset ecology is a unique set of adaptations for the dietary exploitation of plant
exudates, which these monkeys are able to obtain systematically by gouging
the bark of gum-producing plants with their specialized lower anterior dentition
(Coimbra-Filho and Mittermeier, 1976) and digest efficiently by fermentation in
an enlarged cecum (Ferrari and Martins, 1992). Marmosets thus have access to
an alternative to fruit as a source of carbohydrates that allows them to occupy,
successfully, marginal and highly seasonal habitats in which most larger-bodied
platyrrhines are rare or even absent.

Marmosets also exploit a variety of other plant resources, including fruit,
nectar, and flowers, as well as fungi and both vertebrate and invertebrate prey
(Stevenson and Rylands, 1988; Ferrari et al., 1996; Passamani, 1996; Veracini,
1997; Digby and Barreto, 1998). However, the systematic eating of seeds—as
opposed to their incidental ingestion during fruit feeding—has not been recorded
previously for either marmosets or other callitrichines (Callimico, Leontopithe-
cus, and Saguinus), that are not specialized for gummivory. By contrast, seed
eating is relatively common in medium-sized (body weight 2–4 kg) platyrrhines,
the sakis and uakaris (Pitheciinae), and the capuchins (Cebus spp.). The former
are specialized morphologically (Kinzey and Norconk, 1993) for this type of
feeding behaviour, whereas capuchins rely more on their behavioral adaptability
(e.g., Peres, 1991). This suggests that body size may be one important factor
limiting seed-eating in callitrichines.

Chemical defense is one of the numerous mechanisms used by plants to
deter mammalian herbivory, and the vast majority of deterrent substances are
products of the secondary metabolism (Harborne, 1991). Most, if not all higher
plants contain some kind of organic compound that is potentially toxic to animal
browsers (Harborne and Turner, 1984). The feeding behavior of herbivores is
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strongly influenced by secondary products, which determine the texture, taste,
and flavor of plants (Luckner, 1990), and reinforce foraging strategies aimed at
avoiding or minimizing their toxic effects (Leitão et al., 1999). In broad terms,
plant chemical defenses can be seen as being either qualitative or quantitative.
Quantitative defenses, such as essential oils, resins, and tannins, tend to reduce
the ability of herbivores to digest or assimilate nutrients, whereas qualitative
secondary compounds have a cumulative toxic effect (e.g., alkaloids, cyanogenic
glycosides) (Luckner, 1990).

The present study focuses on the qualitative chemical defenses, in partic-
ular benzylisoquinoline alkaloids, of the Neotropical tree Siparuna guianensis
(Monimiaceae) and their effects on the feeding behavior of buffy-headed mar-
mosets (Callithrix flaviceps) in the Atlantic Forest of southeastern Brazil. The
predispersal consumption of S. guianensis seeds by C. flaviceps appears to have
been the result of a combination of specific factors, such as seed size, morphol-
ogy, and chemical/ nutrient composition, in addition to the relative abundance
of the resource at the study site. While the evidence indicates that S. guianen-
sis seeds were a preferred resource, the phytochemical analysis of S. guianensis
fruit receptacles and frutioles presented here indicates that the fruit’s qualita-
tive chemical defenses dictated marmoset feeding behavior. The monkeys only
ingested the lipid-rich frutioles when these were exposed by the splitting open of
the mature fruits, which allowed them to avoid contact with the alkaloid defenses
of the receptacles. This behavioral strategy may have a major impact on the
reproductive cycle of S. guianensis, at least on a local scale.

METHODS AND MATERIALS

Study Site and Species

The present study took place in an area of secondary forest, dominated by
Anadenanthera peregrina (Mimosoidae) trees, at the 880-ha Caratinga Biologi-
cal Station (19850′S 41850′W) in Minas Gerais (Ferrari, 1991; Strier, 1992). A
50-m × 50-m trail grid was established within the study area to facilitate both
the behavioral monitoring of study group members and the mapping of group
movements.

The buffy-headed marmoset, Callithrix flaviceps, is endemic to the high-
land Atlantic forest of southeastern Brazil. Its geographic range, in eastern Minas
Gerais and western Espı́rito Santo, is one of, if not the smallest of any marmoset
species (Rylands et al., 1993). Like other Atlantic forest marmosets, C. flavi-
ceps is a gummivore–faunivore, but (together with the closely related Callithrix
aurita) exhibits characteristics such as relatively large home ranges (over 35 ha)
that may be related to the comparatively harsh seasonal conditions it faces in
the Serra da Mantiqueira mountain range (Ferrari et al., 1996).
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FIG. 1. Split open fruit of Siparuna guianensis (1.0–1.5 cm) showing fruit receptacle with
frutioles. (Photo by S. S. Ferrari.)

Siparuna guianensis (Figure 1) is found throughout most of tropical South
America, northwards as far as Costa Rica (Duke, 1962). It is a monoecious shrub
or tree that generally reaches a height of 5–10 m. The globose fruit receptacle
is 1–1.5 cm in diameter, purple or red in color, and smells “strongly of lemon”
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(Renner and Hausner, 1997). When ripe, the fruit receptacle splits open irregu-
larly, revealing two to eight small frutioles (maximum dimension 0.5–0.8 cm),
with a white, membranous epicarp (Pereira, 1991).

Behavioral Data

The behavior of a free-ranging C. flaviceps group, which contained 11–15
members, was monitored systematically between August 1985 and August 1986.
Group members were fully habituated to the presence of human observers by the
beginning of the study period. Quantitative behavioral data were collected using
1-min scan samples at 5-min intervals throughout the daily activity period (see
Ferrari and Rylands, 1994) on 8–10 days each month.

During each scan, the initial behavior of each observed group member was
assigned to one of five basic categories (forage, feed, travel, rest, miscellaneous)
and, in the case of feeding records, food items being ingested were identified in
relation to both the type of resource being exploited (i.e., fruit part, nectar, gum,
etc.) and the taxon. Whenever possible, plant food sources were marked and
mapped, and specimens were collected for identification.

The location of the group (central point of group dispersion) in relation to
the trail grid was recorded in each scan, together with complementary informa-
tion on group movements. These records were used to map group movements
(daily path) and the occupation of 50-m × 50-m quadrats (day range), as defined
by the trail grid.

Plant Material

Siparuna guianensis fruits were collected by José Rı́moli at Caratinga Bio-
logical Station in February 1995. A voucher specimen is deposited in the herbar-
ium of the Federal University of Minas Gerais (UFMG, Belo Horizonte, Minas
Gerais, Brazil).

General Analytical Methods

1H NMR spectra (CD3OD or CDCl3) were recorded on a Varian-Gemini
200 or 300 instrument. Mass spectra were recorded on a VG Autospec Mass
Spectrometer (70 eV). GC-MS spectra were recorded with a Hewlett-Packard
(HP) 5890 series II gas chromatograph, coupled to a MS HP mass selective
detector 5972 equipped with a fused silica capillary (DB-1) column (30 m ×
0.25 mm, 25-mm film thickness: Supelco, Inc.). Temperature programming was
from 508C to 2708C at 38C/ min, then maintained at 2708C for 20 min. Products
were identified by comparison of their mass spectral fragmentation patterns with
the National Bureau of Standards (NBS) Mass Spectra Data Base (Keller and
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Milne, 1974) and mass spectra and GC retention times of standard compounds.
UV spectra were obtained on a Hitashi 340 spectrometer and IR spectra on a Bio-
rad FT-80 spectrophotometer. The HPLC apparatus comprised a Lachrom HPLC
System (Merck) equipped with a D7000 interface, L-7100 pump, L-7450A diode
array detector (DAD), and L-7612 solvent degasser. The injections were done
manually with an injector valve (Rheodyne) equipped with a 20-ml sample loop.
Data were analyzed in a Multi-Hauser Mixed Standard solution supported on a
Pentium II 250-MHz (Compac) computer. A Lichrosorb RP-18 column (5 mm
× 250 mm ID) N. 738342, coupled to a guard column Lichrocart 250-4 HPLC
cartridge was employed. The sample elution was done with a mobile phase com-
posed of (A) 0.2 M sodium perchlorate–60% perchloric acid (1000 : 0.2) and (B)
acetonitrile, with a gradient elution of A and B changing from A : B 90 : 10 to
10 : 90 (linear gradient for 50 min); flow rate was 2.0 ml/ min, monitoring was
at 280 nm for peak identification.

Extraction and Isolation of Compounds

Five hundred grams of S. guianensis fruits were air dried and the fru-
tioles were separated from the fruit receptacles. Each organ was ground and
extracted continuously with hexane and MeOH at room temperature. The hexane
and methanolic solutions were concentrated separately under reduced pressure,
resulting in 15.2 g and 11.9 g of crude hexane extracts and 31.7 g and 73.27 g of
crude methanolic extracts, from the frutioles and fruit receptacles, respectively.
A portion of the methanolic extracts was suspended in MeOH–H2O (9 : 1) and
partitioned between hexane, dichloromethane, ethyl acetate, and butanol.

Fruit Receptacles

Part of the hexane extract (1.45 g) obtained from the partition of the
methanolic extract was subjected to column chromatography over silica gel using
a hexane–ethyl acetate gradient. A total of 50 fractions was collected. Fraction
5 was recrystalized from hexane to produce glucosyl sitosterol (3.5 mg) (Sakik-
abara et al., 1983).

The dichloromethane extract (2.1 g) was further separated into soluble por-
tions of hexane (378 mg) and methanol (1401 mg). The hexane-soluble fraction
was chromatographed over silica gel and eluted with AcOEt, with increasing
amounts of MeOH, resulting in 86 fractions. Fractions 20–23 were further puri-
fied by washing with heated MeOH to afford nantenine (6.0 mg) (Guinaudeau
et al., 1988).

The methanolic fraction of the dichloromethane extract was chro-
matographed over Si gel, eluted with AcOEt and MeOH. Three groups of elu-
ates showed the presence of distinct spots on TLC. The AcOEt–MeOH 20%
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(25.0 mg) eluate was purified twice by preparative TLC (CHCl3–AcOEt–MeOH
2 : 3 : 0.5) to yield liriodenine (9.0 mg) (Guinaudeau et al., 1988). The
AcOEt–MeOH 30% (40.0 mg) eluate was chromatographed over Sephadex LH-
20 and eluted with MeOH 100%. Fractions 30–40 were combined and rechro-
matographed over the same resin to afford N-methyllaurotetanine (3.1 mg)
(Guinaudeau et al., 1988). The third eluate (AcOEt–MeOH 40%) was rechro-
matographed over XAD-2 resin eluted successively with MeOH–AcOEt to give
100 fractions. Fractions A (MeOH, 10.0 mg) and B (AcOEt, 13.0 mg) were
obtained from this column. Fraction A, by preparative TLC (10% CHCl3/ AcOEt
plus 2% of NH4OH), furnished norglaucine (3.3 mg) and asimilobine (3.3 mg)
(Guinaudeau et al., 1988), while fraction B, by using the same procedure,
furnished anonaine (3.5 mg) and nornantenine (2.7 mg) (Guinaudeau et al.,
1988).

Analysis of Frutiole Fatty Acid Methyl Esters

The crude hexane extract was treated with MeOH–NaOH 70% for hydro-
lysis and the fatty acids were separated from the mixture through successive
washes with ethyl ether, rendering 67.7% of fatty acid methyl esters following
a derivation procedure using diazomethane. The organic phase was removed by
syringe (30 ml) and analyzed within 80 min by GC-MS. The instrument and
conditions are described above.

Detection of Frutiole Alkaloids and Flavonoids by HPLC

Each partition of the methanolic extract from the frutioles was analyzed by
HPLC, as described above, for the qualitative identification of the alkaloids pre-
viously isolated in the fruit receptacles. The samples were diluted with methanol
and analyzed within 50 min. The dichloromethane partition indicated the pres-
ence of an aporphinic alkaloid with a retention time of 10.5 min and equivalent
area of 0.69%. The ethyl acetate partition showed three flavonoids with retention
times of 8.0, 8.4, and 8.6 min, and equivalent areas of 5.55%, 4.9%, and 6.56%,
respectively. The butanolic partition showed peaks corresponding to flavonoids,
in 6.7, 6.9, and 7.3 min and 4.1%, 4.0%, and 7.7% of the equivalent area, respec-
tively.

Glucosyl Sitosterol. Crystalline solid mp: 270–2808C. 1H NMR (200 MHz,
CD5N, ppm) d: 4.03 (m, 3H), 5.37 (m, 6H), 5,08 (d, 1H, J c 7.5 Hz).

Nantenine. EI-MS (70 eV) (%), m/ z 339 [M+] (87), 338 [M+-1] (100),
324 (35), 308 (30), 296 (15), 281 (13), 265 (19), 165 (7). 1H NMR (200 MHz,
CD3OD, ppm) d: 3.65 (s, C1-OMe), 3.87 (s, C2-OMe), 6.59 (s, H3), 2.55 (s, N-
Me), 7.93 (s, H11), 6.75 (s, H8), 5.97 (dd, C9-OCH2O-C10). UV MeOH (lmax,
nm): 217.0, 273.8, 283.0, 307.0, 320.0. [a]25

D : +83 (c c 9 × 10−4, MeOH).
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Liriodenine. EI-MS (70 eV) (%), m/ z 276 [M+] (20), 275 [M+-1] (100),
247 (13) 246 (10). 1H NMR (200 MHz, CD3OD, ppm) d: 6.4 (s, C1-OCH2O-
C2), 7.3 (s, H3), 7.6 (dt, H9, J c 5 Hz), 7.8 (dt, H10), 8.6 (dd, H8), 8.65 (dd,
H11), 8.9 (d, H5, J c 5 Hz). UV MeOH (lmax, nm): 245.8, 268.6, 306.6, 413.0.
UV MeOH/ H2SO4 (lmax, nm): 255.4, 277.0, 327.8, 450.8 IV (KBr, cm−1): 565,
953, 1065, 1657.

N-Methyl-Laurotetanine. EI-MS (70 eV) (%), m/ z 341 [M+] (82), 340 [M+-
1] (100), 326 (44), 310 (20), 298 (18), 283 (14). 1H NMR (200 MHz, CDCl3,
ppm) d: 2.61 (s, N-Me), 3.64 (s, C1-OMe), 3.88 (s, C2-OMe), 3.89 (s, C10-OMe),
6.58 (s, H8), 8.05 (s, H11). UV MeOH (lmax, nm): 216.2, 281.2, 302.6. UV
MeOH/ NaOH (0.1N) (lmax, nm): 216.2, 290.0, 316.0. [a]25

D : +788 (c c 1.1 ×
10−3; CHCl3).

Norglaucine. EI-MS (70 eV) (%), m/ z 341 [M+] (82), 340 [M+-1] (100),
326 (45), 310 (20), 267 (19). 1H NMR (200 MHz, CD3OD, ppm) d: 3.7 (s, C1-
OMe), 3.9 (s, C2, 9, 10-OMe), 6.58 (s, H3 and H8) 8.1 (s, H11). UV MeOH (lmax,
nm): 219.8, 282.4, 302.6. [a]25

D : +1008 (c c 2.0 × 10−3 MeOH).
Asimilobine. EI-MS (70 eV) (%), m/ z 267 [M+] (61), 266 [M+-1] (100),

251 (26), 236 (19). 1H NMR (300 MHz, CD3OD, ppm) d: 3.6 (s, C1-OMe),
6.78 (s, H3), 7.4 (s, H8, 9, 10), 8.4 (s, H11). UV MeOH (lmax, nm): 226, 271, 315.
[a]25

D : −2608 (c c 11.5 × 10−3; MeOH).
Anonain. EI-MS (70 eV) (%), m/ z 265 [M+] (45), 264 [M+-1] (100), 236

(16) 206 (18). 1H NMR (300 MHz, CD3OD, ppm) d: 5.9 and 6.1 (d and d, C1-
OCH2O-C2), 6.6 (s, H3), 7.2–7.3 (m, H8 and H10), 8.1 (m, H11). UV MeOH
(lmax, nm): 235, 271, 318. [a]25

D : −698 (c c 2.1 × 10−3; MeOH).
Nornantenine. EI-MS (70 eV) (%), m/ z 325 [M+] (70), 324 [M+-1] (100),

310 (20), 294 (25), 281 (17), 265 (13), 250 (10) 165 (7). 1H NMR (200 MHz,
CD3OD, ppm) d: 3.6 (s, C1-OMe), 3.85 (s, C2-OMe), 6.79 (s, H3), 6.81 (s, H8),
5.9 (s, C9-OCH2O-C10), 7.8 (s, H11). U.V. MeOH (lmax, nm): 234.8, 282.4,
309.0. [a]25

D : +1008 (c c 2.0 × 10−3; CHCl3).

Nutritional Content of Siparuna guianensis Frutioles and Fruit Receptacles

Humidity and mineral residues were estimated after desiccation (at 1058C)
and incineration (in a muffle, at 5508C), respectively, according to standard pro-
cedures (Pregnolato and Pregnolato, 1985). Lipid content was estimated after
extraction with diethyl ether in a Soxhlet apparatus, according to standard pro-
cedures (Pregnolato and Pregnolato, 1985). Protein content was estimated using
Jones’s (1941) factor: protein c total nitrogen (N) × 6.25, using a semimicro-
Kjeldahl method (Horowitz et al., 1984). Carbohydrate content was estimated
by difference. The caloric value was calculated using conversion factors (9.0 for
lipids, 4.0 for carbohydrates, and 4.0 for proteins), and the results are expressed
in kilocalories per 100 g.
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RESULTS

Phytochemical Analysis of Frutioles and Fruit Receptacles of Siparuna
guianensis

The hexane-soluble fraction of the methanolic extract of fruit receptacles
of S. guianensis contained no alkaloids. Glucosyl sitosterol was isolated from
this fraction. Seven aporphine alkaloids were isolated from the dichloromethane
partition of the methanolic extract from the fruit receptacles (Table 1), only one
of which—liriodenine—was also found in the frutioles.

Phytochemical investigation of the dichloromethane partition of the
methanolic extract of the frutioles, by contrast, exhibited a very low concen-
tration of alkaloids. In addition to liriodenine, HPLC analysis of this fraction
revealed traces of other aporphinic alkaloids, more polar than those found in
the fruit receptacles. Examination of the ethyl acetate and butanolic partitions
revealed the absence of alkaloids, but the presence of flavonoid derivatives
(Table 1).

The hexane extract from the frutioles was subjected to saponification, which
revealed four different fatty acid methyl esters after methylation (Table 2).
Despite other differences in the composition of fruit receptacles and frutioles,
their nutritional content was relatively similar (Table 3).

Behavior of C. flaviceps

The marmosets’ diet consisted primarily of plant exudates, insects, and
small vertebrates. Reproductive plant parts (RPPs) only made a significant con-

TABLE 1. COMPOUNDS IDENTIFIED IN Siparuna guianensis FRUTIOLES AND

FRUIT RECEPTACLES

Dry matter (%)

Compound Fruit receptacles Frutioles

Alkaloids
Liriodenine 0.64 0.03
Nantenine 1.58
N-Methyl-laurotetanine 0.21
Norglaucine 0.23
Asimilobine 0.23
Anonaine 0.24
Nornantenine 0.19
Polar alkaloids <0.01

Flavonoids
Presence detected by HPLC
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TABLE 2. MASS SPECTROMETRIC DATA OF COMPOUNDS IDENTIFIED IN HEXANE EXTRACT

OF Siparuna guianensis FRUTIOLES

Compound m/ z (% relative abundance) Relative abundance (%)

Palmitic acid 270(3), 227(3), 143(8), 87(55), 74(100), 31.66
55(36), 43(58)

Linoleic acid 294(3), 263(2), 109(15), 95(34), 81(69), 37.10
67(100), 55(83), 41(93)

Oleic acid 264(4), 221(2), 180(3), 96(21), 83(31), 27.09
69(47), 55(100), 41(90)

Stearic acid 298(4), 255(2), 199(3), 143(7), 87(48), 4.15
74(100), 55(37), 43(65)

tribution to the study group’s diet in the rainy season months of January and
February, 1986, when they made up 64.7% and 52.7% of plant feeding records,
respectively (the remainder being provided by gums). Apart from November,
when fruit was the item consumed in 17.6% of plant-feeding records, RPPs con-
tributed no more than 5% of records in any one month. This reflects the apparent
lack of edible fruit within the study group’s home range throughout most of the
study period. Only 17% of 1329 trees marked for phenological monitoring pro-
duced fruit during the study period.

In January, the fruit of a single tree species (Allophyllus sp.) was consumed
in 94.5% of the records of feeding on RPPs, while in February Siparuna guia-
nensis provided 95.2% of the records. Both these relatively small tree species
are characteristic of secondary forest and were exceptionally abundant in some
parts of the group’s home range. Approximately one third (32.3%) of the trees
that bore fruit in the phenology sample were members of these two species.

When feeding on Allophyllus drupes, the marmosets consumed the sweet-
tasting mesocarp surrounding the seed, which was occasionally swallowed—and
defecated—intact. When feeding on S. guianensis, by contrast, the monkeys

TABLE 3. NUTRITIONAL CONTENT OF Siparuna guianensis FRUTIOLES AND

FRUIT RECEPTACLES

Component Frutioles (%) Fruit Receptacles (%)

Humidity 7.87 10.56
Mineral residue 1.82 4.92
Proteins 8.75 9.53
Lipids 13.74 9.74
Carbohydrates 67.82 65.25
Caloric value (kcal/ 100 g) 429 386
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ingested the seeds (frutioles) only, and ignored the fleshy receptacle. Feeding on
S. guianensis began towards the end of January, when the ripe fruits began to
split open, revealing frutioles embedded in the inner surface of the receptacle.
The marmosets extracted the seeds with their mouths, apparently taking care not
to touch the receptacle, and masticated them thoroughly prior to swallowing.

The seeds of S. guianensis constituted the single most important item
(41.0% of feeding records) of the marmosets’ diet in February. However, despite
being a valuable source of lipids and protein (Table 3), the availability of S. guia-
nensis seeds did not appear to modify significantly the foraging strategies of the
study group members during February in comparison with neighboring months.
The marmosets devoted a similar proportion (18.8%) of their activity time to
foraging for animal prey compared with January (18.4%) and March (19.9%),
the latter being a month of typically low fruit consumption. The net effect of the
availability of S. guianensis seeds on the C. flaviceps diet was thus the same as
that of Allophyllus drupes—a marked reduction in the consumption of exudates.

The principal behavioral change observed in February was a pronounced
shift in ranging patterns. February was the only month in which group move-
ments were concentrated in the southern half of the home range, within the zone
of overlap with the ranges of neighboring groups. Some of the 50-m × 50-m
quadrats in this area were visited eight or nine times during the 10 days of obser-
vation, whereas in other months (including July, for which the smallest monthly
range was recorded), no quadrat was visited more than seven times. This shift in
range use was clearly related to the distribution of S. guianensis within the study
group’s home range. Day ranging was also reduced significantly (t c −1.77, P
c 0.039, one-tailed, df c 123) in February (mean daily path c 1052.5 ± 211.4
m, N c 10) in comparison with all other months (mean c 1247.6 ± 341.3 m,
N c 115).

DISCUSSION

The exploitation of S. guianensis fruit by C. flaviceps at the Caratinga Bio-
logical Station is unusual for a number of reasons, not least because this is appar-
ently the first record of systematic seed consumption by a callitrichine primate. In
addition, the monkeys not only ignored the fruit receptacles, but actually avoided
all contact with them, despite the fact that their nutritional composition was rel-
atively similar to that of the seeds (frutioles), apart from some lipids that were
more abundant in the seeds (Table 3). Saponification of this fraction revealed
that palmitic and linoleic acids—common fatty acids—are the major lipid con-
stituents (Table 2). Both frutioles and fruit receptacles were also potentially good
sources of carbohydrates.

By contrast, a marked difference was found between frutioles and fruit



SIMAS, FERRARI, PEREIRA, AND LEITÃO104

receptacles in terms of the content and composition of alkaloids. The fleshy
receptacles contained seven different benzylisoquinoline alkaloids (Table 1),
whereas the frutioles contained only one. These alkaloids, which have a variety
of pharmacological effects (e.g., sedative, cytotoxic, hypotensive) on the central
nervous system (Rios, 1989), appear to function as a qualitative defense against
predispersal seed predation by impeding contact with the frutioles, one which
is effective against all potential predators except C. flaviceps. It is interesting to
note, in this context, that frutioles dropped on the ground were retrieved by for-
aging ants in a matter of seconds. The marmosets’ exploitation of seeds exposed
in ripe, split fruits was clearly an efficient strategy for the avoidance of chemical
defenses. As S. guianensis fruits exhibited no external signs of ripeness, split-
ting may be an important behavioral cue, especially if immature seeds contain
higher concentrations of alkaloids.

Plant toxins, like those of S. guianensis, are often bitter and can be detected
easily by taste, allowing consumers to avoid the parts of the plant that contains it
(Harborne and Turner, 1984). Apart from nutritional considerations, vertebrates
select plant food species on the basis of taste and aroma (Harborne and Turner,
1984). Otherwise nutritious plants may thus be rejected not only because of the
presence of noxious chemicals or toxins but also because of their disagreeable
flavor, although this does not appear to be the case of Siparuna guianensis, which
has a strong lemonlike scent.

In addition to their behavioral flexibility, the ability of C. flaviceps to
exploit S. guianensis seeds would appear to be related to a number of other
factors, such as the small body size of the marmosets. Tufted capuchins (Cebus
apella) are also present at Caratinga, but apparently do not exploit S. guianensis
seeds (J. Rı́moli, personal communication). At least as adaptable behaviorally as
marmosets, capuchins are much larger, with adult body weights of 2–4 kg.
Exploitation of the small, piecemeal-ripening S. guianensis seeds may thus be
energetically too inefficient for the capuchins. It is also possible that successful
avoidance of the plant’s chemical defenses depends on the small size of the seed
gatherer.

What does remain unclear, however, is why the eating of S. guianensis
seeds has not been reported in other callitrichines, despite the extensive data now
available for this subfamily in terms of both species and study sites (e.g., Mit-
termeier et al., 1988; Rylands, 1993; Corrêa, 1995; Passamani, 1996; Veracini,
1997; Oliveira and Ferrari, 2000). Both S. guianensis and the Callitrichinae are
widely distributed in the Neotropics, and most callitrichines exhibit a preference
for disturbed or secondary habitats (Sussman and Kinzey, 1984). It is neverthe-
less possible that the present records were dependent on a unique or unusual
combination of factors, such as the high density of S. guianensis at the Caratinga
study site. An additional, intriguing possibility is that the behavior of C. flavi-
ceps at Caratinga is a recent innovation that has yet to be transmitted “culturally”
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to other populations, a situation encountered in some other nonhuman primates
(e.g., Kawamura, 1965; Nishida and Uehara, 1980). Additional studies of C.
flaviceps at other sites would help evaluate this possibility.

The changes observed in the behavior of the C. flaviceps study group during
February 1986 indicate clearly that S. guianensis seeds were a preferred resource,
reflecting both their abundance within the study area and their nutritional value.
The significance of the reduction in daily ranging should not be underestimated,
given the energetic constraints on these small-bodied primates (Goldizen et al.,
1988; Ferrari, 1993). The marmosets’ intensive predispersal exploitation of S.
guianensis seeds may also have significant implications for the plant’s repro-
ductive biology at this site. It also remains to be seen how the herbivore–plant
relationship (or lack thereof) influences reproductive processes in other S. guia-
nensis populations.
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Abstract—The compositions of the alarm pheromones of two species of
grass-cutting ant, Atta bisphaerica and A. capiguara, were examined, and
caste and colony variations quantified. The pheromones of A. bisphaerica
and A. capiguara were remarkably similar and were composed of a complex
mixture of volatiles in which 4-methyl-3-heptanone and 2-heptanone were
the most abundant compounds. Small but consistent intraspecific differences
were found between the worker castes and between individual colonies. The
results support the view that alarm pheromones are rarely species specific. The
possible importance of intercolony variation is discussed.

Key Words—Leaf-cutting ants, alarm, pheromone, caste, colony, Atta
bisphaerica, Atta capiguara, mandibular gland, Formicidae.

INTRODUCTION

Alarm behavior is one of the most obvious behaviors of ants, but it is also
one of the hardest to define because of the wide range of responses that it can
involve. The chemistry of ant alarm pheromones is equally diverse, but com-
pounds typically have a molecular weight of between 100 and 200 and have
5–10 carbon atoms (Wilson and Bossert, 1963). The range of possible molecu-
lar weights is related to the function of alarm pheromones. An alarm response is
a rapid reaction and so requires compounds of high volatility and low molecular
weight in order that they evaporate rapidly (Bossert and Wilson, 1963; Wilson
and Bossert, 1963). Furthermore, there is less need for the specificity shown
by other pheromones, such as trail or sex pheromones, and so large, complex
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molecules, which are energetically more expensive to produce, are unnecessary
(Blum, 1969; Hölldobler and Wilson, 1990; Vander Meer and Alonso, 1998).

Leaf-cutting ants (Hymenoptera: Formicidae: Attini: Atta and Acromyrmex)
are dominant herbivores in the neotropics (Hölldobler and Wilson, 1990). They
can account for as much as 50% of the total herbivory in some areas (Blanton
and Ewel, 1985) and are one of the most destructive pests in many of the regions
where they occur (Weber, 1972; Cherrett, 1986). Atta colonies, in particular, can
be extremely large, with worker populations that are highly polymorphic and
polyethic. When alarmed, leaf-cutting ants exhibit an aggressive response (Wil-
son and Regnier, 1971) and release an alarm pheromone from their mandibular
glands (Butenandt et al., 1969; Blum et al., 1968; Moser et al., 1968; Riley et
al., 1974; Knapp, 1995).

A number of studies have examined the chemistry of this mandibular gland
secretion. In the earliest work, Butenandt et al. (1959) identified citral as the main
component in Atta sexdens rubropilosa. The presence of this compound gives the
crushed heads of A. sexdens workers a characteristic lemon smell. Later, Moser
et al. (1968) found 4-methyl-3-heptanone and 2-heptanone at a ratio of 4 : 1 to be
the principal components in major workers of A. texana. These ketones were also
identified at species-specific ratios in the alarm pheromones of six other species
of Atta, including A. bisphaerica and A. capiguara (Blum et al., 1968). However,
subsequent research by Schildknecht (1976) and Nascimento et al. (1993) has
revealed the chemistry of the mandibular gland secretion to be far more com-
plicated than these early studies suggested, and some 56 compounds have been
identified to date in Atta alone. However, for only very few has any behavioral
activity been demonstrated. Although Butenandt et al. (1959) described citral as
being the alarm-stimulating compound in A. sexdens rubropilosa, all other stud-
ies have concluded that 4-methyl-3-heptanone is the most important releaser of
alarm behavior in Atta (Blum et al., 1968; Moser et al., 1968; Riley et al., 1974;
Knapp, 1995; Pow, 1996).

The composition of alarm pheromones can vary between castes of ants. This
was first found to be the case in the African weaver ant, Oecophylla longinoda,
in which the glands of minor workers lack three of the main compounds found
in major workers (Bradshaw et al., 1979). Similar variation between castes has
been found in Atta sexdens rubropilosa. Nascimento et al. (1993) analyzed the
mandibular gland secretion of workers of this species and found that the extracts
of large workers consisted of a complex mixture of compounds dominated by
citral. The secretion of small workers was 89.5% 4-methyl-3-heptanone and nei-
ther of the isomers of citral were present. A similar pattern has been found in
Atta laevigata with 4-methyl-3-heptanone again dominating the secretion of the
smaller workers (Hernández et al., 1999).

Alarm pheromones also can vary between colonies. Bradshaw et al. (1979)
found that the mandibular gland chemistry of colonies of Oecophylla longinoda
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differed significantly between geographical localities and even between colonies
from the same location. Cherix (1983) also found that the alarm pheromone of
Formica lugubris differed both qualitatively and quantitatively between colonies
at the same location. This aspect has not been examined in leaf-cutting ants. Most
studies (e.g., Butenandt et al., 1959; Moser et al., 1968; Schildknecht, 1976;
Nascimento et al., 1993; Hernández et al., 1999) have examined ants only from
a single nest. However, Whitehouse and Jaffé (1995) found that workers of A.
laevigata respond more aggressively to the crushed heads of nonnestmates than
nestmates. This suggests not only that there are intercolony differences in the
alarm pheromone, but also that these differences are detectable by the ants.

The alarm pheromone chemistry of A. bisphaerica and A. capiguara has
not been examined since the early study by Blum et al. (1968). Furthermore, our
knowledge of caste variation in the alarm pheromone of leaf-cutting ants remains
limited and that of colony variation is nonexistent. Identification of the chemistry
and variation in the alarm pheromone is essential to further studies on the alarm
behavior of these species. The compositions, therefore, of the alarm pheromones
of A. bisphaerica (Forel) and A. capiguara (Gonçalves) were examined. Com-
positions for the four worker castes of each species also were compared, and
intercolony differences were quantified in A. capiguara. The behavioral activity
elicited by the compounds will be examined elsewhere (Hughes et al., 2001).

METHODS AND MATERIALS

Sample Collection. Samples of the heads of both Atta bisphaerica and
A. capiguara workers were collected between March and June 1998. For both
species, 10 samples of each of the four worker castes were collected, based on
the estimated head width of the ants. Minors were less than 1.4 mm head width,
medias 1.5–2.0 mm, foragers 2.0–3.0 mm, and soldiers had head widths >3.0
mm. The minor and media worker samples contained the heads of 20 individu-
als, samples of foragers comprised 10 heads, while the soldier samples contained
only a single head. The A. bisphaerica samples were collected from a single nest
near Viçosa, Minas Gerais, Brazil. The nest from which the A. capiguara sam-
ples were collected was located near Capinópolis, Minas Gerais. In addition, 10
samples of the heads of A. capiguara foragers were collected from each of four
nests located on the UNESP campus in Botucatu, São Paulo, Brazil.

Nascimento et al. (1993) found that the chemical composition of the
mandibular glands of A. sexdens rubropilosa does not differ between ants on
the foraging trails and those within the nest. To reduce the disturbance to the
ants, therefore, they were collected from the trails. Ants were gently removed
from the trails and immediately cooled, which prevented them from becoming
alarmed. They were then transported to the laboratory where their heads were
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removed and placed in glass vials containing 500 ml of dichloromethane solvent.
The mandibular glands are probably the only source of volatile compounds in the
heads of ants (Howse and Bradshaw, 1980), and both Nascimento et al. (1993)
and Knapp (1995) have found that there is no difference in the volatiles con-
tained in crushed heads and mandibular glands of A. sexdens rubropilosa. Only
crushed heads were examined here. Once samples contained the required num-
ber of heads, the heads were crushed thoroughly with a glass rod. After 24 hr
the extract was removed and stored between −208C and −608C until analysis.

Chemical Analysis. The sample extracts were analyzed by gas chromatog-
raphy (GC) and gas chromatography–mass spectrometry (GC-MS). The gas
chromatograph used was a Hewlett Packard 5890A with a flame ionization detec-
tor. The column was DB5, 30 m × 0.25 mm, with a film thickness of 0.25 mm.
Nitrogen was used as the carrier gas. The temperature program was 408C for
2 min, then increasing at 108C/ min, with a final temperature of 2808C for 30
min. Compounds were quantified with 5-methyl-3-heptanone (97%, Aldrich) as
an internal standard.

To identify the compounds, a VG-Analytical 70-250SE mass spectrometer
was used, coupled to a Hewlett-Packard 5790 gas chromatograph. The column
was BP1, 25 m × 0.22 mm, with a film thickness of 0.25 mm. Helium was used
as the carrier gas and the temperature program was 408C for 3 min, increas-
ing at 108C/ min to 758C, then increasing at 208C/ min, and ending with 5 min
at 3008C. The conditions were 70 eV electron impact (EI) ionization, and an
ion chamber temperature of 2008C. Compounds were provisionally identified
by examination of the fragmentation pattern of their mass spectrograms. This
was then confirmed by comparing the results with library mass spectrograms
and with the mass spectrograms of synthetic versions.

Statistical Analysis. The GC integrator produces peak areas for each com-
pound that are dependent upon the amount of material in the sample. To avoid
this, the areas of each peak are divided by the sum of areas of all the peaks in
the sample. This results in proportional data that adds up to one. However, as
the data are compositional, the peak proportions cannot be used for multivari-
ate analysis. The data, therefore, were standardized by the formula proposed by
Aitchison (1986):

Zij c ln [Yij/ g(Yj)]

where Zij is the standardized area of peak i for ant j, Yij is the observed area of
the peak, and g(Yj) is the geometric mean of the areas of all the peaks of ant j
included in the analysis.

The standardized data were then examined by multivariate analysis of vari-
ance (MANOVA) to determine whether the groups differed in the abundances
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of compounds present. Differences between the groups were examined further
by a canonical discriminant analysis. In addition, a one-way univariate analy-
sis of variance (ANOVA) also was carried out for each peak in each analy-
sis. Only peaks that were abundant enough to be quantified in all of the sam-
ples being examined in a particular analysis (5–10 peaks) were included. This
avoided the problem of large numbers of independent variables relative to the
sample size resulting in significant discriminations being found where no actual
groupings exist (Panel on Discriminant Analysis, Classification, and Clustering,
1989). As a small number of samples had evaporated during storage, the analysis
was weighted for the number of replicates. Only the first two discriminant func-
tions were considered to be important, because together these always accounted
for at least 90% of the variance between groups. The discriminant scores for the
functions were also used to predict group membership and thus to confirm the
effectiveness of the functions in discriminating between the groups.

To quantify the similarity between the groups (castes, nests, etc.), Nei’s dis-
tances were calculated (Nei, 1972; Ferguson, 1980). This technique provides an
index of similarity between two groups from 1 (identical) to 0 (totally different).
The formula used is:

I c ∑ xi yih
�∑ x2

i ∑ y2
i �

where I is Nei’s coefficient of identity, xi is the quantity of peak i for sample
x, and yi is the quantity of peak i in sample y. After converting the data into
binary values (1 c present, 0 c absent), Nei’s distances were calculated with
Ochiai’s resemblance coefficient. This takes the same value as the cosine coef-
ficient (Nei’s distance) when binary attribute data are used (Romesburg, 1989)
and allowed the trace compounds to be included in the analysis.

RESULTS

A total of 41 peaks of high volatility occurred consistently in one or more
groups. Of these, nine were identified with a high degree of confidence, including
almost all of the most abundant peaks. Seven of these were ketones in the C7

to C9 range, and the others were nonanal and the monoterpene, limonene. A
provisional identification was made for a further seven peaks.

Caste Differences in Composition. In both species, there was very little dif-
ferences between the castes in the composition of volatiles in their mandibular
glands, as represented by the extremely high Nei’s values (Figure 1). Medias
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FIG. 1. Dendrograms based on Nei’s distances as a measure of the degree of similarity
between the composition of volatiles (presence/ absence) in the extracts of the four castes
(1 c identical, 0 c totally different).

and foragers contained the same compounds, and the composition of the minor
worker samples was also very similar. Soldiers differed to a greater degree, and
the castes differed in the proportions of the most abundant compounds (A. bis-
phaerica: F40,100 c 4.66, P < 0.001; A. capiguara; F28,124 c 7.20, P < 0.001)
(Tables 1 and 2).

The discriminant analysis of the A. bisphaerica castes was based upon 10
peaks. Soldiers, and to a lesser extent minors, separated out from the other castes
on function 1 (64% of the variance) (Figure 2). The function structure coef-
ficients indicated that 4-methyl-3-heptanone contributed most to this variance.
The ANOVA showed that the proportions of this ketone differed significantly
between the castes (F3,31 c 13.0, P < 0.001), with the soldiers containing a lower
proportion than the other castes (Table 1). Soldiers also had a higher proportion
of 2-heptanone, although this was not significant (F3,31 c 1.31, P c 0.29), and
they were the only caste to contain 2-nonanone and peak 29. Minor workers
were distinguished from the other castes by function 2 of the discriminant anal-
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TABLE 1. VOLATILES IN MANDIBULAR GLANDS OF FOUR CASTES OF A. bisphaericaa

Volatiles (%, mean ± SE)

Minors Medias Foragers Soldiers
Peak (N c 9) (N c 8) (N c 10) (N c 8)

1 0.7 ± 0.2 trace trace trace
2 0 0 0 0
3 5.5 ± 2.0 1.8 ± 0.1 1.6 ± 0.1 2.2 ± 0.3
4 trace 0.3 ± 0.1 trace trace
5 trace trace trace trace
6 1.5 ± 0.3 1.0 ± 0.1 0.7 ± 0.1 1.4 ± 0.3
7 (3-hexanone) trace trace trace trace
8 (3-hexanol) 0.9 ± 0.3 0.9 ± 0.1 1.7 ± 0.2 trace
9 0 0 0 0

10 trace trace trace 0
11 0 0 0 0
12 0 0 0 0
13 (2-hexanol) 0 0 0 0
14 0 0 0 0
15 4-methyl-3-hexanone 7.1 ± 0.7 5.6 ± 0.4 6.8 ± 0.7 5.9 ± 0.8
16 4-methyl-2-hexanone 4.8 ± 0.6 3.2 ± 0.3 3.5 ± 0.5 4.6 ± 0.9
17 (2-pentenoate) 3.7 ± 0.7 2.4 ± 0.6 2.2 ± 0.3 3.4 ± 0.6
18 0.4 ± 0.1 0.6 ± 0.1 0.2 ± 0.1 0
19 0.4 ± 0.2 0.3 ± 0.1 1.0 ± 0.6 1.1 ± 0.5
20 2.0 ± 0.5 1.8 ± 0.5 1.8 ± 0.4 2.0 ± 0.4
21 2-heptanone 22.9 ± 2.1 27.6 ± 1.8 23.4 ± 1.2 31.6 ± 3.9
22 0 0 0 0
23 0 0 0 0
24 (2-heptanol) 1.9 ± 0.2 2.5 ± 0.2 1.9 ± 0.2 2.6 ± 0.6
25 0 0 0 0
26 0 0 0 0
27 4-methyl-3-heptanone 29.7 ± 1.5 34.9 ± 1.1 38.4 ± 1.1 21.7 ± 2.0
28 0 0 0 0
29 0 0 0 0.5 ± 0.2
30 (4-methyl-3-heptanol) 0.7 ± 0.2 2.3 ± 0.4 2.5 ± 0.2 trace
31 3-octanone 6.9 ± 0.6 6.8 ± 0.5 6.5 ± 0.3 5.5 ± 0.8
32 2-octanone 3.4 ± 0.8 2.4 ± 0.7 1.9 ± 0.5 5.2 ± 0.8
33 0.8 ± 0.2 0.9 ± 0.1 0.8 ± 0.1 trace
34 0 0 0 0
35 (pinene) 0 0 0 0
36 limonene 3.7 ± 1.0 2.4 ± 1.3 2.5 ± 0.6 3.3 ± 1.0
37 0 0 0 0
38 0 0 0 0
39 2-nonanone 0 0 0 7.2 ± 1.9
40 nonanal 1.3 ± 0.3 1.8 ± 0.1 2.1 ± 0.1 1.2 ± 0.2
41 0 0 0 0
Total amount per ant (mg) 0.41 ± 0.03 0.89 ± 0.07 2.51 ± 0.29 23.8 ± 2.03

a Compound names in parentheses represent tentative identification only.
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TABLE 2. VOLATILES IN MANDIBULAR GLANDS OF FOUR CASTES OF A. capiguaraa

Volatiles (%, mean ± SE)

Minors Medias Foragers Soldiers
Peak (N c 10) (N c 10) (N c 10) (N c 8)

1 1.2 ± 0.2 1.6 ± 0.2 1.5 ± 0.4 1.7 ± 0.3
2 0 ± 0 trace
3 7.1 ± 0.9 5.8 ± 0.3 5.6 ± 0.4 7.3 ± 1.0
4 trace trace trace trace
5 0 0 0 0
6 1.2 ± 0.5 trace 0.7 ± 0.2 1.1 ± 0.3
7 (3-hexanone) 1.3 ± 0.4 trace 1.0 ± 0.2 1.1 ± 0.3
8 (3-hexanol) trace trace trace 0
9 0 0 0 0

10 0 0 0 0
11 0 0 0 0
12 0 0 0 0
13 (2-hexanol) 0 0 0 0
14 0 0 0 0
15 4-methyl-3-hexanone 10.0 ± 0.8 13.3 ± 0.6 17.8 ± 1.7 11.0 ± 2.1
16 4-methyl-2-hexanone 6.6 ± 0.4 6.7 ± 0.4 6.9 ± 0.8 6.4 ± 0.7
17 (2-pentenoate) 2.4 ± 0.7 1.1 ± 0.4 1.4 ± 0.3 2.3 ± 0.9
18 0 0 0 0
19 0.6 ± 0.2 trace 0.6 ± 0.1 0.6 ± 0.1
20 1.2 ± 0.4 trace 1.0 ± 0.3 1.4 ± 0.7
21 2-heptanone 21.0 ± 2.1 23.6 ± 1.2 20.3 ± 1.4 21.6 ± 2.7
22 0 0 0 0
23 trace trace trace 0.5 ± 0.1
24 (2-heptanol) 0.9 ± 0.1 trace trace trace
25 0 0 0 0
26 0 0 0 0
27 4-methyl-3-heptanone 29.2 ± 1.2 29.4 ± 0.9 25.9 ± 0.8 20.9 ± 1.4
28 trace trace 0 0
29 0 0 0 trace
30 (4-methyl-3-heptanol) 1.4 ± 0.3 0.9 ± 0.2 0.6 ± 0.1 1.1 ± 0.1
31 3-octanone 12.4 ± 0.8 14.1 ± 0.6 13.4 ± 0.4 7.5 ± 0.7
32 2-octanone 0 0 0 2.7 ± 0.5
33 trace trace trace trace
34 0 0 0 0
35 (pinene) 0 0 0 0
36 limonene 2.7 ± 1.2 1.1 ± 0.4 2.1 ± 0.7 2.4 ± 0.9
37 0 0 0 0
38 trace trace trace trace
39 2-nonanone 0 0 0 9.2 ± 3.5
40 nonanal 0 0 0 0
41 0 0 0 0
Total amount per ant (mg) 0.46 ± 0.04 0.51 ± 0.04 0.96 ± 0.09 8.9 ± 0.08

a Compound names in parentheses represent tentative identification only.
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FIG. 2. Discriminant analysis of the four castes of A. bisphaerica [minors (N c 9), medias
(N c 8), foragers (N c 10), and soldiers (N c 8)]. The proportions of 10 peaks were
compared after standardization. Data points are the scores for each sample on functions
1 and 2 of the discriminant analysis, and the group centroids for each caste.

ysis (27% of variance) (Figure 2), which was mainly due to peak 3. This was
higher in minors than in the other castes (F3.31 c 5.30, P c 0.005) (Table 1).
Medias and foragers were not differentiated by either function (Figure 2), and
their chemical profiles were virtually identical. The predicted classification based
on the discriminant scores misclassified only 14% of samples (0/ 9 minors, 3/ 8
medias, 1/ 10 foragers, and 1/ 8 solliders).

Separation of the castes of A. capiguara by the discriminant analysis fol-
lowed a similar pattern, with the analysis being based upon seven peaks. Both
function 1 (55% of variance), and function 2 (36% of variance) separated sol-
diers and minors from the other two castes, with medias and foragers being
very similar (Figure 3). Four peaks contributed to function 1. Peak 3 was higher
(F3,34 c 6.16, P c 0.002), and 4-methyl-3-hexanone lower (F3,34 c 3.99,
P c 0.015), in minors and soldiers compared with the other two castes (Table 2).
There was also less 3-octanone in the soldiers samples (F3,34 c 3.14, P c 0.038),
and the proportion of 4-methyl-3-heptanone decreased from minors to soldiers,
although this was not significant (F3,34 c 2.32, P c 0.093). Function 2 was due
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FIG. 3. Discriminant analysis of the four castes of A. capiguara [minors (N c 10), medias
(N c 10), foragers (N c 10), and soldiers (N c 8)]. The proportions of seven peaks were
compared after standardization. Data points are the scores for each sample on functions
1 and 2 of the discriminant analysis, and the group centroids for each caste.

mainly to 2-heptanone, although this did not differ between the castes (F3,34 c
0.84, P c 0.481). In addition, 2-octanone and 2-nonanone were found only in
the soldiers (Table 2). Misclassification based on the discriminant scores was
greater than with A. bisphaerica, with 26% being misclassified (2/ 10 minors,
4/ 10 medias, 2/ 10 foragers, 2/ 8 soldiers).

Species Differences in Composition. There was surprisingly little difference
between A. bisphaerica and A. capiguara in the compounds present in their pro-
files (Nei’s distance of 0.86), although they did differ in the proportions of the
most abundant compounds (F12,134 c 49.24, P < 0.001). They were separated
with a single function in the discriminant analysis, which used six peaks. This
was contributed to mainly by 4-methyl-3-heptanone and 3-octanone. There was
more 4-methyl-3-heptanone (F1,71 c 28.44, P < 0.001), and less 3-octanone
(F1,71 c 5.95, P c 0.017) in A. bisphaeric (Tables 1 and 2). Overall, the propor-
tion of 2-heptanone was also greater in A. bisphaerica (F1,71 c 24.9, P < 0.001),
while there was more 4-methyl-3-hexanone (F1,71 c 9.03, P c 0.004) and peak
3 (F1,71 c 44.5, P < 0.001) in A. capiguara. Nonanal, peak 19, and peak 10
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were found only in A. bisphaerica, and while 2-octanone was present in all the
A. bisphaerica castes, it was found only in soldiers of A. capiguara. Prediction
from the discriminant scores misclassified only 4.1% of the samples (3/ 35 A.
bisphaerica, 0/ 38 A. capiguara).

Nest Differences in Composition. The nests at the Botucatu site differed
from one another in the compounds present in their profiles (average Nei’s dis-
tance of 0.76), and the proportions of the most abundant compounds also differed
between the nests (F12,124 c 9.85, P < 0.001) (Table 3). In the discriminant anal-
ysis, with six peaks, nest B was clearly separated from the others on function 2
(26% of variance) (Figure 4). This was due mainly to 4-methyl-3-heptanone, of
which there was more in nest B (F3,33 c 19.84, P < 0.001), and to 4-methyl-3-
hexanone, of which there was less (F3,33 c 12.33, P < 0.001) (Table 3). 2-Hep-
tanone was also more abundant in nests A, B, and C, than in nest D. All nests
were separated by function 1 (73% of variance) (Figure 4). This was due to peak
7, which varied between an average of 18.1 ± 0.8% in nest D and only 1 ± 0.1%
in nest A, with nests B and C being intermediate. The nests also differed con-
siderably in the minor peaks that were present in their profiles (Table 3). Only
8.1% of samples were misclassified by predictions based on the discriminant
scores (0/ 10 nest A, 2/ 9 nest B, 1/ 9 nest C, 0/ 9 nest D).

DISCUSSION

The volatile compounds identified in A. bisphaerica and A. capiguara
were all within the 100–200 molecular weight range that is characteristic of
alarm pheromone compounds (Wilson and Bossert, 1963). The main compounds
were mostly methyl and ethyl ketones, which are the groups that dominate
the alarm pheromones of myrmicine ants (Blum and Brand, 1972; Parry and
Morgan, 1979). 4-Methyl-3-heptanone, 2-heptanone, 3-octanone, and 4-methyl-
3-hexanone have previously been identified in the alarm pheromones of Atta
(Schildknecht, 1976; Blum et al., 1968; Moser et al., 1968; Riley et al., 1974;
Nascimento et al., 1993; Knapp, 1995; Hernández et al., 1999). In fact, 4-methyl-
3-heptanone and 2-heptanone are extremely common alarm compounds and are
found in a number of other ant species (Hölldobler and Wilson, 1990). The small
quantities present of minor compounds prevented accurate mass spectrometry,
and so their identity remains uncertain. However, at least some appeared to be
low molecular weight aliphatic ketones and alcohols of the types commonly seen
in the alarm pheromones of other leaf-cutting ants.

There were small but consistent differences between the castes in both
species, although the profiles of medias and foragers were virtually indistinguish-
able. The similarity contrasts with studies on A. sexdens rubropilosa (Nasci-
mento et al., 1993; Knapp, 1995) and A. laevigata (Hernández et al., 1999),
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TABLE 3. VOLATILES IN MANDIBULAR GLANDS OF FORAGERS FROM FOUR

A. capiguara NESTSa

Volatiles (%, mean ± SE)

Nest A Nest B Nest C Nest D
Peak (N c 10) (N c 9) (N c 9) (N c 9)

1 1.7 ± 0.3 1.1 ± 0.3 1.5 ± 0.3 2.9 ± 0.2
2 0 trace 0 0
3 7.6 ± 0.7 4.6 ± 0.4 6.8 ± 0.9 3.1 ± 0.3
4 0 0 0 0
5 0 0 0 0
6 0.6 ± 0.2 0 0 0
7 (3-hexanone) 1.0 ± 0.1 1.8 ± 0.3 6.1 ± 1.7 18.1 ± 0.8
8 (3-hexanol) trace 2.2 ± 0.4 trace 0.6 ± 0.2
9 trace 0 trace 0

10 0 trace 0 trace
11 0 0.5 ± 0.2 0 0.7 ± 0.2
12 0 0 0 trace
13 (2-hexanol) 0 trace 0 0.7 ± 0.1
14 0 0.8 ± 0.2 0 0
15 4-methyl-3-hexanone 15.3 ± 0.8 5.9 ± 1.9 18.0 ± 1.3 11.0 ± 0.6
16 4-methyl-2-hexanone 3.6 ± 0.4 2.8 ± 0.6 2.2 ± 0.6 2.3 ± 0.5
17 (2-pentenoate) 1.6 ± 0.8 0.1 ± 0.1 0 0
18 1.6 ± 0.2 2.0 ± 0.2 2.9 ± 0.5 trace
19 trace 0.8 ± 0.2 trace 8.7 ± 0.5
20 1.5 ± 0.5 0 0 0
21 2-heptanone 19.7 ± 1.3 20.2 ± 0.9 17.2 ± 1.2 11.0 ± 1.1
22 0 trace 0 0
23 1.0 ± 0.2 trace trace trace
24 (2-heptanol) trace 2.0 ± 0.3 trace trace
25 trace trace 0 0
26 trace 0 0 0
27 4-methyl-3-heptanone 18.2 ± 0.7 34.6 ± 1.9 18.5 ± 1.2 13.8 ± 1.4
28 0 0 0 1.1 ± 0.2
29 0 0 0 0.9 ± 0.2
30 (4-methyl-3-heptanol) 1.1 ± 0.2 4.4 ± 0.8 2.0 ± 0.5 5.4 ± 0.3
31 3-octanone 17.2 ± 0.7 9.9 ± 1.6 18.3 ± 1.1 10.9 ± 0.3
32 2-octanone 0 0 0 0
33 1.8 ± 0.2 0.8 ± 0.2 trace 1.6 ± 0.3
34 0 0 0 trace
35 (pinene) 0 0 trace 2.4 ± 0.4
36 limonene 2.0 ± 1.0 trace trace 0
37 trace trace 0 0
38 0 0 0.2 ± 0.2 1.4 ± 0.2
39 2-nonanone trace trace trace 0
40 nonanal 1.6 ± 0.1 3.4 ± 0.5 1.2 ± 0.3 2.2 ± 0.1
41 trace trace 0 0
Total amount per ant (mg) 0.74 ± 0.06 0.98 ± 0.07 0.65 ± 0.07 0.94 ± 0.05

a Compound names in parentheses represent tentative identification only.
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FIG. 4. Discriminant analysis of foragers from the four Botucatu nests of A. capiguara
[nest A (N c 10), nest B (N c 9), nest C (N c 9), and nest D (N c 9)]. The proportions of
six peaks were compared after standardization. Data points are the scores for each sample
on functions 1 and 2 of the discriminant analysis, and the group centroids for each nest.

in which the alarm pheromone of the larger ants was a complex mixture of
compounds while that of the smallest workers was almost pure 4-methyl-3-
heptanone. Although the soldiers of both, A. bisphaerica and A. capiguara
did have proportionally less 4-methyl-3-heptanone than the other castes, such
a strong division between small and large workers was clearly not present in
these species. In part, this may be ascribed to the size of the ants in the sam-
ples. Nascimento et al. (1993) and Hernández et al. (1999) reported that the
alarm pheromones of ants <1.8 mm and <2.5 mm in head width, respectively,
did not differ in composition. However, Knapp (1995) found that it was only
the pheromones of workers with a head width of <1 mm that were dominated
by 4-methyl-3-heptanone. The minors of A. bisphaerica and A. capiguara ana-
lyzed here had a head width of up to 1.4 mm, and so included individuals
that were larger than the size range which Knapp (1995) found to be dom-
inated by 4-methyl-3-heptanone. It would be interesting to examine in more
detail the mandibular gland chemistry of the minor workers of A. bisphaerica,
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A. capiguara, and indeed other species, to see if the caste differences described
in A. sexdens rubropilosa and A. laevigata are a widespread phenomenon. The
reason for caste variation is another area that deserves further research. Nasci-
mento et al. (1993) and Bradshaw et al. (1979) have suggested that differences
in chemical composition between castes may be due to living in different envi-
ronments. However, individuals from every leaf-cutting ant worker caste may
be found both inside and outside the nest, and no direct evidence for this theory
has been found. The reason for caste variation, therefore, is still unclear.

There was also very little difference between A. bisphaerica and A.
capiguara in the composition of the mandibular glands, although they could be
consistently distinguished by the proportions of their major components. They
were both very different from A. sexdens rubropilosa, and none of the larger
molecular weight compounds, such as citral, were found. The most behavioral
active compound in the alarm pheromone of A. sexdens rubropilosa, as well as
A. laevigata, A. cephalotes, and A. texana, is 4-methyl-3-heptanone (Blum et
al., 1968; Moser et al., 1968; Riley et al., 1974; Knapp, 1995; Pow, 1996). This
was the most abundant compound in all the worker castes of both A. bisphaer-
ica and A. capiguara, apart from the soldiers. It also has been identified in the
mandibular glands of A. colombica and A. robusta (Blum et al., 1968). The lack
of species specificity of alarm pheromones has been recognized by a number of
authors (Wilson, 1965; Blum, 1969; Parry and Morgan, 1979; Vander Meer and
Alonso, 1998). Unlike many other pheromones, discrimination between species
is not essential to the function of alarm pheromones (Law and Regnier, 1971;
Hölldobler and Wilson, 1990). Indeed, there could even be benefits to being able
to recognize and respond to alarm pheromones produced by other species (Blum,
1969; Vander Meer and Alonso, 1998).

One explanation for the discrepancies between studies on the same species
is colony-specific differences. Both the presence of minor compounds and the
proportions of major compounds differ significantly among the nests of A.
capiguara. In fact, the relatively high number of trace compounds that var-
ied between colonies caused average Nei’s distances between colonies to be
lower than that between the two species. Similar intercolony differences in both
the major and trace components have been found in weaver ants, Oecophylla
longinoda (Bradshaw et al., 1975, 1979). Why colonies should differ to such
a degree is unclear. Possibly the subtle differences in the composition of the
alarm pheromone allow the recognition of nestmates (Howse, 1979; Bradshaw
and Howse, 1984). Whitehouse and Jaffé (1995) have shown that the ability of
leaf-cutting ants to distinguish between nestmates and nonnestmates is depen-
dent upon a cue present in the head of the target ant. We present here the first
evidence that the chemistry of leaf-cutting ant heads differs among colonies, sup-
porting the hypothesis that alarm pheromones play an important role in nestmate
recognition.
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Abstract—Seven known phenolic acids implicated in wheat allelopathy
were analyzed in a worldwide collection of 58 wheat accessions by gas
chromatography and tandem mass spectrometry (GC-MS-MS). Chemical
analysis showed that accessions differed significantly in the production
of p-hydroxybenzoic, vanillic, syringic, trans-p-coumaric, cis-p-coumaric,
trans-ferulic, and cis-ferulic acids in the shoots of 17-day-old wheat
seedlings. The concentrations of p-hydroxybenzoic, vanillic, cis-p-coumaric,
and cis-ferulic acids were normally distributed in the 58 accessions. A
binormal distribution was found for syringic and trans-ferulic acids and a
skewed normal distribution for trans-p-coumaric acid. The concentration of
each compound also varied with phenolic acids. The relative abundance
of each phenolic acid was ordered decreasingly as trans-ferulic, vanillic,
trans-p-coumaric, p-hydroxybenzoic, syringic, cis-ferulic, and cis-p-coumaric
acids. The concentration of total identified phenolic acids varied from 93.2 to
453.8 mg/ kg in the shoots of 58 accessions. The content of each phenolic acid
or group was highly associated with others in the shoots of wheat seedlings.
Wheat accessions with high levels of total identified phenolic acids in the
shoots are generally strongly allelopathic to the growth of annual ryegrass.

Key Words—Wheat, Triticum aestivum L., allelopathy, allelochemicals,
phenolic acids, shoots, weed suppression.
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INTRODUCTION

Phenolic compounds are among the most abundant groups of secondary metabo-
lites in plants. Phenolics bear hydroxylated aromatic rings, and include simple
phenols, phenolic acids, phenylpropanoids, coumarins, quinones, flavonoids, tan-
nins, and other miscellaneous phenols (Harborne, 1980). They are known to be of
significance in insect and disease resistance (Harborne, 1985) and in allelopa-
thy (Inderjit, 1996). Many phenolic compounds are inhibitory to germinating
seeds and growing plants (Rice, 1984). p-Hydroxybenzoic, vanillic, p-coumaric,
syringic, and ferulic acids are the predominant phenolic acids identified as allelo-
pathic agents in various natural and agroecosystems (Guenzi and McCalla, 1966;
Blum et al., 1991; Chou et al., 1991; Ben-Hammouda et al., 1995).

Wheat (Triticum aestivum L.) possesses allelopathic potential for weed sup-
pression. Aqueous extracts of straws were allelopathic to the germination and
growth of a number of weed species (Steinsiek et al., 1982; Liebl and Worsham,
1983). Allelopathic ability of aqueous extracts differ significantly between cul-
tivars (Guenzi et al., 1967; Wu et al., 1998). The allelopathic activity of wheat
straws has been demonstrated under field conditions (Shilling et al., 1985). The
results show that phytotoxins in wheat straws are water soluble and are prone
to leach into the soil to influence the growth of weeds in the vicinity.

The chemical basis for the allelopathic potential of wheat straw has been
investigated. Phenolic acids are a main category of allelochemicals implicated
in wheat allelopathy with p-hydroxybenzoic, vanillic, p-coumaric, syringic, and
ferulic acids being most frequently reported (Guenzi and McCalla, 1966; Lodhi
et al., 1987). Ferulic and p-coumaric acids inhibit the radicle growth of radish
(Raphanus sativa) at concentrations of 10−4–10−3 M (Lodhi et al., 1987). Liebl
and Worsham (1983) found that ferulic acid reduced germination and root length
of Ipomoea lacunosa, I. purpurea, Ambrosia artemisiifolia, and Sida spinosa, at
5 × 10−3 M. Ferulic acid was further decarboxylated by a bacterium living on
the carpels of S. spinosa seed to a more toxic styrene derivative 4-hydroxy-3-
methoxystyrene (Shilling et al., 1985). Blum et al. (1991) reported that a mixture
of phenolic acids similar to that obtained from the wheat soil under no-tillage
systems reduced radicle and hypocotyl length of Trifolium incarnatum.

Although allelopathic activity varies considerably among accessions in a
number of field crops, including wheat (Putnam and Duke, 1974; Fay and Duke,
1977; Spruell, 1984; Dilday et al., 1994; Wu et al., 1991a, 2000), little is known
of the chemical basis for the varied activity. Several studies have screened a
single active compound of plant tissues in a diverse crop collection in relation
to plant natural defense against pests and diseases (Nicol et al., 1992; Lovett
and Hoult, 1992), but screening for allelochemical content in plant tissues has
been limited (Chou et al., 1991). Moreover, the allelopathic activity does not
appear to be due to the effects of a single compound, but is more likely the result



WHEAT ALLELOCHEMICALS 127

of the combination and interaction of many allelochemicals (Einhellig, 1995).
Simultaneous screening of multiple compounds responsible for weed suppression
will be more informative.

Chemical analysis has shown that 39 wheat accessions differed significantly
in total phenolic contents and that the allelopathic activity of wheat residues
was highly associated with the total phenolic contents contained in each extract
(Wu et al., 1998). The aim of the present study was to screen simultaneously
seven known phenolic acids in the shoots of 17-day-old wheat seedlings in a
diverse collection of 58 wheat accessions by gas chromatography and tandem
mass spectrometry (GC-MS-MS).

METHODS AND MATERIALS

Wheat Growth. Based on previous experiments, a worldwide collection of
58 wheat accessions (T. aestivum L.) from the Australian Winter Cereals Col-
lection was selected and grown according to the procedure described previously
(Wu et al., 2000). Briefly, 12 pregerminated wheat seeds (surface-sterilized) of
each accession were uniformly selected and aseptically sown on the agar sur-
face with the embryo up, in three rows on one half of a glass beaker (500 ml)
prefilled with 30 ml of 0.3% water agar. The beaker was wrapped with a piece
of parafilm and placed in a controlled growth cabinet with a daily light/ dark
cycle of 13 hr/ 11 hr and a temperature cycle at 258C/ 138C. After the growth of
seedlings for seven days, a piece of preautoclaved white paperboard was inserted
across the center and down the middle of the beaker with the lower edge of the
paperboard kept 1 cm above the agar surface. The beaker was again wrapped
with parafilm and placed back in the growth cabinet for continuous growth of
10 more days.

Preparation of Shoot Extracts. The procedure previously described for the
preparation of shoot extracts was used (Wu et al., 1999b). Briefly, shoots of 17-
day-old seedlings were harvested for each accession and immediately freeze-
dried. Then 0.100 g of shoots was cut into 2-mm lengths, ground into powder,
macerated with 3 ml of 0.001 M HCl, sonicated at 58C for 15 min, and cen-
trifuged at 20,000 rpm and 108C for 15 min. The supernatant was then collected
and extracted three times with 10-ml portions of diethyl ether. The ether was
evaporated under reduced pressure at 358.

Derivatization and Quantitation. The derivatization and quantitation of
samples were identical to those described previously (Wu et al., 1999b). Briefly,
the silylation of shoot samples was accomplished by the addition of 1.0 ml of
MSTFA (Alltech Australia) at 608C for 30 min. The silylated samples were
directly analyzed by GC-MS-MS. Each phenolic acid was identified and quan-
tified by comparing retention time and product ion spectrum with that in the
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user library created from the standard compound. Quantitative analysis was per-
formed by the internal standard method (Wu et al., 1999b) and is reported in
units of milligrams per kilogram of dry matter.

GC-MS-MS Analysis. GC-MS-MS analysis was carried out on a Varian
3400 CX gas chromatograph coupled with a Varian Saturn 2000 ion trap mass
spectrometer. Parahydroxybenzoic acid (PHB), vanillic acid (VAN), syringic
acid (SYR), paracoumaric acid (COU), ferulic acid (FER), and the internal stan-
dard (parachlorobenzoic acid) were obtained from Sigma-Aldrich Chemical Co.
Silylated samples or standard compounds were introduced via a DB-5MS fused-
silica capillary column of 30 m × 0.25 mm × 0.25 mm (J & W Scientific, Alltech
Australia). The gas chromatographic and tandem mass spectrometric conditions
for the analysis of wheat samples were identified to those reported previously
(Wu et al., 1999b). Mass spectral scan time from m/ z 50 to 450 was 1.0 sec
(using three microscans). Nonresonant collision-induced dissociation (CID) was
used for MS-MS. All samples were run in triplicate.

Data Analysis. All experimental data were subjected to analysis of variance
with Genstat 5 (Release 3.2), and the treatment means were tested separately for
least significant difference (LSD) at a 5% level of probability.

RESULTS

Variations in Levels of Phenolic Acids in Wheat Shoots. All 58 wheat
accessions contained the seven phenolic acids, p-hydroxybenzoic, vanillic,
syringic, trans-p-coumaric, cis-p-coumaric, trans-ferulic, and cis-ferulic acids
analyzed in the shoots, and the concentrations of each phenolic acid differed
significantly among accessions (Table 1, Figures 1–3). The content of p-hy-
droxybenzoic acid in shoots ranged from 9.8 to 49.3 mg/ kg shoot dry weight,
vanillic acid from 12.9 to 68.8 mg/ kg, cis-p-coumaric acid from 0.8 to 11.2

TABLE 1. HIGHEST AND LOWEST CONCENTRATIONS OF PHENOLIC ACIDS IN

WHEAT SHOOTSa

Phenolic acid Lowest Highest

PHB Federation 9.8 ± 3.8 Sunco 49.3 ± 1.4
VAN Emika 12.9 ± 0.1 SST 6 68.8 ± 5.2
cis-COU Federation 0.8 ± 0.1 Sunstar 11.2 ± 1.0
SYR Sunco 1.9 ± 0.0 Sunstar 61.5 ± 3.4
cis-FER Sunco 0.2 ± 0.0 Bernina 17.0 ± 1.4
trans-COU Federation 11.4 ± 0.4 Sunstar 117.7 ± 4.8
trans-FER Sunco 3.2 ± 0.2 Sunstar 149.3 ± 6.6

a Data presented as the means ± SD, mg/ kg of dry matter.
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FIG. 1. Frequency distribution of the benzoic derivatives in 58 wheat accessions.

mg/ kg, syringic acid from 1.9 to 61.5 mg/ kg, cis-ferulic acid from 0.2 to 17.0
mg/ kg, trans-p-coumaric acid from 11.4 to 1117.7 mg/ kg, and trans-ferulic acid
from 3.2 to 149.3 mg/ kg.

Distribution of Phenolic Acids Among Wheat Accessions. The distribution
of the level of each phenolic acid is presented in Figures 1–3. The levels of
p-hydroxybenzoic and vanillic acids were normally distributed in the 58 wheat
accessions, while a binormal distribution was found for the syringic acid (Figure
1). Only one accession produced p-hydroxybenzoic acid at a level less than 10.0
mg/ kg, and seven accessions at a level of more than 40.0 mg/ kg. Four accessions
produced vanillic acid at less than 20.0 mg/ kg and 12 accessions at more than
50.0 mg/ kg; 24 accessions produced syringic acid at less than 10.0 mg/ kg and
5 accessions at more than 50.0 mg/ kg dry weight.

A skewed normal distribution was found for the trans-p-coumaric acid and a
binormal distribution for the trans-ferulic acid (Figure 2). There were 10 acces-
sions that produced a level of trans-ferulic acid at less than 25.0 mg/ kg and
six accessions at more than 130.0 mg/ kg. Eleven accessions produced trans-
p-coumaric acid at less than 25.0 mg/ kg and six accessions at more than 55.0
mg/ kg.

The levels of cis-p-coumaric and cis-ferulic acids were also normally dis-
tributed in the 58 wheat accessions (Figure 3). There was one accession that
produced a level of cis-p-coumaric acid at less than 1.0 mg/ kg and six acces-
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FIG. 2. Frequency distribution of the trans-cinnamic derivatives in 58 wheat accessions.

FIG. 3. Frequency distribution of the cis-cinnamic derivatives in 58 wheat accessions.
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FIG. 4. Variation of total identified phenolic acids in wheat shoots.

sions at more than 6.0 mg/ kg. Five accessions produced cis-ferulic acid at less
than 1.0 mg/ kg and 17 accessions at more than 6.0 mg/ kg.

The concentration of total identified phenolic acids varied from 93.2 to
453.8 mg/ kg in the shoots of 58 accessions (Figure 4). There were seven acces-
sions that produced a level of total identified phenolic acids at less than 110.0
mg/ kg: Emika, Canada 4125, Sunco, RAC 710, Hartog, Federation, and Eretria.
Correspondingly, these accessions were often found to contain lower levels of
individual phenolic acids in the shoot tissues. Eight accessions contained total
identified phenolic acids at more than 330.0 mg/ kg: Tasman, Bernina, Wattines,
Insignia, Khapli, RAC 820, SST 6, and Sunstar. Correspondingly, higher con-
centrations of individual phenolic acids were often found in these accessions.
Forty-three accessions produced total identified phenolic acids in a range of
110.0–330.0 mg/ kg.

Different phenolic acids occurred in varied amounts in the shoots of the
same accession. Of the seven phenolic acids analyzed, trans-ferulic acid was the
most predominant with an average level of 74.1 ± 48.1 mg/ kg in the shoots. The
cis isomers of p-coumaric and ferulic acids were produced at the lowest level,
occurring at 4.2 ± 1.6 and 5.2 ± 3.6 mg/ kg, respectively. The following are listed
in decreasing order of the concentration in the shoots of 17-day-old seedlings:
trans-ferulic acid > vanillic acid (42.0 ± 12.1 mg/ kg) > trans-p-coumaric acid
(38.5 ± 18.3 mg/ kg) > p-hydroxybenzoic acid (31.1 ± 7.3 mg/ kg) > syringic
acid (22.9 ± 18.2 mg/ kg) > cis-ferulic acid > cis-p-coumaric acid.
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TABLE 2. CORRELATION AMONG PHENOLIC ACIDS EXTRACTED FROM WHEAT SHOOTSa

Phenolic trans- trans-
acid PHB VAN cis-COU SYR cis-FER COU FER

PHB 1
VAN 0.204 1
cis-COU 0.274b 0.408c 1
SYR 0.231 0.645c 0.384c 1
cis-FER 0.004 0.527c 0.485c 0.456c 1
trans-COU 0.265b 0.534c 0.734c 0.519c 0.478c 1
trans-FER 0.152 0.664c 0.389c 0.920c 0.613c 0.532c 1

a Data expressed as the correlation coefficient between phenolic acids.
b Significant correlation at P < 0.05.
c Significant correlation at P < 0.01.

Correlation Between Phenolic Acids in Wheat Shoots. The metabolism of
many phenolic compounds is known to follow the shikimate pathway (Harborne,
1989). There were significant correlations between contents of phenolic acids in
wheat shoots, except for p-hydroxybenzoic acid (Table 2). The content of p-
hydrozybenzoic acid did not significantly correlate to that of vanilic, syringic,
cis-ferulic, and trans-ferulic acids. After grouping the phenolic acids, it was
found that there were significant correlations among benzoic acid derivatives,
cinnamic acid derivatives total coumaric acid, and total ferulic acid (Table 3).

DISCUSSION

The contents of phenolic acids in wheat shoot tissues varied with acces-
sions and compounds. trans-Ferulic acid was the predominant phenolic com-

TABLE 3. CORRELATION AMONG GROUPS OF PHENOLIC ACIDS EXTRACTED FROM

WHEAT SHOOTSa

Phenolic groupsb Benzoics Cinnamics Total COU Total FER

Benzoics 1
Cinnamics 0.864c 1
Total COU 0.592c 0.742c 1
Total FER 0.853c 0.966c 0.542c 1

a Data expressed as the correlation coefficient between phenolic groups.
b Benzoics refers to the benzoic acid derivatives, including p-hydroxybenzoic, syringic, and vanillic
acids; cinnamics refers to the cinnamic acid derivatives, including cis- and trans-p-coumaric, cis-
and trans-ferulic acids; total COU includes the cis- and trans-p-coumaric acids; total FER includes
the cis- and trans-ferulic acids.

c Significant correlation at P < 0.01.
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pound identified. The abundance of trans-ferulic and trans-p-coumaric acids in
wheat tissues has been reported previously. Salomonsson et al. (1978) found that
trans-ferulic and trans-p-coumaric acids were the dominant acids in the aqueous
alkaline extracts of barley, oat, wheat, rye, and rice straws, each at 510–3100
and 440–3100 mg/ kg of straw, respectively. cis-p-Coumaric acid and cis-ferulic
acid were at smaller levels of 130–530 and 100–560 mg/ kg, respectively. Lodhi
et al. (1987) found that ferulic and p-coumaric acids in the soil were present in
higher concentrations than p-hydroxybenzoic, syringic, vanillic, and p-coumaric
acids, and the amount of ferulic acid was higher than that of p-coumaric acid.
However, Ben-Hammouda et al. (1995) reported that the concentrations of p-
hydroxybenzoic, syringic, and vanillic acids in various sorghum plant parts were
consistently higher than those of ferulic acid and p-coumaric acids, with ferulic
acid being most frequently not detectable. It is seen, therefore, that the concentra-
tion of each phenolic acid varies greatly depending on biotic and abiotic factors,
such as crop types and accessions, plant ages and parts, extraction methods, and
the analytical techniques (EI-Basyouni and Towers, 1964; Guenzi and McCalla,
1996; Kaminsky and Muller, 1978; Lodhi et al., 1987; Ben-Hammouda et al.,
1995).

Phenolic compounds have been implicated in residue allelopathy of a num-
ber of crops, including rice (Chou and Lin, 1976), sorghum (Ben-Hammouda
et al., 1995), and wheat (Guenzi and McCalla, 1966; Salomonsson et al., 1978;
Lodhi et al., 1987). The differential level of each phenolic acid identified in the
present study could contribute in part to the variability of allelopathic potential
of wheat accessions. Our research has shown that wheat seedling allelopathy
on the growth of annual ryegrass (Lolium rigidum Gaud.) differed in a world-
wide collection of 453 wheat accessions (Wu et al., 1999a). The eight accessions
with the highest levels of total identified phenolic acids reported in the present
study, with the exception of Insignia, which was only weakly allelopathic, were
strongly allelopathic to the growth of L. rigidum. Similarly, the seven accessions
with the lowest levels of total identified phenolics, with the exception of Sunco,
in which an intermediate level of allelopathic potential was found, were weakly
allelopathic to the growth of L. rigidum.

Allelochemicals present in plant shoot tissues may greatly contribute to
residue allelopathy. Nevertheless, amounts of allelochemicals present in plant
roots may be more critical to the actual exudation of such chemicals by the liv-
ing roots into the growth environment. Exudation of allelochemicals is one of
the processes whereby crops exert allelopathic activity. Further research is nec-
essary to investigate the concentrations of phenolic acids in root tissues of wheat
seedlings so that the allelochemical relationship between the contents of roots
and shoots, and the involvement of root allelochemicals in wheat allelopathy can
be determined.
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Abstract—The effect of cedrelanolide, the most abundant limonoid isolated
from Cedrela salvadorensis (Meliaceae), was assayed as a plant-growth
inhibitory compound against monocotyledonous and dicotyledonous seeds.
This compound inhibited germination, seed respiration, and seedling dry
weights of some plant species (Lolium multiflorum, var. Hercules, Triticum
vulgare, var. Salamanca, Physalis ixocarpa, and Trifolium alexandrinum).
Our results indicate that cedrelanolide interferes with monocot preemergence
properties, mainly energy metabolism of the seeds at the level of respiration.
In addition, the compound inhibits photophosphorylation, H+ uptake,
and noncyclic electron flow. This behavior might be responsible for its
plant-growth inhibitory properties and its possible role as an allelopathic agent.

Key Words: Cedrela salvadorensis, cedrelanolide, Meliaceae, phytogrowth
inhibition, seed respiration, Hill reaction inhibitor, limonoid, nortriterpenoid.

INTRODUCTION

Limonoids from the family Meliaceae are attracting considerable interest because
of their insect antifeedant properties, with special focus on the ring-cleaved
example, azadirachtin (Kraus, 1995). In contrast, less is known about the allelo-
pathic activity of compounds in the azadirone, gedunin, mexicanolide, and sen-

*To whom correspondence should be addressed. e-mail: ccespede@servidor.unam.mx
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FIG. 1. Chemical structure of cedrelanolide.

danin classes. In a limited range of structures, they are also found in the fam-
ilies Rutaceae and Cneoraceae (Champagne et al., 1992). These natural prod-
ucts possess a wide range of biological activities including insect antifeedant
activity (Isman et al., 1996; Mata R., 1996; Jiménez et al., 1997; Zhou et al.,
1998; Veitch et al., 1999; Céspedes et al., 2000), plant-growth regulating prop-
erties (Céspedes et al., 1998, 1999a,b), medicinal effects in animals and humans
(MacKinnon et al., 1997; Matsuda et al., 1998), and fungicidal (Govindachari
et al., 1999; Weimin et al., 1998), bactericidal (Tada et al., 1999), and anti-
viral (Lowery et al., 1997) activities. Among the many limonoids isolated from
these families, cedrelanolide (Figure 1) was found for the first time in Cedrela
salvadorensis (Meliaceae), a Mexican specimen (Segura et al., 1994).

We found that some limonoids obtained from Cedrela species have different
mechanisms of action on photosynthesis (Céspedes et al., 1998; Lotina-Hennsen
et al., 1998). For example, gedunin and 7-oxo-7-deacetoxygedunin, isolated from
C. odorata and C. salvadorensis, act as energy-transfer inhibitors interacting with
CF0 (Achnine et al., 1999) while odoratol has impairment effects on the donor
side of photosystem II (Achnine et al., 1998). However, a-photogedunin and
b-photogedunin isolated from C. salvadorensis and C. ciliolata (Syn dugesii)
inhibit germination and respiration of monocot and dicot weed seeds, and the
epimeric mixture partially inhibits photophosphorylation, H+ uptake, and non-
cyclic electron flow (Céspedes et al., 1999a). In similar form, a- and b-photoge-
dunin acetates inhibit seed germination, seedling growth, and seed respiration.
In addition, these derivatives are Hill reaction inhibitors with two different tar-
gets of inhibition in the photosynthesis electron transport rate (Céspedes et al.,
1998, 1999b).

The insecticidal behavior of cedrelanolide on Ostrinia nubilalis, the Euro-
pean corn borer, has been reported (Jiménez et al., 1997), as has the antifeedant
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activity on Spodoptera frugiperda (Céspedes et al., 2000). Cedrelanolide may
increase plant resistance to insect herbivores; however, its mode of action is
unknown.

We are continuing investigations for biologically active limonoids with
potential herbicidal properties (Lotina-Hennsen et al., 1998) and now report the
phytotoxic properties of cedrelanolide on germination, root and shoot develop-
ment, and respiration of seeds of two monocots (Lolium multiflorum and Triticum
vulgare) and two dicots (Physalis ixocarpa and Trifolium alexandrinum). In addi-
tion to these inhibitory activities, the effects of this compound on the photosyn-
thesis system are presented.

METHODS AND MATERIALS

Chemicals and Solvents. All reagents used were commercially available
in either AR or chromatographic grade. Tricine, sorbitol, and methyl viologen
(MV) were purchased from Sigma Chemical Co. Methanol, CHCl3, CH2Cl2,
KCl, CuSO4, NH4Cl, MgCl2, pyridine, acetic anhydride, silica gel GF254 ana-
lytical chromatoplates, silica gel grade 60, 70–230, and 60 Å for column chro-
matography, hexane, and ethyl acetate were purchased from Merck.

Apparatus. 1H NMR spectra were recorded at 300 and 500 MHz, and
13C NMR spectra at 75 and 125 MHz, on Varian VXR-300S and VXR-500S
spectrometers, respectively. Chemical shifts (parts per million) are related to
(CH3)4Si as internal reference. CDCl3 and acetone-d6 from Aldrich Chemical
Co. were used as solvents. Coupling constants are quoted in hertz. IR spectra
were obtained in KBr on Perkin-Elmer 283-B and FT-IR Nicolet Magna 750
spectrophotometers. Electron impact mass spectra were taken on a Jeol JMS-
SX102A (70 eV). UV spectra were determined on a Shimadzu UV-160 spec-
trophotometer. Optical rotation was measured on a Jasco DIP-360 spectropo-
larimeter. Melting points were obtained on a Fisher-Johns hot-plate apparatus
and are uncorrected. Electron transport and oxygen evolution were determined
with a Clark-type electrode connected to YSI oxygraph model 5300.

Plant Material. The heartwood of Cedrela salvadorensis was collected in
Morelia, State of Michoacán, in February 1997. A voucher has been deposited
at the ethnobotanical collection of the National Herbarium (MEXU), Instituto de
Biologı́a, UNAM (Voucher: M. T. German and P. Tenorio No. 2.174. Register
number: 800.193).

Isolation of Cedrelanolide. Cedrelanolide was obtained from a CHCl3
extract of the stem bark of C. salvadorensis as colorless crystals (CH2Cl2–
MeOH), mp c 2808, [a]20

D − 10.248 (c 2.56, CHCl3). The molecular formula
C32H40O11 was determined by mass spectrometry (HR-FAB-MS), m/ z 601.2626
[M++1], EI-MS, m/ z (relative intensity) 541 (M+

−59, 1), 511 (1.4), 455 (25),
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431 (20), 370 (50), 137 (100), 95 (41), 57 (37). Signals in the IR spectrum,
in addition to the furan absorptions (1502 and 874 cm−1), included strong car-
bonyl bands at 1790 (g lactone), 1747 (ester), 1727 (aldehyde), and 1701 cm−1

(ketone). UV (EtOH) 208 nm. The shifts of 1H NMR and 13C NMR spectral
data were identical with those published in the literature (Segura et al., 1994).

Seed Germination Bioassays. Monocot seeds of Lolium multiflorum
(Poaceae) ryegrass var. Hercules were purchased from Barenbreig. Triticum vul-
gare (Graminae) wheat var. Salamanca, and two dicotyledons seeds—Trifolium
alexandrinum (Leguminoseae) red clover var. Andino and Physalis ixocarpa
(Solanaceae) green tomato—were purchased from Semillas Berentsen, S. A. de
C. V. Celaya, Guanajuato, Mexico. Germination tests were run in triplicate with
100 L. multiflorum seeds, 40 T. vulgare seeds, 100 T. alexandrinum seeds, and
100 P. ixocarpa seeds for each concentration of sample for five days (three for
germination and two for root and shoot growth). The number of seeds used for
each experiment was selected so that an appreciable change in O2 uptake could
be detected by the oxygraph. The test seeds were held in the dark at 258C in
9.0-cm Petri dishes containing an 8.5-cm sheet of Whatman No. 1 filter paper
and 10.0 ml of test or control solution. The dishes were wrapped with Parafilm
foil and incubated at 288C in the dark. The number of germinated seeds was
determined according to the criterion of 1 mm extrusion of the radicle. Germi-
nation rates were counted at 72 and 120 hr later for root and shoot growth mea-
surements. Cedrelanolide was initially dissolved in methanol and diluted with
water. The maximum final concentration of methanol was 0.1% and the same
methanol concentration was used in the control solution. The pH of the solution
was adjusted to 6.5 before the bioassay. Seeds were selected for uniformity of
size, and damaged ones were discarded (Li et al., 1992).

Growth Bioassays. Coleoptyle or hypocotyle and root lengths for all ger-
minated seeds were measured after 120 hr, in three replicates, after which the
germinated plants were dried to constant weight at 408C.

Seed Respiration. Seed respiration was measured polarographically as oxy-
gen uptake during the germination process with a YSI oxygraph model 5300.
The oxygen uptake, in the presence of different concentrations of cedrelanolide,
was evaluated over 5 and 10 min, in a nonilluminated cell. The requirement for
oxygen was plotted as a percentage of the control at 100%.

The data were analyzed by ANOVA (P < 0.05), and GI50, RI50, and I50

values for each activity were calculated by probit analysis on the basis of the
percentage of inhibition obtained at each concentration of cedrelanolide. I50 is the
concentration producing 50% inhibition, and GI50 is the concentration inhibiting
50% germination, and RI50 is the concentration that inhibits 50% of respiration.

Chloroplast Isolation and Chlorophyll Determination. Isolated chloroplasts
were prepared from market spinach leaves (Spinacia oleracea) as previously
reported (Mills et al., 1980; Saha et al., 1971; Jiménez et al., 1996) and the pellet
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was resuspended, unless indicated, in a solution containing 400 mM sucrose,
5 mM MgCl2, and 10 mM KCl buffered with 30 mM Na+-tricine at pH 8.0.
Chlorophyll concentration was determined according to Strain et al. (1971).

Measurement of Proton Uptake and ATP Synthesis. Proton uptake was
measured as the rise in pH from 8.0 to 8.1 (Dilley, 1972). A combination micro-
electrode connected to a Corning potentiometer (model 12 Research pH-meter)
with expanded scale and registered on a Gilson recorder was used. The reac-
tion medium was 100 mM sorbitol, 5 mM MgCl2, 10 mM KCl, and 1 mM
Na+-tricine at pH 8. ATP synthesis was measured titrimetrically according to
the procedure of Dilley (1972), with 50 mM methyl viologen (MV) added as an
electron acceptor for the Hill reaction.

Measurement of Electron Transport. Photosynthesis noncyclic electron
transport rates from water to MV were monitored with a YSI (Yellow Spring
Instrument) model 5300 oxygen monitor connected to a Clark-type electrode.
The reaction medium was the same as that used in the H+-uptake assay except
for the tricine concentration (15 mM), and in the case of the uncoupled electron
transport measurement 6 mM NH4Cl was added. All reaction mixtures were illu-
minated with light from a projector lamp (GAF 2660) filtered through 5 cm of
1% CuSO4 solution at 208C (Calera et al., 1995; Van Gorkom and Gast, 1996).

RESULTS AND DISCUSSION

Seed Germination. Cedrelanolide inhibited seed germination for the four
species tested (L. multiflorum, T. vulgare, P. ixocarpa, and T. alexandrinum) as
concentration increased to 500 mM (Figure 2). The GI50 (concentration inhibiting
50% germination) values indicate that the monocot L. multiflorum is the most
susceptible to cedrelanolide, with GI50 c 120.6 mM, and causing 100% at 300
mM (Table 1). The data suggest slow permeation of the compound through the
seed membranes. In our test the preemergence assays were done before emer-
gence of seeds, according to Hatfield and Karlen (1994) and Mohr and Schopfer
(1995). These results suggest either that the oxygenated functions in the molecule
play a role in inhibition because of lipophilicity or that the hydrophilicity of the
oxygenated function of cedrelanolide (at physiological pH) makes it difficult for
cedrelanolide to reach the target site.

Root and Shoot Elongation. Radicle and shoot development was partially
inhibited by cedrelanolide. The monocots T. vulgare and L. multiflorum were
more sensitive to cedrelanolide (I50 varying from 140 to 300 mM, Table 1) than
were dicot seedlings (Figure 3), with the exception of T. vulgare roots, which
were resistant to cedrelanolide inhibition (Figure 4).

Growth inhibition was concentration-dependent. As in germination,
cedrelanolide had the least inhibitory effects on growth of T. vulgare (100%)
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FIG. 2. Concentration-dependent inhibition of cedrelanolide on seed germination ex-
pressed as percent of control germination. Each value represents mean ± SE (N c 5)
in error bars.

at 500 mM, and the least inhibitory effect on L. multiflorum at 300 mM. Here
values indicate that the mechanisms of action of cedrelanolide may differ for
growth and germination (Einhellig, 1986).

TABLE 1. EFFECT OF CEDRELANOLIDE ON SEED GROWTH (ELONGATION, GERMINATION,
RESPIRATION, AND DRY WEIGHT)

Cedrelanolide (mM)a

Elongation (EI50)
Germination Respiration Dry Weight

Species Stems Roots (GI50) (RI50)b (DWI50)

T. vulgare 297.0 — 157.0 100 155.0
L. multiflorum 142.0 114.0 125.0 100 351.0
T. alexandrinum 452.0 393.0 289.0 400c

P. ixocarpa 500.0 466.0 370.0 300

a Means of three experiments. The EI50, GI50, RI50, and DWI50 are the inhibitory concentrations
that give 50% inhibition of seedling length (stem and roots), seed germination, respiration, and dry
weight, respectively. Calculated by ANOVA (P < 0.05).

b Values giving 50% inhibition at 24 hr.
c Value at 30 hr.
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FIG. 3. Effects of solutions of cedrelanolide on seedling growth. (O, roots, Q, stems)
of mono- and dicot seeds. Each value represents mean ± SE (N c 5) in error bars. The
inhibition efficacy was expressed as a percentage of cedrelanolide activity inhibited com-
pared with the control value (100%).

Dry Weight. In general, development of monocot species was more sen-
sitive to cedrelanolide than dicot species. Dry weight of dicot species was not
affected by cedrelanolide (Figure 4). Seedling biomass (dry weight) of monocots
diminishes with concentration of cedrelanolide in similar form to germination.

Seed Respiration. Seed respiration was more sensitive to cedrelanolide
than seed germination for all species tested. Inhibition of seed respiration by
cedrelanolide was a function of time and concentration of the natural product.
Thus, as incubation time or concentration increased, inhibition increased (Figure
5). The RI50 values (concentration inhibiting 50% respiration) show that monocot
(T. vulgare and L. multiflorum) respiration was more sensitive to cedrelanolide
than that of dicots (Table 2). These values suggest that cedrelanolide acts as an
uncoupler to phosphorylation at low concentration, but at higher concentrations
it either inhibits energy transduction or the respiration redox enzymes.

Effect of Cedrelanolide on ATP Formation, Proton Uptake, and Electron
Transport Rate. To assess the effects of cedrelanolide on photosynthesis, we
evaluated the effects on different photosynthetic reactions. The assay concentra-
tion ranged from 0 to 150 mM in 10 mM increments. Figure 6 shows that photo-
synthesis photophosphorylation from water to methyl viologen was inhibited by
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FIG. 4. Inhibition by solutions of cedrelanolide on dry weight of seedlings (Q, T. vulgare;
O, L. multiflorum; I, P. ixocarpa; J, T. alexandrinum). Each value represents mean ± SE
(N c 5) in error bars. The inhibition efficacy was expressed as a percentage of cedrelano-
lide activity inhibited compared with the control value (100%).

cedrelanolide at 100 mM with an IC50 of 29.5 mM (Table 2). In addition, Figure
6 shows that cedrelanolide inhibits proton uptake partially at 34.9 mM (IC50) and
completely at 100 mM. Based on Figure 7, we suggest that cedrelanolide inhibits
the whole electron transport chain from water to MV at 60 mM, measured as oxy-
gen uptake under photophosphorylating conditions. These effects are similar to
that observed with the photogedunin acetate derivatives (Céspedes et al., 1998).
The photogedunin acetates show these effects at concentrations of 10–30 mM,
while cedrelanolide shows similar effects between 20 and 90 mM. According to
pI50 values, cedrelanolide has similar potency as a Hill reaction inhibitor to some
commercial herbicides that affect chloroplast electron flow. These results suggest
that the presence of oxygenated functions significantly enhances the inhibitory
potency of these compounds as electron transport inhibitors. Our group has
demonstrated the effects of gedunin and 7-oxo-7-deacetoxygedunin (which are
oxygenated limonoids) on the electron transport chain in the 300 and 400 mM
range (Achnine et al., 1999). The pI50 values (Table 2) also indicate that this
compound is a potent Hill reaction inhibitor, and its abundance in the plant
Cedrela salvadorensis suggests a role as a defensive allelochemical.

Inhibition of germination, seed respiration, and radicle or shoot elonga-
tion by cedrelanolide was similar to effects of concentration ranges of pheno-
lic acid derivatives, i.e., 100–1000 mM (Einhellig, 1986, 1995). Cedrelanolide
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FIG. 5. Inhibition of respiration of T. vulgare, L. multiflorum, P. ixocarpa, and T. alexan-
drinum seeds by solutions of cedrelanolide, expressed as percent of O2 uptake rate as a
function of control seed respiration (Q, 50 mM; O, 100 mM; I, 200 mM; J, 300 mM; ♦,
400 mM; +, 500 mM. Each value represents mean ± SE (N c 5) in error bars.

FIG. 6. Rate of ATP synthesis and proton uptake with increasing concentration of
cedrelanolide in chloroplasts isolated from fresh spinach leaves. Each value represents
mean ± SE (N c 5) in error bars. The inhibition efficacy was expressed as a percent-
age of cedrelanolide activity inhibited compared with the control value (100%). Control
values for ATP synthesis and H+ uptake were 350 and 280 mmol/ mg chlorophyll/ hr,
respectively.
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TABLE 2. EFFECT OF CEDRELANOLIDE (mM) ON PHOTOSYNTHESIS ELECTRON TRANSPORT

RATE MEASUREMENTS IN INTACT FRESHLY LYSED SPINACH CHLOROPLASTSa

Activity pI50 IC50

H+-uptake 4.457 34.9
ATP synthesis 4.530 29.5
Basal 4.376 42.0
Uncoupled 4.468 34.0
Phosphorylating 4.610 24.5

a Means of three experiments. Values are expressed as the dose (mM concentration) that gives 50%
inhibition. Calculated by ANOVA (P < 0.05).

inhibited respiration, germination, shoot and root elongation, and dry weight in
a concentration-dependent manner. In general, radicle and shoot elongation were
less sensitive to cedrelanolide inhibition than were germination and seed respi-
ration (see I50, Table 1).

Humilinolides A, B, C, and D (tetranortriterpenoids of the mexicanolide
group) and the MeOH extract of the seeds from Swietenia humilis (Meliaceae),
displayed marked phytoxicity towards radicle growth of Amaranthus hypon-
condriacus and Echinochloa crusgalli. The IC50 of the extract was 275.95 and

FIG. 7. Effects of cedrelanolide on electron transport rate (tridown, uncoupled; ♦, phos-
phorylating; and I, basal) in chloroplasts isolated from fresh spinach leaves. Control rate
values (in mequiv e− / hr/ mg chlorophyll) are 300, 600, and 1050, respectively. Each value
represents mean ± SE (N c 5) in error bars. The inhibition efficacy was expressed as a
percentage of activity inhibited compared with the control value (100%).
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171.54 ppm on radicle growth of A. hyponcondriacus and E. crusgalli, respec-
tively. The humilinolides A and C showed the same effect at 99.06 and 163.0
ppm for E. crusgalli, respectively; and at 199.0 and 215.08 ppm for A. hypocon-
driacus, respectively. Humilinolides B and D were not inhibitory (Segura-Correa
et al., 1993). These results show that cedrelanolide is a more potent inhibitor than
the humilinolides to mono- and dicot seeds.

Achnine et al. (1999) investigated the effect of the limonoids gedunin, 7-
oxogedunin, 7-deacetoxigedunin, and odoratol on photosystem I and photosys-
tem II and reported that these natural products were inhibitory at different sites
on the electron transport carrier of the photosynthesis process. However, the
effect of other limonoids on seed germination, root and seedling growth, and
seed respiration was unclear. Cedrelanolide is unique among limonoids reported
to date (Segura et al., 1994) that should be biogenetically derived from a meth-
ylangolensate type of precusor. The unusual C-15 acyl group could be produced
by an actyl transfer from a suitable ester, probably at C-30 (Taylor, 1979). A sec-
ond modification would be the opening of the d-lactone ring to give a free acid
functionality at C-16 and the acyloxy group at C-17, and the C-16 acid could
relactonize with a free hydroxyl group at C-8 to yield the g-lactone portion.

This compound has certain similarities with sendanin and toosendanin and
their derivatives (Isman et al., 1996; Schmutterer, 1995). We have recently
reported that other limonoids cause different types of inhibition and characteris-
tic effects on seed germination and respiration (Céspedes et al., 1998, 1999a,b).
We know of no other reports of the effects of these kind of compounds on growth
or germination.
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CÉSPEDES, C. L., CALDERON, J. S., GÓMEZ-GARIBAY, F., SEGURA, R., KING-DIAZ, B., and LOTINA-
HENNSEN, B. 1999b. Phytogrowth properties of limonoids isolated from Cedrela ciliolata.
J. Chem. Ecol. 25:2665–2676.
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Abstract—This study was replicated at two locations in the mountains of
central Utah. In 1997, ten uniform plants of tall larkspur (Delphinium barbeyi)
in the early bud stage (40 cm in height) were selected at each site and clipped
at 5 cm above soil level. In 1998, one stalk from each plant was harvested
on a weekly basis; in 1999, one stalk was harvested at four times during
its phenological development. Toxic and total alkaloid concentrations were
measured and alkaloid pools in the entire stalk were calculated. Clipping
reduced stalk height to less than 50 cm in 1998 and 65 cm in 1999, compared
to over 100 cm in unclipped control plants. Alkaloid concentration was similar
to control plants, but toxic alkaloid pools were 70% lower than control plants,
because of the reduction in biomass of the stalks. Clipping reduced subsequent
vigor and the amount of toxic and total alkaloids in tall larkspur.

Key Words—Tall larkspur, Delphinium barbeyi, norditerpenoid alkaloids,
defoliation, cattle poisoning.

INTRODUCTION

Larkspurs (Delphinium spp.) are an important group of poisonous plants on
mountain rangelands. They are relatively palatable to all livestock (Pfister et
al., 1988) but acutely toxic to cattle (Olsen, 1978), causing widespread deaths
throughout the mountains in the western United States (Nielsen and Ralphs,
1988).

*To whom correspondence should be addressed. e-mail: mralphs@cc.usu.edu
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The toxic compounds in larkspur are norditerpenoid alkaloids. Alkaloids
containing the N-(methylsuccinimido)-anthranilic ester group (referred to as
MSAL alkaloids) are the most toxic (Manners et al., 1995), with methyllyca-
conitine (MLA) being the most prominent toxic alkaloid. We have differentiated
the class of toxic alkaloids (MSAL) in larkspurs from the other alkaloids (Gard-
ner et al., 1997) and quantified them as a measure of potential toxicity to cattle
(Ralphs et al., 1997).

Environmental stresses on tall larkspur (D. barbeyi) have little effect on
toxic alkaloid levels. Light stress and photosynthesis inhibition (Ralphs et al.,
1998a) and the herbicide glyphosate (Ralphs et al., 1998b) reduced the dry
weight of the plants, thus increasing alkaloid concentration proportionately, but
the absolute amount of alkaloids, or alkaloid pools, were not affected. Damage
from the larkspur mirid (Hopplomachus affiguratus) actually reduced toxic alka-
loid concentration (Ralphs et al., 1998c), rather than inducing alkaloid synthesis,
as suggested by the plant defense theory (Tallamy and Raupp, 1991).

Laycock (1975) clipped Duncecap larkspur (D. occidentale) in the veg-
etative stage for two successive years and reported that the concentration of
total alkaloids declined by 50%, compared with unclipped plants. If defolia-
tion reduced the toxicity of larkspur, clipping or mowing larkspur patches might
reduce the risk of poisoning cattle. However, the generalized plant defense the-
ory (Rhoades, 1979, 1985) predicts that some plants induce synthesis of toxic
defense compounds in response to defoliation as a self-defense mechanism.
Sometimes the response is delayed to the next season’s growth (Tuomi et al.,
1990). This delayed resistance may be an active response induced by defoliation
(Haukioja, 1980) or an indirect response resulting from nutrient stress (Tuomi et
al., 1990; Bryant et al., 1993). The carbon/ nutrient balance theory predicts that
if either carbon or nitrogen limits growth, the other nutrient becomes excessive
and can be shunted to defense compounds (Bryant et al., 1983). The objective
of this study was to determine the effects of clipping tall larkspur on subsequent
vigor, alkaloid concentration, and alkaloid pools.

METHODS AND MATERIALS

The study was replicated at two locations in the mountains of central Utah.
The Ferron Reservoir site is 46 km west of Ferron at an elevation of 3150 m.
It is in a subalpine zone and the vegetation consisted of scattered subalpine fir
stands interspersed in the tall forb plant community dominated by tall larkspur,
western cone flower (Rudbeckia occidentalis), sweet cicely (Osmorhiza occiden-
talis), and mountain brome (Bromus carinatus).

The Mt. Terrell site is 40 km east of Salina at 3230 m in the subalpine zone.
Tall larkspur dominated the tall forb community with violet (Viola purpurea),
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sedge (Carex spp.), and mountain brome as understory species. Both sites were
fenced to prevent any grazing interference during the experiment.

Ten uniform plants (20–30 stalks/ plant) were selected at each site and
marked with an orange tent stake. The plants were clipped 5 cm above the soil on
July 16, at Salina and July 17, 1997 at Ferron. The plants were in the early bud
stage, prior to elongation of the inflorescence. In 1998, one stalk was harvested
from each plant, on a weekly basis, to evaluate seasonal trends in toxic and total
alkaloid responses to clipping the previous year. In 1999, one stalk was harvested
in the late vegetative, early flower, late flower, and pod stages of development.
The height of the stalk was measured when harvested. It was placed in an airtight
plastic bag and immediately frozen on Dry Ice. The samples were freeze dried
and then weighed to obtain dry weight. After grinding through a cyclone grinder,
the alkaloids were extracted and analyzed by Fourier-transformed infrared spec-
troscopy (FTIR) (Gardner et al., 1997) to determine the concentration of the toxic
MSAL alkaloids and total alkaloids. Alkaloid pools in each stalk were calculated
by multiplying alkaloid concentration by the dry weight of the stalk (Ralphs et
al., 2000). Pools are a better estimate of secondary compound synthesis because
concentration can change by being diluted in a large plant, or concentrated in a
small plant (Bryant et al., 1993).

The data were analyzed in two parts. The first analysis compared vigor
measurements (number of stalks and dry weight per stalk) in the same plant
when it was clipped in 1997 and at equivalent growth stages in 1998 and 1999.
Data were analyzed in a random mixed analysis of variance in a split-plot design
comparing locations and year, with plants within location as a random factor.
The data were transformed by the log transformation prior to analysis, but actual
means are presented. There was a location × year interaction (P < 0.01), so the
model was reduced to a one-way analysis of variance comparing years within
each location. Means were separated by least significance difference pairwise
comparisons.

The second analysis compared seasonal trends of stalk height and alkaloid
concentrations and pools between the plants that had been defoliated in 1997, and
10 undefoliated control plants at each location in 1998 and 1999. These variables
were compared in a repeated measures mixed analysis of variance using com-
pound symmetry covariance in a split plot design. Treatment (control, clipped),
location, and year were the main effects, and plants within treatment and location
was the factor repeated over weeks. The data were transformed by log transfor-
mation prior to analysis, but actual means are presented in the graphs.

RESULTS

Vigor. There was an initial difference in the number of stalks per plant
between the two locations (P < 0.001). The Salina site had an average of 31



DEFOLIATION EFFECTS IN LARKSPUR154

TABLE 1. VIGOR OF TALL LARKSPUR WHEN CLIPPED IN 1997 IN EARLY BUD STAGE AND

RESPONSE IN 1998 AND 1999a

Plants Stalks/ plant Stalk weight
Location Year (N ) (N, mean ± SE) (g, mean ± SE)

Ferron 1997 10 18 ± 2.3 a 5.3 ± 1.1 a
1998 8 7 ± 1.4 b 1.8 ± 0.4 b
1999 8 9 ± 3.4 b 2.2 ± 0.4 b

Salina 1997 10 31 ± 1.7 a 3.6 ± 0.3 a
1998 9 16 ± 2.5 b 1.7 ± 0.2 b
1999 8 32 ± 4.9 a 1.5 ± 0.1 b

a Means within locations not followed by the same letter differ (P < 0.05).

stalks/ plant, compared with 18 stalks/ plant at Ferron. Clipping greatly reduced
the vigor of tall larkspur plants, in both number of stalks per plant and stalk
weight (Table 1). The number of stalks per plant declined by 50% in 1998 and
remained low in 1999 at Ferron. Stalks per plant increased, however, to pre-
treatment levels in 1999 at Salina. Stalk weight declined at both locations and
remained low in both years.

Figure 1 illustrates the growth pattern of larkspur plants through the 1998
growing season. The control plants exceed 100 cm in height when mature. The
plants clipped in 1997 reached a height of only 50 cm in 1998 and 65 cm in
1999 (P < 0.001).

Alkaloids. The concentrations of toxic and total alkaloids in defoliated
plants were similar to the control plants and steadily declined through the grow-
ing season in both years (Figure 2). There was a year difference (P < 0.001)
with both toxic and total alkaloids slightly lower in 1999.

There was considerable variability in concentration of toxic alkaloids in
defoliated plants in 1998 (i.e., wide standard error bars; Figure 2). Some of the
defoliated plants were severely stunted. Their stalks were small and spindly, and
they remained in the vegetative stage throughout the growing season. In some but
not all of these stunted plants, toxic and total alkaloids remained high throughout
the growing season, in contrast with the other plants in which alkaloid concentra-
tions declined with maturity. Perhaps the prolonged juvenile stage of the stunted
plants accounted for the elevated and retained alkaloid concentrations.

The total amount of alkaloid in a stalk, or alkaloid pool, regardless of its
size, was estimated by multiplying the dry weight of the stalk by its alkaloid con-
centration. Pools of both toxic and total alkaloids in clipped plants were only one
third of the undefoliated control plants (Figure 3). Clipping suppressed both the
growth and total amount of alkaloids in tall larkspur in the subsequent growing
season.
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FIG. 1. Tall larkspur plant height through the 1998 growing season of undefoliated control
plants and plants that were clipped in 1997.

DISCUSSION

Clipping tall larkspur in the early bud stage in 1997 greatly reduced the
vigor of the same plants in 1998 and 1999. This agrees with the results of Lay-
cock’s (1975) experiments in which clipping duncecap larkspur in the early veg-
etative stage for two years was most detrimental to vigor when measured in the
third year. Cronin (1971), however, reported that clipping tall larkspur at var-
ious frequencies during the growing season was not detrimental to the growth
of the same plants the following year, but they failed to produce flowers. Vigor
of other forbs in the tall forb community is also reduced by clipping: bluebell
(Mertensia arizonica var. leonardi) (Laycock and Conrad, 1969), white pole-
monium (Polemonium foliosissimum) (McDonough and Laycock, 1975), Porter
ligusticum (Ligusticum porteri), edible valeriam (Valeriana edulis), and Richard-
son geranium (Geranium richardsoni) (Julander, 1968).

Laycock (1975) further reported that the concentration of total alkaloids
declined by 50% following two years of clipping. Earlier extraction methods for
the titration analytical technique (Williams and Cronin, 1963) did not retrieve
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FIG. 2. Trends in toxic and total alkaloid concentration through the 1998 and 1999 grow-
ing season of control plants and plants that were clipped in 1997.
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FIG. 3. Pools of toxic and total alkaloids in control plants and clipped plants in 1998 and
1999.
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the toxic class of alkaloids (G. D. Manners, personal communication) and would
subsequently underestimate the total alkaloid concentration. However, this does
not explain the relative decline in total alkaloid concentration in Laycock’s
(1975) study and the lack of decline in alkaloid concentration in our study.

There was very little regrowth of clipped plants in 1997, and they were
substantially smaller in 1998, both in height and stalk weight. Clearly their pho-
tosynthetic capacity was reduced. The carbon–nutrient balance theory (Bryant
et al., 1983, 1992; Toumi et al., 1990) predicts that since carbon gain would be
limited, nitrogen in excess of that used for growth could be used to increase
synthesis of alkaloids. However, alkaloid synthesis apparently did not increase
(alkaloid concentration was similar to controls and alkaloid pools were lower).
In contrast, wild tobacco shifts its allocation of nitrogen to nicotine synthesis
following clipping, at the expense of growth and reproduction (Ohnmeis and
Baldwin, 1994; Baldwin et al., 1990).

Larkspur grows from buds on the crown of the tap root. These buds start to
swell in the late summer and early fall, remain active and grow slowly beneath
the snowpack over winter, and initiate rapid growth even before the snow melts
in the spring (Kreps, 1969). Perhaps the removal of photosynthetic material dur-
ing the 1997 growing season greatly restricted the energy flow to the crown and
developing buds, resulting in the significant reduction in the number and vigor
of stalks in 1998 and 1999.

Benn and May (1964) reported that alkaloids in Delphinium brownii are
synthesized in roots and probably follow the mevalonate pathway of terpene
biosynthesis or the recently proposed pathway starting from pyruvate and
glyceraldehyde-3-phosphate (Lichtenthaler et al., 1997). Since energy and carbon
were apparently limited in the roots of our clipped plants, alkaloid biogenesis
may also have been limited.

Tall larkspur is not palatable to cattle in its early growth stages, but becomes
palatable as it matures into the flower and pod reproductive stages (Pfister et
al., 1997). Since clipping reduced the number and size of larkspur stalks, and
prevented them from maturing into the reproductive stages, it may reduce the
likelihood of cattle grazing clipped plants, as well as reducing the total lark-
spur biomass available to grazing animals. Alkaloid pools were also lower in
the shorter stalks, although concentration of alkaloids remained unchanged. The
reduced vigor of clipped plants may shift the competitive advantage to associated
species in the plant community, which could further suppress larkspur growth.
Thus, clipping may reduce the overall risk of poisoning in cattle.
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Laboratoire “Ecosystèmes et Changements Environnementaux”
Centre de Biologie Alpine
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Abstract—The toxicological characteristics of dietary decomposed alder leaf
litter against mosquito larvae were further investigated through enzymatic and
chemical purification of a phenoliclike cell-wall fraction isolated from crude
litter. The toxicity of the subfractions obtained was controlled by standard
bioassays on third instars of Aedes aegypti chosen as a reference target species.
Enzymatic hydrolyses of the cell-wall fraction were performed with caylase,
pectolyase, esterase, and b-glycosidase, in order to release, respectively,
cellulose material and phenolic compounds bound to lignins. These treatments
did not affect the larvicidal activity and the phenolic activity of the cell-wall
fraction. Chemical alkaline and acid hydrolyses were carried out to break
ester and glycosidic bonds of the cell-wall fraction. Comparison of HPLC
profiles of the hydrolysates from both toxic and nontoxic fractions did not
reveal differences between the phenolic acids released. Aluminum chloride,
known for its phenolic complexing activity, counteracted the larvicidal activity
of the cell-wall fraction. Altogether, these results suggest the involvement
of ligninlike compounds in the toxicity of dietary alder leaf litter against
larval mosquitoes. The toxicity of this fraction, which was very sensitive to
drastic and smooth oxidations, seemed to be associated with a strong oxidative
potential. These results are discussed in relation to a possible mode of action
of lignins in the plant–mosquito interactions.

Key Words—Alder leaf litter, larvicidal activity, ligninlike compounds,
HPLC, bioassays, Aedes aegypti.
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INTRODUCTION

Because of their various biological effects (reviewed in Appel, 1993),
polyphenols are among the most important secondary compounds involved in
plant–insect dietary interactions (Ali et al., 1999). Whereas the influence of
polyphenols from green leaves on the ecotoxicology of terrestrial herbivorous
insects has received much attention (Steinly and Berenbaum, 1985; Scriber et
al., 1989), their dietary interaction with aquatic detritivorous Arthropoda is far
less documented (Newman, 1991).

The ecotoxicological consequences of such an interaction are particularly
important in mosquito breeding sites from Alpine hydrosystems (Rey et al.,
1996). The polyphenols of decomposed leaf litter from riparian vegetation appear
to be involved in the habitat segregation of larval Culicidae through their dif-
ferential dietary toxicity (Rey et al., 1998a, 2000a). Such toxicity, mainly an
interaction between alder [Alnus glutinosa (L.) Gaertn.] and larval Aedes taxa,
appeared to be exerted against the midgut epithelium of the detritivorous lar-
vae (Rey et al., 1999a; David et al., 2000a). The histopathological effects of
dietary polyphenols observed in this target organ are stronger than those obtained
with the bacterioinsecticide Bacillus thuringiensis var. israelensis, suggesting
the possible use of those vegetable polyphenols in mosquito control (Rey et al.,
1998b).

The detritivorous arthropodan fauna from Alpine mosquito breeding sites
shows differential tolerance to those ingested polyphenols (Rey et al., 2000a).
Different levels of cytochrome P-450 monooxygenase and esterase activity were
associated with differential detoxifying capacities among species and ecotypes
(Rey et al., 1999b, 2000b).

Preliminary toxicological characterization of the alder leaf litter indicated
that the settling of the larvicidal effect required a 10-month decaying process in
the mosquito breeding site, under complex seasonal biotic, climatic, and hydro-
logic factors (David et al., 2000b). The toxicity of the decomposed leaf litter
seems to be intrinsic and associated with the high activity of insoluble phenolics
of an extractible cell-wall fraction. Both toxicity and phenolic activity did not
appear to be affected by a sequential extraction procedure with water, organic
solvents, and a detergent (David et al., 2000b). At this stage of the purifica-
tion procedure, this fraction included cellulose compounds (cellulose, hemicellu-
loses), pectic compounds, phenolic polymers of a lignin-type, and other insoluble
polyphenols. Among those components, lignins, which are the most prominent
polyphenols usually bound to plant cell-wall (Wallace and Fry, 1994), appear to
be candidates for toxicity.

Further chemical transformation and fractionation of this cell-wall fraction
are necessary to isolate the source of toxicity. For this purpose, we used gentle
methods such as enzymatic hydrolyses (Faulds et al., 1999), or more drastic
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methods such as alkaline and acid hydrolyses (Cvikrovà et al., 1993) before
phenolic characterization and toxicological checking of the subfractions.

The toxicity of dietary vegetable phenolics is generally exerted on the
midgut of herbivorous insects through oxidative mechanisms (reviewed by Sum-
mer and Felton, 1994). The sensitivity of the toxic cell-wall fraction to several
chemical oxidants was tested in order to examine the involvement of oxidative
stress in the larvicidal effects of the decomposed alder leaf litter.

METHODS AND MATERIALS

Plant and Insect Materials. The toxicity of decomposed alder leaf litter on
larval mosquitoes was investigated on a purified cell-wall fraction extracted from
crude 10-month-old litter. Samples were collected in August 1997 and 1998 in
a woodland subjected to periodic flooding in the Rhône-Alpes region of France
(Pautou and Girel, 2000), and they were deep-frozen until use. Extraction of
the cell-wall fraction was performed according to the sequential fractionation
procedure of Alibert et al. (1969), modified by David et al. (2000b), with water,
absolute ethanol, acetone, and benzene, before Triton X-100 treatment. The cell-
wall fraction was air-dried and stored at 48C before subsequent enzymatic and
chemical fractionation. Phenolic characterization and toxicity controls were per-
formed on the subfractions.

A cell-wall fraction was extracted as above from samples of nontoxic 10-
month-old litter for comparison of HPLC profiles of hydrolysates between toxic
and nontoxic alder leaf litter. This nontoxic litter originated from a woodland
near the site of collection of the toxic litter, but was subject to sparse flooding.

A. aegypti L. larvae, originating from a Bora-Bora strain raised in our lab-
oratory (Rey et al., 1999b), were used as a standard for toxicity controls. This
species was chosen because of its known sensitivity to crude alder leaf litter
and cell-wall fraction (David et al., 2000a) and its continuous availability for
experimentation.

Enzymatic Hydrolyses. Enzyme hydrolysis is helpful in the elucidation of
the composition of the cell-wall fraction (Faulds et al., 1999). Information on
the constituents of the cell-wall fraction involved in the toxicity factor may be
provided by comparative larval toxicity controls of cell-wall fractions treated by
differential enzyme hydrolysis. Several enzymes were used for this comparative
toxicological analysis.

Caylase (caylase 345, Cayla S.A. Toulouse, France; a complex of extracel-
lular enzymes with high cellulase and hemicellulase activities) and pectolyase
(Sigma) were used separately or mixed together, in order to solubilize the polysac-
charide and pectin compounds. In all cases, 100 mg of purified toxic cell-wall frac-
tion, suspended in 20 ml of water adjusted to pH 5.5, was treated for 60 min at 368C
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with 200 mg and 20 mg of caylase and pectolyase, respectively. After filtration, the
treated material was water rinsed and centrifuged (10,000g for 5 min) three times.
Evaluation of the sugar quantity released in the supernatant, with glucose as a refer-
ence, was performed following the colorimetric method of Arnold (1965), by using
the 3,5-dinitrosalicylic acid reagent. Absorbance was measured at 530 nm with a
Perkin-Elmer 551 spectrophotometer.

b-Glycosidase (20 mg of 2.5 units/ mg, Sigma) and esterase (30 ml of 4.16
units/ ml, Sigma) were used to break down glycosidic and ester linkages, respec-
tively. The procedure was identical to the above. For esterase, the pH was
adjusted to 7.5 to obtain maximum enzymatic activity.

In all cases, toxicological checking and evaluation of total levels of phe-
nolics (c phenolic activity) were performed on air-dried pellets. Total phenolics
released after b-glycosidase and esterase digestion also were measured.

Alkaline and Acid Hydrolyses. For alkaline hydrolysis, 130 mg of puri-
fied toxic cell-wall fraction was treated with 30 ml 2 N NaOH under a nitrogen
atmosphere for 2 hr at 208C. After neutralization, the slurry was centrifuged at
20,000g for 10 min, and the pellet was rinsed with water and centrifuged as
above.

For acid hydrolysis, 300 mg of purified toxic cell-wall fraction was treated
with 20 ml N H2SO4 under agitation for 2 hr at 1008C. The neutralized slurry
was filtered, water-rinsed, and centrifuged as mentioned above.

After hydrolysis, the resulting pellets were air-dried and stored at 48C
before determination of phenolic activity and larval toxicity control. The super-
natants were evaporated to dryness, and the residue was dissolved in methanol to
discard the sodium salts. The hydrolysates, solubilized in methanol, were chemi-
cally characterized through HPLC analysis.

HPLC Analysis. A reversed-phase system, including a Waters Spherisorb
5-mm ODS-2 column (250 × 4.6 mm ID; Alltech, Deerfield, Illinois) was used
for the characterization of the phenolic acids released by acid/ alkaline hydroly-
ses of the cell-wall fraction. The column was equipped with a 5-mm precolumn,
a Dionex 4500i gradient pump, a Shimadzu SIL-9A autoinjector, a Shimadzu
SPD 6A UV detector, and Shimadzu Workstation Class CR-10 integration soft-
ware. The mobile phase consisted of ultrapure water with 1% orthophospho-
ric acid, and methanol (HPLC grade). The column was eluted with a 60-min
water–methanol gradient at a flow rate of 0.5 ml/ min. The gradient comprised
5 min isocratic 80 : 20, 40 min linear to 45 : 55, followed by 10 min linear to
80 : 20. Sample size was 150 ml and phenolic acids were detected at 280 and
320 nm.

The identification of phenolic acids eluted was performed by comparison
with retention times of appropriate standards (gallic acid, ellagic acid, p-hy-
droxybenzoic acid, vanillic acid, p-coumaric acid, and ferulic acid) (Sigma).
HPLC profile comparisons were made between toxic and nontoxic cell-wall frac-



LARVICIDAL EFFECTS OF LIGNINLIKE COMPOUNDS 165

tions in order to elucidate possible compounds released from the hydrolyzed
cell-wall fraction that may be involved in the toxic factor.

Chemical Oxidations. Chemical oxidations were performed with aqueous
solutions of KMnO4 (0.02 N), FeCl3–FeK3(CN)6 (1%, v/ v) and NaOH (0.001
N to 0.2 N: see Figure 3 below). A 300-mg toxic cell-wall fraction was mixed in
30 ml of oxidative solutions for 2 hr under agitation at 208C. Treated powders
were water rinsed and centrifuged (10,000g for 5 min) three times, then air-dried
before determination of phenolic activity and toxicity control.

Chelation with Aluminum Chloride. A purified toxic cell-wall fraction (10
mg) was suspended into 50 ml of 0.05% AlCl3 aqueous solution at pH 7, and
incubated 1 hr at 208C.

Determination of Phenolic Activity. Determination of the phenolic com-
pounds within the subfractions resulting from the enzymatic and chemical treat-
ments was done in triplicate, with 5–10 mg (dry weight) of powder. Measure-
ments were done with the colorimetric method by the Folin-Ciocalteau reagent
and 20% Na2CO3, following the method of Marigo (1973) modified by David
et al. (2000b), with gallic acid used as a standard. Absorbance was measured at
760 nm with a Perkin-Elmer 551 spectrophotometer.

Toxicity Controls. Toxicity of the subfractions obtained after the different
enzyme activities and chemical treatments was checked with standard bioas-
says (WHO, 1981) on third-instar A. aegypti. Triplicate bioassays were con-
ducted at 258C, on samples including 20 specimens of the same size, in plastic
vials containing 50-ml water suspensions of the different subfractions (10 mg/ 50
ml), with pH adjusted to 7.5. Controls were reared in tap water. Mortality was
checked 2 hr after the beginning of the treatment. Results were corrected by
Abbott’s formula (Abbott, 1925).

RESULTS

Purification of Toxic Cell-Wall Fraction by Enzymatic Digestion. Enzy-
matic hydrolysis of the toxic cell-wall fraction with caylase and pectolyase alone
or mixed together showed no obvious decrease of toxicity within this frac-
tion (Table 1). Nevertheless, a significant amount of polysaccharide and pectin
compounds were released by this treatment (representing 150, 30, and 210 mg
glucose/ mg for caylase, pectolyase, and both mixed together, respectively), indi-
cating the efficiency of the treatments. The residual phenolic activity was not
affected by these enzymatic digestions (Table 1).

These results suggest that the polysaccharidic compounds included in the
cell-wall fraction and released by the enzyme activities may not be involved in
the larvicidal effect. Moreover, the same relation previously mentioned by David
et al. (2000b) between toxicity and total phenolic activity was observed here.
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TABLE 1. EFFECTS OF ELIMINATION OF CELLULOSE AND PECTIN COMPOUNDS BY

ENZYMATIC HYDROLYSIS ON TOXIC CELL-WALL FRACTION

Residual phenolic activity Released sugars
Toxic cell-wall Toxicity (mg equiv gallic (mg glucose/ mg

fraction (% mortality ± SE) acid/ mg powder) powder)

Untreated 89 ± 6.6 36 ± 1.6 —
Treated with pectolyase 95 ± 5.4 31.2 ± 2.1 30 ± 5
Treated with caylase 94.8 ± 3.3 35.8 ± 2.4 150 ± 7.5
Treated with both

pectolyase and caylase 84 ± 5.2 31.9 ± 0.9 210 ± 12

Hydrolysis of ester and glycosidic linkages within the cell-wall fraction,
with esterase and b-glycosidase, released small amounts of phenolic compounds
(1.4 and 3.2 mg equiv gallic acid/ mg powder, respectively) (Table 2). There
was no obvious decrease of toxicity within the subfractions obtained. Thus, the
polysaccharidic compounds and phenolic acids linked to the insoluble cell-wall
fraction did not seem to be involved in the larvicidal effect of the litter.

These results confirm our knowledge of the composition of the cell-wall
fraction, showing that its main components involved in toxicity are supposed to
be related to the ligninlike compounds. They constitute the main polyphenolic
constituents remaining within the cell-wall fraction after enzymatic treatment.

Chemical Treatments. Both acid and alkaline hydrolysis of the toxic cell-
wall fraction led to a strong loss of toxicity (Table 3). In the same way, an
important decrease of phenolic activity within this fraction was observed after
hydrolysis (i.e., from 48% for acid hydrolysis up to 55% for alkaline hydrolysis).

However, these drastic hydrolyses did not release any significant toxic com-
pounds, as shown by the comparison of HPLC profiles of the supernatants result-
ing from hydrolyses of toxic versus nontoxic cell-wall fractions (Figure 1). In
both cases, among the few solubilized compounds, four of them were identi-

TABLE 2. EFFECTS OF ELIMINATION OF CELL-WALL LINKED PHENOLIC COMPOUNDS BY

ENZYMATIC HYDROLYSIS ON TOXIC CELL-WALL FRACTION

Residual phenolic Released phenolic
activity (mg equiv compounds (mg equiv

Toxic cell-wall Toxicity gallic acid/ mg gallic acid/ mg
fraction (% mortality ± SE) powder) powder)

Untreated 92.5 ± 3.6 37 ± 1.2
Treated with b-glucosidase 99 ± 1.2 34.1 ± 1.6 1.4 ± 0.1
Treated with esterase 97.3 ± 3.3 33 ± 1.9 3.2 ± 0.2
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TABLE 3. EFFECTS OF ACID AND ALKALINE HYDROLYSIS ON TOXIC CELL-WALL FRACTION

Toxic cell-wall Toxicity Phenolic activity
fraction (% mortality ± SE) (mg equiv gallic acid/ mg powder)

Untreated 98.5 ± 1.6 35.8 ± 1.2
Treated with H2SO4 2.5 ± 1.3 18.7 ± 2.6
Treated with NaOH 0 16.2 ± 4.2

fied by comparison with commercial compounds: gallic acid (Rt c 11.5 min),
p-hydroxybenzoic acid (Rt c 26.7 min), vanillic acid (Rt c 29.8 min), and p-
coumaric acid (Rt c 37 min). The most abundant compounds present in both
profiles were p-hydroxybenzoic acid and gallic acid. None of them appeared to
be more represented in the hydrolysate from the toxic cell-wall fraction than in
that from the nontoxic one. There was no significant difference between alkaline
(not shown) and acid (Figure 1) hydrolysis at both 280 (Figure 1) and 320 nm
(not shown). HPLC results suggested that drastic hydrolyses did not solubilize
any toxic component from the cell-wall fraction but may break them down or
change their configuration into nontoxic forms. Thus, the phenolic compounds
from the cell-wall fraction involved in the toxicity may be associated with the
ligninlike compounds themselves rather than with the phenolic acids bound to
lignins.

In the same way, strong chemical oxidations of purified toxic cell-wall frac-
tion induced considerable decrease of both toxicity and phenolic activity (Figure
2). Nevertheless, in our experiment, KMnO4 seemed to be more efficient than
FeCl3–K3(CN)6 among the oxidants used. Similar results were found after gen-
tler oxidations with NaOH at low concentrations (Figure 3). These results indi-
cated that the toxicity of the cell-wall fraction was rapidly canceled for NaOH
concentrations under a threshold of 0.2 N and that a phenolic activity up to 15
mg equiv gallic acid/ mg powder was necessary for a visible larvicidal effect.

The involvement of phenolic compounds within the toxic factor was also
confirmed by treatment of the purified toxic cell-wall fraction with AlCl3, known
for its phenolic complexing activity. AlCl3-treated samples only induced 1.5% of
larval mortality, while untreated samples induced 97.5% of mortality, and AlCl3
controls did not show any effect on larval survival (data not shown).

DISCUSSION

A preliminary characterization has associated the larvicidal properties of the
decomposed alder leaf litter from Alpine mosquito breeding sites to an insoluble
cell-wall fraction with a strong phenolic activity (David et al., 2000a). The cur-
rent enzymatic and chemical purification of this cell-wall fraction revealed a
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FIG. 1. Comparative HPLC profiles of standard compounds (a), toxic cell-wall fraction
after drastic acid hydrolysis (b), and nontoxic cell-wall fraction after drastic acid hydro-
lysis (c). Extracts were run on reversed-phase HPLC, and phenolics were detected by
absorbance at 280 nm. Peaks identified are indicated on the chromatogram.
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FIG. 2. Effects of chemical oxidation on toxicity (dark bars) and phenolic activity (white
bars) of the cell-wall fraction.

FIG. 3. Effects of gentle NaOH oxidation on toxicity and phenolic activity of the cell-
wall fraction (Q, % mortality; M, phenolic activity).
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toxic subfraction, including polyphenols, which may be characterized as lignin-
like compounds. The sensitivity of the toxic fraction to both drastic and gentle
oxidations suggested that the oxidation potential of these compounds within the
larval midgut epithelium may be an important component of toxicity of alder
leaf litter.

Characterization of Ligninlike Compounds as Toxic Elements from Cell-
Wall Fraction. All the toxicological results of our fractionation and HPLC
design are congruent and suggest the involvement of ligninlike compounds in
the toxicity of the cell-wall fraction from decomposed alder leaf litter.

Lignins are phenolic polymers (Lewis and Yamamoto, 1990) that are built
by oxidative coupling of three major C6–C3 phenylpropanoid units together with
amounts of C6–C1 units such as p-hydroxybenzoic acid, which may be linked
via ester and ether bonds to the rest of the lignin molecule (Wallace and Fry,
1994). However, as lignins were insoluble, there is no analytical method cur-
rently available to directly characterize them, and we have used several indirect
characterization traits.

Our enzymatic design for digestion of the cell-wall fraction with hydrolases,
alone or mixed, which may have synergistic interactions (Faulds et al., 1999),
led to a purified subfraction with a high phenolic content. This subfraction may
correspond to a purified ligninlike fraction, according to Wallace and Fry (1994),
in the phenolic content of the vegetable cell wall.

Lignins were present within the plant cell wall in covalent attachment to
structural polysaccharides, and in ester linkages to phenolic acids (Wallace et
al., 1991). Esterified phenolic acids were easily liberated from cell walls by 1
N NaOH at room temperature (Iiyama et al., 1990). Hydrolysis of these com-
plexes may lead to ferulic, p-coumaric, vanillic, sinapic, and p-hydroxybenzoic
acid (Wallace and Fry, 1994). As most of these compounds have been found in
hydrolysates from the toxic cell-wall fraction without any larvicidal effect, this
was another indication of the involvement of the lignin cores themselves in the
toxicity factor, and not of the bound phenolic acids.

In the same way, oxidations released phenols from reactive sites of the
lignin macromolecules, and the analysis of the oxidation products has been used
as a relative measure of the total lignin concentration in plants or leaf litter (see
references in Amelung et al., 1999). We successfully used the oxidation of the
toxic subfraction by potassium permanganate (Gellerstedt, 1992), and, to a lesser
extent, by FeCl3–FeK3(CN)6 and dilute NaOH. In all cases, there was a corre-
lation between degradative oxidation and loss of toxicity together with phenolic
activity. Results were obvious when using serial doses of NaOH under the thresh-
old of 0.2 N. In the same way, the ability of numerous structural groups of the
phenolics from the subtoxic fraction to form complexes with metals, including
AlCl3 (Jurd, 1962), was another qualitative trait suggesting the involvement of
lignins in the toxicity factor.
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Possible Involvement of Ligninlike Compounds in Toxicity of Cell-Wall
Fraction. The possible involvement of ligninlike compounds in the larvicidal
properties of decomposed alder leaf litter was expected as lignins are known
to be one of the predominant phenolic components in leaf litter (Molloy et al.,
1977). As soon as the more labile components have been degraded, litter decom-
position curves are dominated by lignins (Minderman, 1968). Lignins are among
the most important defensive chemicals in plants, providing not only physical
but also chemical defense against insects (Wainhouse et al., 1998). As suggested
from an evolutionary standpoint, lignins and ligninlike compounds may have
been originally defense-related (Boudet et al., 1996). Besides the well-known
role of lignins in decreasing the digestibility of plant cell walls by phytophagous
consumers indirectly through their deleterious effect on rumen flora (see refer-
ences in Bennett and Wallsgrove, 1994), direct larvicidal properties of lignins
were suggested for some xylophagous Coleoptera (Wainhouse et al., 1990). In
a toxicological investigation of integumental lignin against Coleoptera larvae,
antibiosis phenomena were observed by Stamopoulos (1988), who used artifi-
cial diet with lignin.

Toxicological Effect of Ligninlike Compounds in Larval Midgut. The
ligninlike products currently characterized in the cell-wall fraction of decom-
posed alder leaf litter may act as toxic elements through their phenolic activ-
ity. This was strongly suggested by our preliminary data (David et al., 2000a,b)
and our current fractionation experiments, both indicating a strict association
between toxicity and phenolic activity. The loss of toxicity currently observed
within the oxidized cell-wall fraction suggests a correlation between oxidative
and toxic power.

The involvement of oxidative processes in litter toxicity is not surprising
because, generally, oxidative activation is the most common biochemical mode
of action of phenolics (Appel, 1993). Oxidation may be an important component
of phenolic toxicity in mosquito larval gut, as also proposed for lepidopteran
larvae (Barbehenn and Martin, 1994). The autooxidation of phenolics may result
in the formation of superoxide radicals and other reactive oxygen species (see
references in Summer and Felton, 1994), leading to a direct oxidative stress of
the digestive system of actively feeding larvae. This process may be enhanced
by the alkaline pH of the larval gut (Clements, 1992) or by oxidative enzymes
such as peroxidases and polyphenol oxidases (Appel, 1993). When the oxidative
stress exceeds the antioxidant resources of the midgut tissues, protein oxidation
and lipid peroxidation could ensue. Such redox cycling may be directly related to
the histopathological effects of the ingested leaf litter on the midgut epithelium
(David et al., 2000a). The midgut epithelium seemed to be the privileged target
for the deleterious effect of phenolics due to the high relative reactivity of free
radicals and reactive oxygen species. The major damages may be observed on
tissues close to the site where the oxidants are stored or synthesized.
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Although the current analysis suggests the involvement of ligninlike com-
pounds in the larvicidal effect of dietary alder leaf litter through a possible induc-
tion of an oxidative stress in the mosquito midgut, the origin and the exact con-
stitution of the toxic ligninlike compounds during the decaying process of the
leaf material in mosquito breeding sites need further investigation.
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Klimo and H. Hager (eds.). Research Report of the European Forest Institute, Joensuu, Finland.
Brill Academic Publishers Amsterdam. In Press.

REY, D., MARIGO, G., and PAUTOU, M. P. 1996. Composés phénoliques chez Alnus glutinosa et
contrôle des populations larvaires de Culicidae. C.R. Acad. Sci. Paris, Sci. Vie 319:1035–1042.

REY, D., CUANY, A., MARIGO, G., HOUGARD, J. M., BISSAN, Y., KONE, Y., PAUTOU, M. P., LONG,
A., and MEYRAN, J. C. 1998a. Alder–mosquito interactions in alpine hydrosystems: Possible
applications in dipteran pest control. Acta Parasitol. Port. 5:40.

REY, D., LONG, A., PAUTOU, M. P., and MEYRAN, J. C. 1998b. Comparative histopathology of Bacil-
lus thuringiensis var israelensis on some dipteran larvae and Crustacea of aquatic hydrosystems.
Entomol. Exp. Appl. 8:255–263.

REY, D., PAUTOU, M. P., and MEYRAN, J. C. 1999a. Histopathological effects of tannins on the
midgut epithelium of aquatic Diptera larvae. J. Invertebr. Pathol. 73:173–181.

REY, D., CUANY, A., PAUTOU, M. P., and MEYRAN, J. C. 1999b. Differential sensitivity of mosquito
taxa against vegetable tannins. J. Chem. Ecol. 25:537–548.

REY, D., DAVID, J. P., MARTINS, D., PAUTOU, M. P., LONG, A., MARIGO, G., and MEYRAN, J. C.
2000a. Role of vegetable tannins in habitat selection among mosquito communities from the
Alpine hydrosystems. C.R. Acad. Sci. Paris, Sci. Vie 323:391–398.

REY, D., DAVID, J. P., CUANY, A., AMICHOT, M., and MEYRAN, J. C. 2000b. Comparative ability to
detoxify alder leaf litter in field larval mosquito strains. Arch. Insect Biochem. Physiol. 44:1–8.

SCRIBER, J. M., LINDROTH, R. L., and NITAO, J. 1989. Differential toxicity of a phenolic glyco-
side from quaking aspen leaves by Papilio glaucus subspecies, their hybrids, and backcrosses.
Oecologia 81:186–191.

STAMOPOULOS, D. C. 1988. Toxic effect of lignin extracted from the tegument of Phaseolus vul-
garis seeds on the larvae of Acanthoscelides obtectus (Say) (Coleoptera, Bruchidae). J. Appl.
Entomol. 105:317–320.

STEINLY, B. A., and BERENBAUM, M. 1985. Histopathological effects of tannins on the midgut epi-
thelium of Papilio polyxenes and Papilio glaucus. Entomol. Exp. Appl. 39:3–9.

SUMMER, C. B., and FELTON, G. W. 1994. Prooxidant effects of phenolic acids on the generalist her-
bivore Helicoverpa zea (Lepidoptera: Noctuidae): Potential mode of action for phenolic com-
pounds in plant anti-herbivore chemistry. Insect Biochem. Molec. Biol. 24:943–953.

WAINHOUSE, D., CROSS, D. J., and HOWELL, R. S. 1990. The role of lignin as a defence against the
spurce bark beetle Dendroctonus micans: Effect on larvae and adults. Oecologia 85:257–265.

WAINHOUSE, D., ASHBURNER, R., WARD, E., and BOSWELL, R. 1998. The effect of lignin and bark
wounding on susceptibility of spruce to Dendroctonus micans. J. Chem. Ecol. 24:1551–1561.



DAVID, REY, MEYRAN, AND MARIGO174

WALLACE, G., and FRY, C. 1994. Phenolic components of the plant cell wall. Int. Rev. Cytol.
151:229–267.

WALLACE, G., CHESSON, A., LOMAX, J. A., and JARVIS, M. C. 1991. Anim. Feed Sci. Technol.
32:193–199.

WHO. 1981. Instructions for determining the susceptibility or resistance of mosquito larvae to insec-
ticides. WHO/ VBC/ 81, 807. World Health Organization Geneva.



Journal of Chemical Ecology, Vol. 27, No. 1, 2001

0098-0331/ 01/ 0100-0175$19.50/ 0  2001 Plenum Publishing Corporation

175

THIN-LAYER CHROMATOGRAPHY ASSESSING FEEDING
STIMULATION BY LABIAL GLAND SECRETION

COMPARED TO SYNTHETIC CHEMICALS IN THE
SUBTERRANEAN TERMITE Reticulitermes santonensis

JUDITH REINHARD1,* and MANFRED KAIB2

1Bundesanstalt für Materialforschung und -prüfung
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Abstract—The labial gland of the French subterranean termite Reticulitermes
santonensis De Feytaud contains a polar, heat-resistent, and persistent
chemical signal that is released onto the food during food exploitation and
stimulates feeding in nestmates. Separation of the labial gland secretion by
thin-layer chromatography on cellulose plates revealed that the secretion
contains components with reducing and amino groups. In feeding bioassays
conducted on the cellulose plate after TLC, termites preferred the area
between Rf 0.46 and 0.88 (biologically active zone) for feeding, indicating the
location of the feeding-stimulating signal. Thirty-five synthetic chemicals with
similar chemical properties as the feeding-stimulating signal were analyzed
with TLC. None of them covered the biologically active zone. Therefore,
all chemical classes tested, such as sugars, amino acids, and salts, are
unlikely as possible sources for the signal structure. In feeding choice tests
with synthetic chemicals, termites showed clear feeding preference only for
sugarlike components with physiologically excessive concentrations of 10
mmol and 100 mmol. Amino acids induced only light feeding preference. The
intensity of feeding stimulation by the natural signal from the labial gland as
compared to synthetic phagostimulants is discussed.

Key Words—termites, labial gland, phagostimulants, thin-layer chromato-
graphy, sugars, amino acids.
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INTRODUCTION

In termite societies communal tasks, such as food exploitation, involve large
numbers of nestmates and are in many ways regulated by the secretions of
exocrine glands. The paired labial glands play a major role. They are found
in all termite species, located in the meso- and metathorax. Their histology and
fine structure have been described for several termite species (e.g., Czolij and
Slaytor, 1988; Billen et al., 1989; Costa-Leonardo and Cruz-Landim, 1991; Kaib
and Ziesmann, 1992; Mednikova, 1996; Costa-Leonardo, 1997). The glandular
ducts open into the oral cavity, and from there termites release the watery labial
gland secretion onto the substrate.

The labial gland secretion is reported to have various species-specific
functions in nest construction, including regulation of nest climate, defense,
fungistatic action, and source of digestive enzymes (e.g., Noirot, 1969; Hewitt
et al., 1971; Maschwitz and Tho, 1974; Martin and Martin, 1978; Grassé, 1982;
Brian, 1983; Hogan et al., 1988; Olagbemiro et al., 1988; Veivers et al., 1982,
1991; Mednikova, 1991). The labial gland secretion also plays an important
role during communal food exploitation, as recently documented for Schedo-
rhinotermes lamanianus and Reticulitermes santonensis (Kaib and Ziesmann,
1992; Reinhard and Kaib, 1995; Reinhard et al., 1997). It contains a feeding-
stimulating chemical signal released onto the food by termite workers while
feeding. It stimulates additional workers to feed at the same site, resulting in
a faster and more efficient exploitation of the food source. This feeding stimu-
lating signal is polar, heat-resistant, and nonvolatile (Kaib and Ziesmann, 1992;
Reinhard et al., 1997). However, further research is required for its chemical
characterization.

Organization of termite feeding is of major economic interest, as it results
in the destruction of the material they feed upon. The damage done by termites
worldwide reaches several billion U.S. dollars per year (Lewis and Haverty,
1996). There has been extensive research on toxic food baits as a means of con-
trolling termites (e.g., Esenther and Grey, 1968; Jones, 1984; Su, 1994; Peters
and Fitzgerald, 1999), but only recently did it become clear that inducing ter-
mites to preferentially feed on the toxic bait is of critical importance to the via-
bility of the baits. Therefore, bait additives acting as phagostimulants have been
sought among chemicals of nutritional value such as sugars (Waller and Curtis,
1996) and amino acids (Mishra, 1992; Chen and Henderson, 1996). A natural
phagostimulant, however, such as the signal found in the labial gland secretion
of S. lamanianus and R. santonensis (Kaib and Ziesmann, 1992; Reinhard et
al., 1997), could present a much more effective way to make toxic bait systems
attractive to termites.

We investigated chemically the feeding stimulating signal from the labial
gland secretion of R. santonensis with thin-layer chromatography (TLC) com-
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bined with feeding bioassays. Furthermore, the phagostimulating effect of the
signal was compared with the effect of an array of synthetic chemicals of sim-
ilar chemical properties and possible nutritional value.

METHODS AND MATERIALS

Collection and Culture of Termites. A new colony of the subterranean
termite Reticulitermes santonensis De Feytaud was collected in Ile d’Oleron,
France, and kept in the laboratory under constant conditions of 258C, 75% rel-
ative humidity. The colony was housed in a metal container (length × height ×
width: 150 × 50 × 100 cm) for several months with moist vermiculite as soil
substrate and water source and pine wood as food. From the container the ter-
mites had access to a foraging arena via a silicone tube (5 mm ID). The foraging
arena (10 × 10 cm and 5 mm high) had a sand-blasted glass plate as floor and
was covered by a glass plate.

At a preliminary stage of the work, the experiments also were carried out
with three older laboratory colonies of R. santonensis (reared for up to six years).
We could not observe obvious colony-specific differences during the feeding
bioassays and chemical analyses. Nevertheless, to avoid possible rearing-related
artifacts, only the freshly collected field colony was used for the final experi-
ments.

Preparation of Gland Extract and Synthetic Chemicals. Termite workers
were killed by deep-freezing, fixed in a ventral position in paraffin, and covered
with distilled water. The paired labial glands were removed through an incision
in the thorax. Lots of 100 labial glands were simultaneously extracted in 100 ml
distilled water for 12 hr at 48C and then deep-frozen for 24 hr. Thereafter, the
glands were removed from the extract and the extract again deep-frozen until
tested. Thirty-five synthetic chemicals (see Table 2 below) were chosen accord-
ing to physicochemical properties corresponding to the feeding stimulating signal
from the labial gland (polar, heat-resistant, nonvolatile: Reinhard et al., 1997).
Chemicals were dissolved in water or ethanol at concentrations of 100, 10, and
1 mmol.

Thin-Layer Chromatography. The labial gland extract and the synthetic
chemicals were chromatographed on cellulose TLC plates of 10 × 10 cm
(TLC aluminum sheets, cellulose F, layer thickness 0.1 mm, Merck). Labial
gland extract (10 ml) and 100 mmol solutions of each of the synthetics were
applied separately on TLC plates with a microcapillary. The plates were chro-
matographed at room temperature for 70 min with a mixture of 2-propanol, 25%
ammonia solution, water, and saturated boric acid solution (6 : 2 : 1 : 1), pH 9. For
detection of spots we used UV light (254 nm) was well as the reagents brom-
cresol green, aniline phthalate, and ninhydrin/ collidine (Merck, 1970).
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Bioassays on Feeding Stimulation. Termites are light sensitive, so all tests
were made under red light illumination. Feeding behavior in termite workers
can be recognized easily by the hypognathous head position and wriggling head
movements while gnawing and tearing off food fibers. Feeding spots can also be
recognized afterwards by marks or holes in the substrate due to removal of food
particles by the termites. Frequencies and spatial distributions of workers that
were feeding according to the behavior described above were recorded over time
by video techniques (IR-sensitive Kappa camera) and subsequently analyzed. To
determine feeding stimulation by labial gland components, 10 ml of the labial
gland extract was applied as a 1-cm-long line on cellulose TLC plates (10 cm
long × 3 cm wide) and chromatographed as described above. The TLC plate
was then offered in the foraging arena for 1 hr. As control, a TLC plate chro-
matographed without extract was offered simultaneously. The spatial distribution
of all termites feeding between the start and front line on the TLC plates during
the 1-hr duration of the experiment was analyzed to determine preferred feeding
zones. Termites displaying different behaviors, such as arresting or aggregating
without actually feeding, were not considered. The bioassay was repeated 10
times.

For the feeding bioassay with synthetic chemicals, pieces of moist filter
paper were used as described in Reinhard et al. (1997). Four indepenent tests
were run simultaneously in the foraging arena. Each test consisted of two semi-
circles (2.5 cm diameter) of filter paper. One of the two semicircles was randomly
chosen for application of 25 ml of a synthetic solution and moistened with water.
The other semicircle was just moistened (control). For each test the distribution
of the first 20 feeding termites on the two semicircles was determined. Termites
arresting or aggregating without actually feeding as described above were not
considered. Up to three concentrations per chemical were tested for feeding pref-
erence. Tests for each chemical and each concentration were replicated 20 times.
Enzymes (not heat-resistant) and stearic acid (lower polarity) were not tested for
feeding preference.

Data Analysis. The distribution of feeding termites on TLC plates was ana-
lyzed via the dispersion index (Elliott, 1979) and the Rf value of the biologically
active zone determined. The sign-test was used to analyze the data of the semi-
circle bioassays.

RESULTS

Analysis of Labial Gland Extract. Thin-layer chromatography of labial
gland extract of R. santonensis revealed two bands in the lower half of the plate
visible under 254 nm UV light (Figure 1A). With bromcresol green (general
reagent for organic components), aniline phthalate (reagent for reducing groups
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FIG. 1. Thin-layer chromatography of labial gland secretion (LGS) of Reticulitermes
santonensis on cellulose plates. S: start line, F: front line. (A) Spots visible under UV
254 nm; (B) spots visible after detection with bromcresol green, aniline phthalate, and
ninhydrin/ collidine; (C) distribution of all termites (dots) feeding on a TLC plate within
1 hr of observation, left on LGS, right on control. Dotted lines: biologically active zone.

as in sugars), and ninhydrin/ collidine (reagent for amino groups, amines, amino
acids, and peptides) several further spots could be detected (Figure 1B). Con-
sequently the labial gland secretion of R. santonensis contains components with
reducing and/ or amino groups.

When a TLC plate with chromatographed labial gland extract was offered
to the termites, at least 95% of all termites showing feeding behavior were found
between Rf 0.46 and 0.88 (Figure 1C, Table 1), leaving clear gnawing marks
in the cellulose layer. Statistical analysis showed a difference from a random
distribution at P < 0.05 for all 10 replicates. The feeding stimulating signal of
the labial gland secretion must, therefore, be located in this area. In contrast,
feeding termites were randomly distributed on the control plates (Figure 1C,
Table 1), leaving gnawing marks all over the cellulose layer. Furthermore, more
termites fed on the treated TLC plates (28.5 ± 5.6) within the 1-hr duration of
the experiment compared to the control (2.7 ± 1.6, mean ± SD, N c 10, P c

0.005, Wilcoxon matched-pairs test).
Analysis of Synthetic Chemicals. Thirty-five synthetic chemicals with similar

physicochemical properties to the feeding stimulating signal from the labial gland
have been analyzed with TLC. Spot detection with bromcresol green showed that
none of them covered the entire biologically active zone from Rf 0.46 to Rf 0.88
(Figure 2). Mono- and disaccharides were found only within the lower half of the
active zone. Two of the sugar alcohols, amino sugars, methyl and phenyl sugars, as
well as anhydrosugars/ -sugar alcohols were located within or at least at the border
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TABLE 1. NUMBER AND DISTRIBUTION OF FEEDING Reticulitermes santonensis WORKERS

CONTINUOUSLY OBSERVED FOR 1 HOUR ON CELLULOSE TLC PLATESa

Number of feeding termites

∑ Rf Rf Rf Rf

Test Total 0–0.25 0.25–0.5 0.5–0.75 0.75–1.0 X 2 P

LGS
1 36 1 1 14 20 30.4 b

2 35 0 2 10 23 37.4 b

3 17 1 0 7 9 13.5 b

4 29 0 1 8 20 35.0 b

5 29 0 0 12 17 30.6 b

6 28 1 1 5 21 38.8 b

7 26 1 2 10 13 16.1 b

8 25 0 0 8 17 31.4 b

9 26 0 0 11 15 27.2 b

10 34 0 1 11 22 37.2 b

Control
1 6 2 1 1 2 0.7 NS
2 3 1 0 2 0 3.7 NS
3 1 0 1 0 0 3.0 NS
4 2 1 1 0 2 1.9 NS
5 1 0 0 1 0 3.0 NS
6 4 1 1 0 2 1.9 NS
7 2 0 0 2 0 6.0 NS
8 4 1 2 1 0 1.9 NS
9 3 0 0 2 1 3.7 NS

10 1 0 0 1 0 3.0 NS

a LGS: 10 replicates after TLC of labial gland secretion (LGS). Control: 10 replicates
chromatographed without the secretion as control. Chi-square statistics as in Elliott (1979).

b Difference from random distribution at P < 0.05, NS: no significant difference.

of the biologically active zone. Amino acids, peptides, enzymes, small carboxylic
acids, and salts in general had much lower Rf values, while longer-chain carboxylic
acids such as decanoic and stearic acid had higher ones.

The feeding choice tests on filter paper showed that few of the 31 chemi-
cals tested had considerable feeding-stimulating effect, and this was only so at
high concentrations (Table 2). A strong feeding-stimulating effect was found
for sugars and methyl and phenyl sugars at a concentration of 100 mmol, and
for glucose, sucrose, and cellobiose also at 10 mmol. Sugar acids, amino sug-
ars, anhydrosugar, and amino acids showed some activity at 100 mmol. No sig-
nificant feeding stimulation for any of the chemicals was recorded at 1 mmol
(Table 2). Decanoic acid was repellent, and the termites fed more on the control.
This repellency, though, is nonspecific and can be expected for various similarly
volatile compounds such as ketones and alcohols.
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FIG. 2. Thin-layer chromatography of 35 synthetic chemicals on cellulose plates after spot
detection with bromcresol green. Above left for comparison TLC of labial gland secretion
(LGS) of Reticulitermes santonensis with distribution of feeding termites (dots). Dotted
lines: biologically active zone. Grey areas: chemicals within the active zone; white areas:
chemicals outside the active zone. Numbers above: Rf values of the active zone and the
chemicals. S: start line, F: front line. For abbreviations, see Table 2.
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TABLE 2. FEEDING STIMULATION IN Reticulitermes santonensis BY

SYNTHETIC CHEMICALSa

Concentration (mmol)

Chemical class Substance 100 10 1

Monosaccharides glucose (glu) +++ +++ +/ −
fructose (fru) +++ − n.t.
arabinose (ara) +++ +/ − n.t.

Disaccharides sucrose (sucr) +++ +++ +/ −
cellobiose (cell) +++ +++ +/ −

Sugar alcohols m-erythritol (ery) − − n.t.
D-mannitol (mann) − − n.t.
m-inositol (ino) − − n.t.

Sugar acids glucuronic acid (gl ac) + +/ − −

galacturonic acid (ga ac) + +/ − −

Amino sugars glucosamine HCl (glam) +/ − +/ − −

N-acetylglucosamine (A-glam) + +/ − −

Methyl sugars 3-O-methylglucose (M-glu) ++ + +/ −
methyl-a,D-glucopyranoside (M-pyr) ++ + +/ −

Phenyl sugars b-arbutin (arb) +++ + +/ −
Anhydrosugars/ anhydro-b,D-glucose (AH-glu) + +/ − −

-sugar alcohols anhydro-m-erythritol (AH-ery) − − n.t.
Amino acids glycine (gly) +/ − +/ − +/ −

lysine (lys) + + +/ −
glutamine (glut) +/ − +/ − +/ −
valine (val) +/ − +/ − −

Peptides aspartame (asp) − − n.t.
glutathione (glthio) − − n.t.

Enzymes glucose 6P-dehydrogenase (g-dh) n.t. n.t. n.t.
glucoseoxidase (glox) n.t. n.t. n.t.
b-glucosidase (glsid) n.t. n.t. n.t.

Carboxylic acids malic acid (mal ac) − − n.t.
pyruvic acid (pyr ac) − − n.t.
citric acid (cit ac) − − n.t.
lactic acid (lac ac) − − n.t.
oxalic acid (ox ac) − − n.t.
decanoic acid (dec ac) − ! − ! n.t.
stearic acid (st ac) n.t. n.t. n.t.

Salts NaCl − − n.t.
KCl − − n.t.

a Abbreviations refer to Figure 2. +++: very strong feeding stimulation (P < 0.001), ++: strong
feeding stimulation (P < 0.01), +: feeding stimulation (P < 0.05, +/ − : tendency for feeding
preference (P c 0.05–0.15), − : no feeding stimulation, − !: repellent, n.t.: not tested. P levels
refer to original data of feeding choice assays: distribution of the first 20 feeding termites on two
pieces of filter paper, treated vs. untreated, analyzed using the sign test, N c 20 per chemical and
concentration.
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DISCUSSION

The process of feeding and communal food exploitation in termites is
strongly connected with their labial glands. Labial glands in the African damp-
wood termite Schedorhinotermes lamanianus and the French subterranean ter-
mite Reticulitermes santonensis contain a polar, heat-resistant, and nonvolatile
chemical signal that stimulates feeding (Kaib and Ziesmann, 1992; Reinhard et
al., 1997).

Analysis of the labial gland secretion of R. santonensis by TLC chromatog-
raphy revealed the presence of numerous components. This corresponds with
literature describing a variety of different compounds within the labial gland
secretion of termites, such as proteins (digestive enzymes), lipids, mucopolysac-
charides, and salts (Noirot, 1969; Veivers et al., 1982; Hogan et al., 1988; Med-
nikova, 1991; Tokuda et al., 1997; Watanabe et al., 1997).

The bioassay on TLC plates demonstrated that after chromatography the
feeding-stimulating signal from the labial gland secretion is found in a large
spot, spreading from Rf 0.46 to Rf 0.88. The fact that the termites respond to
the labial gland secretion with feeding even after the separation of its constituents
by TLC strongly indicates that the phagostimulant is a single component running
as a streak in the TLC rather than a blend. The biologically active zone does not
correspond to the spots detected in the labial gland secretion under UV 254 nm
and after treatment with reagents or to any of the 35 reference chemicals ana-
lyzed. Therefore, it is unlikely that the feeding stimulating signal is found within
the common chemical classes with appropriate physicochemical properties such
as sugars, salts, amino acids, peptides, and carboxylic acids. Due to their low
Rf value the digestive enzymes of the labial gland secretion can be excluded as
a feeding-stimulating signal as well, confirming the findings of Reinhard et al.
(1997). Detailed fractionation and GC-MS analyses of labial gland secretion are
in progress to elucidate the molecular structure of the signal.

In feeding bioassays with cellulose TLC plates as food source, only very
small numbers of termites could be induced to feed on the plates if these were
untreated or had only synthetic chemicals applied to them. Cellulose TLC plates
are therefore much less suitable as a food source for R. santonensis, compared to
filter paper used in the former feeding bioassays (Reinhard et al., 1997). How-
ever, the feeding-stimulating signal of R. santonensis is powerful enough to make
termites feed even on unsuitable food such as TLC plates. Considerable num-
bers of termites fed on plates treated with labial gland secretion. This confirms
previous results with R. santonensis, where the termites could even be made to
gnaw on a glass surface when labial gland secretion was applied (Reinhard et
al., 1997).

The selected synthetic chemicals were much less effective as phagostimu-
lants. A good feeding response in R. santonensis could only be induced on filter
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paper and only with physiologically excessive concentrations of sugars and sugar
derivatives. Amino acids proved to be only weak phagostimulants even in high
concentrations.

The feeding stimulating activity of sugars has been shown earlier in R.
flavipes and R. virginicus (Waller and Curtis, 1996), as well as in Microtermes
traegardhi (Abushama and Kambal, 1976). Numerous other insect species react
with increased feeding to artificial diets offering molar concentrations of diverse
mono- and disaccharides (e.g., Ma and Jermy, 1976; Weibull, 1990; Schmidt
and Friend, 1991; Allsopp, 1992; van der Meer et al., 1995). Our study shows
considerable phagostimulatory activity of methyl and phenyl sugars, which has
also been reported in a mosquito (Schmidt and Friend, 1991). The phagostim-
ulatory effect of other sugar derivatives such as sugar acids, amino sugars, and
the anhydrosugar are minor and likely to be due to the glucose component in
them. Sugar alcohols had no effect on R. santonensis or on other insect species
(Ma and Jermy, 1976; van der Meer et al., 1995).

The phagostimulant effect of amino acids on termites also has been
shown for Zootermopsis, Kalotermes, and Reticulitermes species, as well as
Gnathamitermes tubiformans, Neotermes bosei, and Coptotermes formosanus
(Hungate, 1941; Spears and Ueckert, 1976; Mishra, 1992; Chen and Hender-
son, 1996). The feeding stimulation induced by amino acids differs between
species, which might be due to the experimental setup used by the authors.
Inconsistencies between results of feeding tests have been reported previously
(Meehan and Wilde, 1989; Chen and Henderson, 1996). The phagostimulatory
activity of amino acids also has been documented in other insect species (e.g.,
Sogawa, 1972; Viswanathan and Kalode, 1990; Allsopp, 1992). As in sugars, the
increased feeding activity is likely to be due to the nutritional value of amino
acids, which is especially relevant for termites. Generally, termite foods are low
in nitrogen (Higashi et al., 1992) and termites are dependent on intestinal bacte-
ria for nitrogen fixation (Breznak, 1975; Potrikus and Breznak, 1977; Ohkuma
et al., 1996; Slaytor and Chappell, 1994). Because nitrogen is limited in natu-
rally occurring termite food (Cowling and Merrill, 1966), nitrogen additives may
increase food consumption.

Our results are consistent with the literature in which synthetic phagos-
timulants in termites are found among chemicals of nutritional value, such as
sugars and amino acids. However, these compounds are only active in very high
concentrations, as compared to the natural phagostimulant from the labial gland
secretion of R. santonensis. Obviously this natural signal is much more effective,
inducing feeding behavior at naturally low concentrations and even on substrates
unsuitable as food sources (Reinhard et al., 1997). This indicates that once its
chemical nature is identified, addition of the natural feeding-stimulating signal to
a termite bait could increase food consumption and improve bait efficacy much
more than the hitherto considered synthetic phagostimulants.
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Abstract—The paired labial glands are located in all termite species in the
thorax. During food exploitation workers of the French termite Reticulitermes
santonensis and the African termite Schedorhinotermes lamanianus release the
secretion of their labial glands directly onto the food. The secretion carries a
water-soluble, heat-resistant, nonvolatile signal that stimulates gnawing and
feeding and leads to aggregations of feeding workers. In a feeding bioassay,
extracts of the labial glands of 11 termite species from five families all
proved to have this feeding-stimulating effect both on R. santonensis and S.
lamanianus. The heat resistance of the feeding-stimulating signal also could
be shown for selected species from all termite families tested. A combined
thin layer chromatography–feeding bioassay on cellulose TLC plates showed
that after chromatography of labial gland secretion, the feeding-stimulating
signal is located in all 11 species in the same area from Rf 0.46 to 0.88. An
extract of labial glands of cockroaches stimulated feeding in R. santonensis
and S. lamanianus as well, but was not active after heat treatment and after
TLC. This points towards a general feeding-stimulating signal having evolved
only in the labial gland secretion of termites.

Key Words—Termites, Reticulitermes, Schedorhinotermes, labial gland
secretion, chemical signal, phagostimulant.
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INTRODUCTION

The performance of labor in termite societies includes large numbers of nest-
mates, and its organization depends predominantly on chemical signals produced
by various exocrine glands, such as the paired labial glands. These are located
in the meso- and metathorax of all termite species, and the glandular ducts open
into the oral cavity (Pasteels, 1965; Noirot, 1969; Billen et al., 1989; Costa-
Leonardo and Cruz-Landim, 1991; Kaib and Ziesmann, 1992; Mednikova, 1996;
Costa-Leonardo, 1997).

During communal food exploitation of termites, the labial gland secretion
is released onto the food by feeding workers, as was recently demonstrated in
the African termite Schedorhinotermes lamanianus and the French species Reti-
culitermes santonensis (Kaib and Ziesmann, 1992; Reinhard and Kaib, 1995;
Reinhard et al., 1997a). It contains a chemical signal that stimulates additional
workers to feed at the same site, thereby initiating clusters of feeding termites,
aiding in efficient food exploitation. The feeding-stimulating signal was shown
to be highly polar, heat-resistant, and nonvolatile in both S. lamanianus and R.
santonensis (Kaib and Ziesmann, 1992; Reinhard et al., 1997a).

Both termite species belong to the same family, Rhinotermitidae, but they
differ in many aspects of their biology, such as habitat, nesting habits, and for-
aging and recruitment strategies. While S. lamanianus is an arboreal termite
that lives in humid forests of tropical Africa, R. santonensis occurs in a tem-
perate zone of France in subterranean nests (Harris, 1968; Becker, 1970; Kaib
and Brandl, 1992; Brandl et al., 1996). In S. lamanianus foraging is initiated
by soldiers (Schedel and Kaib, 1987); in R. santonensis, in contrast, foraging is
initiated by workers (Reinhard et al., 1997b). Nevertheless, both species form
distinctive feeding clusters on the food source induced by release of the feeding-
stimulating signal. This may indicate that feeding stimulation by the chemical
signal from the labial glands is a general strategy for organization of communal
food exploitation in termites.

Our work was undertaken to examine the existence of a non-species-specific
feeding-stimulating signal in the labial gland secretion of termites. Using feeding
bioassays with R. santonensis and S. lamanianus as test species, we investigated
the labial gland secretions of 11 different termite species from five families,
collected all over the world, as well as the labial gland secretion of one cockroach
species for comparison.

METHODS AND MATERIALS

Collection and Culture of Termites. One colony of the subterranean ter-
mite Reticulitermes santonensis De Feytaud (Rhinotermitidae) was collected in
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Ile d’Oléron, France, and kept in the laboratory under constant conditions of
258C, 75% relative humidity. The colony was housed in a metal container with
moist vermiculite as soil substrate and water source and pine wood as food. One
carton nest of the termite Schedorhinotermes lamanianus Sjöstedt (Rhinotermi-
tidae) was collected near a campsite at Shimba Hills National Reserve, Kwale
District, Kenya, and kept in the laboratory under constant conditions of 288C,
70–80% relative humidity, LD 12L : 12D h). The colony was housed in a plastic
container, provided with water from a connected tank, and fed ab libitum with
filter paper. From the containers the termites had access to foraging arenas via
a silicone tube (5 mm ID). The foraging arenas (10 × 10 cm; height: R. santo-
nensis: 0.5 cm; S. lamanianus: 2.5 cm) had a sand-blasted glass plate as floor
and were covered by a glass plate.

Labial glands were obtained from workers of the above as well as the
following termite species [reared at the Bundesanstalt für Materialforschung
und -prüfung (BAM), Berlin, Germany]: Kalotermes flavicollis (Kalotermiti-
dae, Mediterranean), Mastotermes darwiniensis (Mastotermitidae, Australia),
Hodotermes mossambicus (Hodotermitidae, West Africa), Zootermopsis angus-
ticollis (Hodotermitidae, North America), Heterotermes indicola (Rhinotermi-
tidae, India), Coptotermes formosanus (Rhinotermitidae, Southeast Asia), and
Nasutitermes nigriceps (Termitidae, Central America). Macrotermes subhyalinus
(Termitidae, West Africa) was provided from a colony held at the University of
Bern, Switzerland, and Trinervitermes trinervoides (Termitidae) was collected in
the field near Grahamstown, South Africa. All termite species used are wood-
eating, except H. mossambicus, M. subhyalinus, and T. trinervoides, which are
grass-feeding. Cockroaches (Periplaneta americana) were provided by the Insti-
tut für Wasser-Boden-Luft-Hygiene (WABOLU), Berlin, Germany.

Earlier experiments (Reinhard and Kaib, 1995, 2001; Reinhard et al. 1997a)
with other colonies of the same species did not show any intraspecific variation
in individual feeding behavior or analyses of the labial gland secretion, as com-
pared to the present work. Experiments were, therefore, carried out with only
one colony of each species.

Preparation of Labial Gland Extracts. Labial gland extracts of termite
workers and cockroaches were prepared as described in Reinhard and Kaib
(2001). Ten labial glands per 100 ml water were extracted in the case of R. san-
tonensis. As gland sizes differ species-specifically, lots of labial glands corre-
sponding in volume to 10 labial glands of R. santonensis were pooled for gland
extracts of the other species.

Bioassays on Feeding Stimulation. All tests were conducted in the foraging
arenas and made under red light illumination. Frequencies and spatial distribu-
tion of workers that were displaying feeding behavior as defined in Reinhard and
Kaib (2001) were recorded over time by video techniques (IR-sensitive CCD
camera CF 15/ 2, Kappa) and subsequently analyzed.
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Choice feeding tests were carried out both with R. santonensis and S. lama-
nianus on pieces of moist filter paper. In each test two semicircles (2.5 cm dia-
meter) of filter paper were offered to the termites. On one of the two semicircles
25 ml of a labial gland extract was applied, the other semicircle was only moist-
ened (control). For each test the distribution of the first 20 termites feeding on
the two semicircles during the test duration of ca. 1 hr was determined. Tests
were replicated 20 times. For the experiments on heat resistance, the labial gland
extracts of K. flavicollis, M. darwiniensis, H. mossambicus, R. santonensis, S.
lamanianus, and M. subhyalinus as selected representatives of the termite fami-
lies as well as P. americana were chosen. The extracts were exposed for 15 min
to 958C in a waterbath before applying them to the semicircles of filter paper.

Feeding tests on thin-layer chromatography plates were carried out with R.
santonensis only. Twenty-five microliters of labial gland extract each from the
cockroach and the 11 termite species were applied separately as 1-cm-long lines
on cellulose TLC plates and chromatographed as described in Reinhard and Kaib
(2001). The TLC plates were then offered as food, and the spatial distribution
of all termites feeding between start and front line on the TLC plates during the
1-hr duration of the experiment was analyzed. The bioassay was repeated five
times for each labial gland extract.

Data Analysis. The sign test was used to analyze the data of the choice
feeding tests on filter paper. The distribution of termites feeding on TLC plates
was analyzed via the dispersion index (Elliott, 1979) and the Rf value of the
preferred feeding zones determined.

RESULTS

Labial gland extracts of all 11 termite species and the cockroach had a
strong feeding-stimulating effect both on Reticulitermes santonensis and Sche-
dorhinotermes lamanianus (Figure 1). Neither R. santonensis nor S. lamanianus
responded more strongly to their own labial gland secretion than to the secre-
tions of the other species. Labial gland extracts of the three grass-feeding termite
species had the same effect as extracts of the wood-feeding termite species.

After heat treatment of labial gland extracts of selected representatives of
each family, only the termite secretions still had the same feeding-stimulat-
ing effect on R. santonensis and S. lamanianus (Table 1). Heat-treated labial
gland extract of the cockroach species Periplaneta americana did not show any
phagostimulatory effect.

When TLC plates with chromatographed labial gland extracts of the 11
termite species were offered to R. santonensis, the feeding termites showed a
clumped distribution between Rf 0.46 and 0.88 for all extracts in all five repli-
cates (Figure 2, Table 2). In contrast, feeding termites were randomly distributed
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FIG. 1. Feeding stimulating effect of labial gland extracts of one cockroach and 11 ter-
mite species on Reticulitermes santonensis (A) and Schedorhinotermes lamanianus (B).
Distribution of the first 20 termites (gnawers) feeding on two semicircles of filter paper
within 1 hr of observation (mean number per semicircle ± SD, N c 20). Choice test repre-
sented by bars; black/ hatched bars: 25 ml LGS, empty bars: water. *Significant difference
at P < 0.001, sign test. (C) Phylogenetic tree of tested species (Abe, 1987), no genetic
distances presented.

on the TLC plates when cockroach labial gland secretion had been applied, leav-
ing gnawing marks all over the cellulose layer.

DISCUSSION

The labial gland secretion of Schedorhinotermes lamanianus and Retic-
ulitermes santonensis contains a feeding-stimulating chemical signal, inducing
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TABLE 1. PHAGOSTIMULANT EFFECT AFTER HEAT TREATMENT OF COCKROACH AND

TERMITE LABIAL GLAND SECRETION (LGS) ON Reticulitermes santonensis (R.s.) AND

Schedorhinotermes lamanianus (S.l.)a

Termites (N ) on

Bioassay Semicircle Semicircle
LGS of: with with LGS without LGS P

P. americana R.s. 12.3 ± 4.2 7.7 ± 4.2 0.058
S.l. 9.5 ± 3.0 10.5 ± 3.0 0.868

K. flavicollis R.s. 14.5 ± 3.4 5.5 ± 3.4 <0.001
S.l. 15.1 ± 2.9 4.9 ± 2.9 <0.001

M. darwiniensis R.s. 15.3 ± 1.9 4.7 ± 1.9 <0.001
S.l. 14.8 ± 2.4 5.2 ± 2.4 <0.001

H. mossambicus R.s. 18.0 ± 1.2 2.0 ± 1.2 <0.001
S.l. 17.4 ± 1.7 2.6 ± 1.7 <0.001

R. santonensis R.s. 16.6 ± 2.4 3.4 ± 2.4 <0.001
S.l. 17.6 ± 1.9 2.4 ± 1.9 <0.001

S. lamanianus R.s. 15.8 ± 2.7 4.2 ± 2.7 <0.001
S.l. 16.4 ± 3.1 3.6 ± 3.1 <0.001

M. subhyalinus R.s. 16.2 ± 2.0 3.8 ± 2.0 <0.001
S.l. 15.5 ± 2.9 4.5 ± 2.9 <0.001

a Distribution of the first 20 termites feeding on two semicircles of filter paper with and without
25ml LGS within 1 hr of observation (mean number per semicircle ± SD, N c 20, P as determined
with sign test). For full names of species, see text and Figure 1.

clusters of feeding nestmates to form where applied (Kaib and Ziesmann, 1992;
Reinhard et al., 1997a). The experiments presented here showed that labial gland
secretion of various other termite species also induced the same feeding response
in R. santonensis and S. lamanianus. The feeding-stimulating signal was heat-
resistant in all termite labial gland secretions and was located within the same
biologically active zone of Rf 0.46–0.88 after TLC separation. This corresponds
to the zone determined as the location of the feeding-stimulating signal in R.
santonensis after TLC (Reinhard and Kaib, 2001). These results strongly suggest
that the feeding-stimulating signal from the labial glands in all termite species
is of the same or very similar chemical composition, independent of phylogeny,
geographical origin, or nesting or feeding habits.

This is supported by preliminary GC-MS analyses of termite labial gland
secretions, which identified several metabolic compounds, common for R. santo-
nensis, S. lamanianus (both Rhinotermitidae), M. subhyalinus (Termitidae), and
M. darwiniensis (Mastotermitidae) (Reinhard, 1998; Ibarra, unpublished results).
A variety of compounds are reported to be produced in the various cell types
of termite labial glands (Noirot, 1969; Veivers et al., 1982; Hogan et al., 1988;
Mednikova, 1991; Tokuda et al., 1997; Watanabe et al., 1997). It is quite possible
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FIG. 2. Exemplary distribution of Reticulitermes santonensis termites (dots) feeding on
a cellulose TLC plate within 1 hr, after thin-layer chromatography of labial gland secre-
tion of one cockroach and 11 termite species. S: start line, F: front line. Dotted lines
indicate biologically active zone. P.a.: Periplaneta americana, K.f.: Kalotermes lavicol-
lis, M.d.: Mastotermes darwiniensis, H.m.: Hodotermes mossambicus, Z.a.: Zootermopsis
angusticollis, R.s.: Reticulitermes santonensis, H.i.: Heterotermes indicola, C.f.: Cop-
totermes formosanus, S.l.: Schedorhinotermes lamanianus, N.n.: Nasutitermes nigriceps,
T.t.: Trinervitermes trinervoides, and M.s.: Macrotermes subhyalinus.

that the chemicals extracted from the glands for the analyses are only partially
the same as that deposited on the food by feeding workers. However, the fact
that the termites respond to the labial gland extracts with feeding in the choice
tests and even after the separation of its constituents by TLC supports the infer-
ence that the extracts do contain the relevant component(s). Further work on
elucidation of the chemical structure of this general feeding-stimulating signal
in termites is in progress.

The labial gland secretion of the cockroach, however, could not induce
feeding after heat treatment or TLC separation. The observed feeding stimu-
lation by untreated cockroach secretion can therefore not be caused by the per-
sistent phagostimulant signal as found in termites. It must be due to other fac-
tors, for example, possibly digestive enzymes of the secretion (Slaytor, 1992)
that metabolize the cellulose in the filter paper during the bioassay. Thus, the
feeding-stimulating signal is not present in cockroaches, but was found in all 11
termite species, representing all termite families (except the rare Serritermitidae),
coming from all continents, and including both xylophagous and harvester ter-



REINHARD AND KAIB196

TABLE 2. TOTAL NUMBER AND DISTRIBUTION OF Reticulitermes santonensis TERMITES

FEEDING ON CELLULOSE TLC PLATES WITHIN 1 HOURa

Number of feeding termites

Test Rf Rf Rf Rf

no. Total 0–0.25 0.25–0.5 0.5–0.75 0.75–1.0 X 2 P

P.a.
1 6 2 1 1 2 0.7 b

2 3 0 1 0 2 3.7 b

3 2 0 2 0 0 6.0 b

4 7 2 2 1 2 0.4 b

5 4 1 1 0 2 1.9 b

K.f.
1 23 0 1 7 15 24.8 b

2 17 0 0 4 13 26.5 b

3 23 1 2 8 12 14.0 b

4 30 2 0 11 17 24.9 b

5 22 1 1 7 13 17.9 b

M.d.
1 22 0 0 13 9 23.5 b

2 22 0 1 4 17 33.6 b

3 24 0 1 13 10 20.9 b

4 25 1 2 7 15 19.6 b

5 20 0 1 7 12 18.8 b

H.m.
1 13 0 0 2 11 25.4 b

2 22 0 0 14 8 25.3 b

3 23 1 2 3 17 29.7 b

4 27 0 0 12 15 27.7 b

5 18 0 0 8 10 18.4 b

Z.a.
1 19 0 0 7 12 21.6 b

2 25 0 1 14 10 22.5 b

3 26 1 2 8 15 19.2 b

4 26 1 0 11 14 22.9 b

5 28 1 0 8 19 32.9 b

R.s.
1 22 0 1 12 9 19.1 b

2 29 1 0 8 20 35.1 b

3 24 0 2 10 13 18.7 b

4 23 0 0 8 15 27.3 b

5 27 0 0 10 17 30.6 b

H.i.
1 27 1 1 12 13 19.7 b

2 24 0 1 8 15 24.3 b

3 31 1 2 11 17 22.5 b
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TABLE 2. CONTINUED

Number of feeding termites

Test Rf Rf Rf Rf

no. Total 0–0.25 0.25–0.5 0.5–0.75 0.75–1.0 X 2 P

4 21 0 0 9 13 23.5 b

5 29 0 1 10 18 29.6 b

C.f.
1 24 0 1 7 16 26.9 b

2 17 0 0 5 12 22.8 b

3 26 0 0 9 17 30.9 b

4 25 1 0 10 14 22.5 b

5 27 0 0 10 17 30.6 b

S.l.
1 28 0 0 8 20 38.3 b

2 24 0 0 6 17 33.5 b

3 28 1 2 11 14 17.9 b

4 28 0 0 10 18 32.8 b

5 26 0 1 13 12 22.3 b

N.n.
1 21 1 0 4 16 31.0 b

2 15 0 0 5 10 18.3 b

3 24 1 0 12 11 20.3 b

4 24 1 1 14 8 19.7 b

5 31 1 1 9 20 31.3 b

T.t.
1 15 1 0 4 10 16.2 b

2 20 0 0 7 13 23.6 b

3 22 0 1 10 11 18.3 b

4 22 0 0 8 14 25.2 b

5 28 1 0 11 16 25.9 b

M.s.
1 22 1 0 10 11 18.3 b

2 21 1 0 7 13 20.7 b

3 27 0 0 9 18 32.9 b

4 26 0 0 11 15 27.2 b

5 26 0 0 16 10 28.8 b

a Five tests each after thin layer chromatography of labial gland secretion of one cockroach and
11 termite species. Chi-square as in Elliott (1979). P.a.: Periplaneta americana, K.f.: Kalotermes
flavicollis, M.d.: Mastotermes darwiniensis, H.m.: Hodotermes mossambicus, Z.a.: Zootermopsis
angusticollis, R.s.: Reticulitermes santonensis, H.i.: Heterotermes indicola, C.f.: Coptotermes
formosanus, S.l.: Schedorhinotermes lamanianus, N.n.: Nasutitermes nigriceps, T.t.: Trinervitermes
trinervoides, and M.s.: Macrotermes subhyalinus.

b Difference from random distribution at P < 0.05.
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mites. Cockroaches are considered ancestral to termites (Krishna and Weesner,
1969/ 70; Terra, 1988; Kambhampati, 1995). Hence the feeding stimulant from
the labial gland secretion must be an apomorphic character for the Isoptera that
evolved during the rise of the whole order and is linked to the evolution of euso-
ciality and the need to organize efficient communal exploitation of food sources.
It is notable that this trait has been retained unchanged across the order.

The biological meaning of the signal lies in the formation of feeding clus-
ters, rendering food exploitation more efficient. If several nestmates feed at the
same spot, repeated application of saliva humidifies the food and repeated bit-
ing enhances the mechanical break-up of its surface. By concentrating feeding
efforts, a termite colony can exploit a food source faster and more efficiently.
The system of feeding clusters also guarantees that the released signal as well
as other important compounds of the labial gland secretion, such as digestive
enzymes (Martin and Martin, 1978; Veivers et al., 1982, 1991), are not lost, but
again taken up by nestmates joining a group of feeding workers.

Feeding clusters can be observed easily in xylophagous termites such as S.
lamanianus, which feed on clumped food sources (Kaib and Ziesmann, 1992).
Other species, such as the harvester termites H. mossambicus, T. trinervoides,
and M. subhyalinus, feed on dispersed food sources. They collect grass as a
direct food source or even culture fungus on partly digested grass for food,
respectively (Abe, 1987; Badertscher et al., 1983; Hewitt et al., 1990). Feeding
clusters seem to be of little importance for them. However, preliminary observa-
tions have shown that even in harvester termites, several workers group to bite
off pieces of longer grass stems (Reinhard, 1998). Furthermore, H. mossambi-
cus workers preferred the spots on a grass stem where labial gland secretion had
been applied before by another worker or artificially in a bioassay. Thus, even
harvester termites employ the feeding-stimulating chemical signal for organiza-
tion of communal food exploitation.

Although this is not required by definition (Nordlund and Lewis, 1976),
it is generally acknowledged that many insect pheromones are rather species-
specific. The existence of a non-species-specific phagostimulant in termites is
remarkable. However, although the same feeding-stimulating signal may be used
by sympatric species, a multitude of behaviors has evolved, preventing constant
interspecific conflicts on common food sources. There are highly species-specific
foraging and recruitment signals, specialized behavioral patterns and strategies,
the use of soldier defense lines for delineating a given feeding area, and con-
structing physical barriers, such as galleries and cover sheets (e.g., Jander and
Daumer, 1974; Howard et al., 1976; Kaib et al., 1982; Badertscher et al. 1983;
Heidecker and Leuthold, 1984; Hall and Traniello, 1985; Traniello and Busher,
1985; Lys and Leuthold, 1987, 1991; Schedel and Kaib, 1987; Miura and Ma-
tsumoto, 1995; Reinhard, 1998). They ensure that several termite species may
share common food sources without permanent conflicts. Furthermore, a com-
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mon signal can even be of mutual advantage for rival colonies or species. Dela-
plane and La Fage (1989) reported that termites prefer timber that had previously
been attacked by conspecifics, or even a different species, over sound wood. Ter-
mites recognize and accept food sources faster when previously used and thus
marked with the common phagostimulatory signal.
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Abstract—Volatile components of Pachycoris stallii scent gland secretions
and the bug’s host plant, Croton californicus, were identified by gas chro-
matography and mass spectroscopy. The predominant compounds isolated
from C. californicus fruit and leaves were b-myrcene and b-caryophyllene.
Metathoracic gland secretions of P. stallii contained mostly (E )-2-hexenal,
(E )-4-oxo-2-hexenal, (E )-2-hexenyl acetate, and n-tridecane. In males,
n-tridecane was present throughout the metathoracic gland, but in females
this compound was found only in the median reservoir/ accessory gland.
(E )-2-Hexenal was present throughout the gland of female bugs, but
in males was primarily present in the median reservoir/ accessory gland.
(E )-4-Oxo-2-hexenal and n-dodecane were isolated from the median
reservoir/ accessory gland of male and female bugs. Metathoracic glands
were sexually monomorphic. Data from chemical analyses and anatomical
observations suggest that dorsal abdominal glands of adults were apparently
obsolescent. In nymphs, dorsal abdominal glands produced (E )-2-hexenal,
(E )-4-oxo-2-hexenal, n-dodecane, n-tridecane, and tetradecanal. The
proportion of the predominant constituent, (E )-4-oxo-2-hexenal, decreased
from 72% in the first instar to 47% in the fourth instar. Proportions of
tetradecanal and n-tridecane were greater in the fourth instar than in the first
instar. Observations of dissected glands indicated that median and posterior
dorsal abdominal glands of all nymphal instars were more developed than
anterior dorsal abdominal glands. Scanning electron micrography revealed the
presence of polygonal microsculpturing on the integument surrounding the
ostioles of metathoracic and dorsal abdominal glands. Chemical, anatomical,

*To whom correspondence should be addressed.



WILLIAMS, EVANS, AND BOWERS204

and behavioral data indicated that P. stallii has a chemical defense system
based on short-chain carbonyl compounds and that this system is directed
against arthropods. The abundance of arthropod natural enemies apparently
has forced P. stallii to maintain this defense system despite feeding on a toxic
host plant.

Key Words—Pachycoris stallii, Pentatomoidea, Scutelleridae, allomone,
Croton californicus, Euphorbiaceae, terpenoids, exocrine glands, aposematic,
carbonyl defense.

INTRODUCTION

Heteroptera are well-known for their chemical defense systems (Aldrich, 1988).
Heteropteran allomones are typically produced in and expelled from: (1) adult
metathoracic glands located ventrally in the metathorax and with lateral ostia
between the meso- and metathoracic legs, and (2) adult and nymphal dorsal
abdominal glands arranged in a metameric series of up to four dorsally located
glands on abdominal tergites III to VI (Staddon, 1979; Aldrich, 1988, 1995). The
defensive secretions are usually mixtures of unbranched aliphatic compounds,
most with carbon chains of C6, C8, and C4, as well as some aromatic compounds
(Staddon, 1979; Aldrich, 1995). These chemicals function as nonspecific toxins,
irritants, and repellents, and are generally more effective against arthropods than
birds or mammals (Eisner, 1970; Blum, 1981).

Aposematic heteropterans, like other apparent insects, have a high likeli-
hood of discovery by natural enemies and are thus expected to be chemically
well-defended (Pasteels et al., 1983). Aposematic bugs sometimes sequester
compounds that are toxic to predators from host plants (Duffey and Scudder,
1972; Aldrich, 1988; Aldrich et al., 1996), or produce the typical allomones de
novo or from simple precursors (Blum, 1981; Staddon et al., 1987; Krall et al.,
1999). In many cases, sequestration of host toxins relaxes the selection pres-
sure for production of typical exocrine gland secretions (Staddon et al., 1987;
Aldrich, 1995; Aldrich et al., 1996).

Pachycoris stallii Uhler is an aposematic scutellerid bug of neotropical dis-
tribution. Adults are ca. 12 mm in length and are brown–black with 22 orange
spots on the dorsum that sometimes coalesce. Nymphs are red with metallic
blue–green markings on the abdomen, pronotum, head, and legs. Pachycoris
stallii appears to be highly host specific to the euphorb Croton californicus
Muell.-Arg. (Williams, unpublished observations), a perennial shrub that occurs
in the southwestern United States and northwestern Mexico (Shreve and Wig-
gins, 1964). Pachycoris stallii is also a subsocial insect. Females oviposit on
C. californicus leaves and guard the egg masses and first-instar nymphs from
natural enemies (Williams, unpublished observations). With the exception of
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first-instar nymphs that do not feed, all nymphal instars as well as adults feed
on C. californicus seeds developing within capsular fruit. Early instar nymphs
occur in aggregations on C. californicus. Field observations suggest that arthro-
pods are the predominant natural enemies of P. stallii (Williams, unpublished
observations). Like many Euphorbiaceae, Croton species produce an abundance
of chemicals toxic and irritating to vertebrates (Upadhyay and Hecker, 1976;
Chavez et al., 1982; Alexander et al., 1991). Phytochemicals in C. californicus
apparently render it unpalatable, because herbivores, vertebrate and invertebrate
alike, generally avoid it.

Pachycoris stallii is an aposematic insect that is relatively large and long-
lived, apparently monophagous on a toxic host plant, and lives in aggregations in
open habitat where it is attacked by other arthropods. Ecological theory predicts
that such an insect should possess a fortified chemical defense system (Pasteels
et al., 1983). The objectives of this study were to: (1) test the hypothesis that
despite feeding on a toxic host plant that may confer protection against vertebrate
predators, P. stallii maintains a potent exocrine gland defensive system directed
at arthropods, and (2) describe the volatiles produced by C. californicus.

METHODS AND MATERIALS

Preparation of Chemical Extracts. Croton californicus and P. stallii were
field-collected in Baja California, Mexico. Immediately after collection, three to
seven Croton fruit or leaves were placed in a glass vial containing 1 ml ethyl
acetate for 2 min, after which all plant tissue was removed and the vial was
sealed.

Pachycoris stallii were held in plastic vials with several fresh Croton leaves
until collection of secretions (<4 hr after collection). Metathoracic gland secre-
tions were obtained from living bugs by two methods: dissection of whole glands
and collection of rinsates from whole bugs. Whole glands were dissected in a
paraffin-coated Petri dish with tap water and were separated into two groups:
(1) median reservoirs with accessory glands (MR/ AG) and (2) lateral reservoirs
with secretory tubules (LR/ ST). Excess water was drawn from the glands with
tissue paper, after which the glands were placed in a glass vial with 0.5 ml ethyl
acetate and macerated with a capillary tube. Whole-bug rinsates were collected
by placing one to four adults of the same gender (females guarding egg masses,
females not guarding egg masses, and males) into a glass vial with 1 ml ethyl
acetate for 3 min, after which adults were removed. (Preliminary analyses indi-
cated that dorsal abdominal glands of adult P. stallii produce only trace amounts
of volatiles; thus, we attribute results from whole-bug rinses solely to metatho-
racic glands). Samples from one to six bugs were pooled for analysis.

Dorsal abdominal gland secretions were obtained from adults by dissec-
tion similar to that described for metathoracic glands. Anterior (tergites III–IV),
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median (tergites IV–V), and posterior (tergites V–VI) dorsal abdominal glands
were dissected separately. Samples from three to six bugs were pooled and stored
in 0.5 ml ethyl acetate for analysis. Nymphal dorsal abdominal gland secretions
were collected by placing 5–40 nymphs of the same instar in a glass vial with
1 ml ethyl acetate for 3 min, after which nymphs were removed. All extracts
were held at −208C until chemical analysis.

Chemical Analysis. Extracts were analyzed on a Hewlett-Packard 5890 gas
chromatograph with a 15-m × 0.32-mm-ID column coated with 0.25 mm DB-5
film (J & W Scientific, Folsom, California) and equipped with a flame ionization
detector. The injector temperature was 2008C and the detector temperature was
2408C. The temperature was held at 608C for 1 min then increased at 108C/ min
to 2208C and held for 4 min. Nitrogen (20 cm/ sec) was used as the carrier gas.

Gas chromatographic–mass spectrometric (GC-MS) analyses were con-
ducted on a Hewlett-Packard 5890 gas chromatograph and a 5970 mass spec-
trometer. Data were obtained by using a 25-m × 0.32-mm-ID column coated
with 0.25 mm film of DB-5 MS (J & W Scientific). The injector temperature
was 2508C and the detector temperature was 2808C. The column temperature
was held at 608C for 2 min, then programmed at 108C/ min to 2308C and held
for 2 min. The helium flow rate was 28.7 cm/ sec. Electron impact (EI) mass
spectra were measured at 70 eV.

GC-MS data were analyzed on a Hewlett-Packard ChemStation by using
a NBS mass spectral library. Compounds were identified by comparison of the
obtained mass spectra to library spectra and spectra of known standards, and
by matching the obtained chromatographic retention times to those of known
standard compounds.

Gland Anatomy. Pachycoris stallii adults and all five nymphal instars were
killed and preserved in 70% ethanol. These bugs were dissected and observed
with a dissecting scope to obtain gross morphological descriptions of metatho-
racic and dorsal abdominal glands. Scanning electron microscopy was used to
study the efferent systems of metathoracic and dorsal abdominal glands. Spec-
imens killed in 70% ethanol were sonicated for 1 min to remove debris, then
passed through a graded ethanol series for dehydration, after which they were
critical-point dried with carbon dioxide. Specimens were then mounted on SEM
stubs using conductive silver paint, and were ion sputter-coated with gold before
viewing with a Philips 501 scanning electron microscope (3.6–7.2 kV).

Behavior of P. stallii. Field observations of P. stallii behavior aided inter-
pretation of the chemical and anatomical data.

RESULTS

Plant Chemistry. GC-MS analysis showed that two compounds, b-myrcene
and b-caryophyllene, were the major constituents in extracts of C. californicus
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TABLE 1. COMPOUNDS PRESENT IN Croton californicus

Composition (%)a

Retention time (min) Compound Fruit Leaves

6.19 3-thujene 2 3
7.21 b-pinene 2 0
7.32 b-myrcene 58 46
8.62 d-terpinene 3 4
9.96 Unidentified 0 3

11.47 n-tridecane 2 5
14.63 b-caryophyllene 23 30
15.14 a-caryophyllene 3 0
15.47 Unidentified sesquiterpene 7 5

a Percentages based on total ion area.

(Table 1). Together these terpenoids comprised at least 75% of the volatile com-
pounds identified in fruit and leaves. Small quantities of other terpenoids and an
unbranched aliphatic compound were also identified.

Metathoracic Gland Chemistry. The predominant secretory components
identified in rinsates of adult P. stallii were (E )-2-hexenal, (E )-4-oxo-2-hexenal,
(E )-2-hexenyl acetate, and n-tridecane (Table 2). Small quantities of unbranched
aliphatic compounds were also present in rinsates of both genders. Aside from
males having a greater proportion of (E )-2-hexenyl acetate than females, major
differences in the relative proportions of chemical constituents were not observed
between the genders (Table 2). In females, the most abundant constituents, in
order of greatest proportion, were n-tridecane, (E )-2-hexenal, and (E )-4-oxo-2-
hexenal. Together these compounds made up approximately 90% of the total
volatiles collected from female metathoracic glands. In males, the most abun-
dant constituents, in order of greatest proportion, were n-tridecane, (E )-2-hex-
enyl acetate, (E )-2-hexenal, and (E )-4-oxo-2-hexenal. These constituents com-
prised 96% of the total volatiles in male metathoracic glands. A possible expla-
nation for the greater relative abundance of (E )-2-hexenyl acetate in male glands
than in female glands may be that at the time the rinse was made some male
bugs in the sample had not converted as much of the ester to the aldehyde as
females had.

Results of chemical analyses of dissected metathoracic glands are presented
in Table 3. Major differences were not observed in the chemical composition
of metathoracic glands between females guarding egg masses and females not
guarding egg masses. However, metathoracic gland secretions of males appeared
to have a greater proportion of n-tridecane than was observed in females. In
males, n-tridecane was present in MR/ AG and LR/ ST, but in females this com-
pound was found only in MR/ AG. (E )-2-Hexenal was present in both MR/ AG
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TABLE 2. COMPOUNDS PRESENT IN WHOLE-BUG RINSATES OF ADULT Pachycoris stallii

Composition (%)a

Retention Female guarding egg Female not guarding
time (min) Compound mass egg mass Male

3.95 (E )-2-hexenal 32 36 20
5.85 (E )-4-oxo-2-hexenal 19 15 11
6.84 (E )-2-hexenyl acetate 4 trace 21
8.28 n-undecane 1 0 0
9.97 n-dodecane 4 3 2

11.42 1-tridecene 1 1 1
11.61 n-tridecane 38 44 44
13.00 n-tetradecane trace trace 0
14.38 n-pentadecane 1 trace 1

a Percentages based on GC peak areas.

and LR/ ST of female bugs, but in males was primarily present in the MR/ AG.
(E )-4-Oxo-2-hexenal and n-dodecane were isolated from the MR/ AG of male
and female bugs.

Dorsal Abdominal Gland Chemistry. No volatiles were isolated from dor-
sal abdominal glands of adult female P. stallii. Adult males produced trace
amounts of n-tridecane in the anterior and median dorsal abdominal glands,
but no volatiles were isolated from posterior dorsal abdominal glands. Table
4 presents the volatile components identified from dorsal abdominal glands of
first through fourth nymphal instar P. stallii. Rinsates of nymphs revealed the
presence of (E )-2-hexenal, (E )-4-oxo-2-hexenal, n-dodecane, n-tridecane, and
tetradecanal. Of these compounds, (E )-4-oxo-2-hexenal comprised the greatest
proportion of total constituents in the four nymphal instars tested (Table 4). The
proportion of (E )-4-oxo-2-hexenal decreased from 72% in the first instar to 47%
in the fourth instar. Tetradecanal and n-tridecane were present in similar propor-
tions in all instars except the second, and relative proportions of both compounds
were greater in the fourth instar than in the first instar.

Gland Anatomy. Metathoracic glands of P. stallii were sexually monomor-
phic. Median reservoirs were bright orange, while lateral reservoirs were translu-
cent and without pigment. Microsculpturing of the integument was present sur-
rounding the metathoracic gland ostia on the mesepisternum and metepisternum
(Figure 1). Ostioles of adult anterior dorsal abdominal glands were of the type
1 (undivided ostiole) described by Remold (1962), while median and posterior
ostioles were of a gradient between types 1 and 2 (divided ostiole). Adult dor-
sal abdominal glands were small and apparently obsolescent. These glands were
mostly translucent, but with a bit of orange pigment. Anterior dorsal abdominal
glands were divided half-glands and were spherical, while median and posterior
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TABLE 3. COMPOUNDS OBTAINED FROM DISSECTION OF Pachycoris stallii METATHORACIC GLANDS

Composition (%)a

Female guarding egg Female not guarding
mass egg mass Male

Retention

time (min) Compound MR/ AGb LR/ STc MR/ AGb LR/ STc MR/ AGb LR/ STc

2.76 (E )-2-hexenal 31 100 43 100 18 trace
3.92 (E )-4-oxo-2-hexenal 4 0 5 0 3 trace
4.75 (E )-2-hexenyl acetate 1 0 0 0 1 0
7.52 n-dodecane 1 0 0 0 1 0
8.98 n-tridecane 63 0 52 0 77 99

a Percentages based on GC peak areas.
b Median reservoir and accessory gland.
c Lateral reservoir and secretory tubules.
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TABLE 4. COMPOUNDS PRESENT IN FIRST THROUGH FOURTH NYMPHAL INSTARS OF

Pachycoris stallii DORSAL ABDOMINAL GLANDS

Composition (%)a

Retention First Second Third Fourth
time (min) Compound instar instar instar instar

2.71 (E )-2-hexenal 5 1 3 5
3.94 (E )-4-oxo-2-hexenal 72 61 52 47
7.51 n-dodecane 0 1 0 1
8.99 n-tridecane 12 23 22 22

13.15 tetradecanal 11 14 23 25

a Percentages based on GC peak areas.

glands were undivided and elongate. All five nymphal instars possessed ostioles
of a similar arrangement as adults (anterior, type 1; median and posterior, type
2) (Figure 2). Anterior dorsal abdominal glands of all nymphal instars resembled
those of adults in relative size, shape, and color. Compared to the anterior glands,
median and posterior dorsal abdominal glands of all nymphal instars were rela-
tively well developed. These glands were elongate translucent swollen sacs, with
some orange pigmentation. Scanning electron micrography showed the presence
of a polygonal pattern of cuticular microsculpturing associated with the ostioles
of dorsal abdominal glands (Figure 3).

DISCUSSION

The most prevalent compounds found in C. californicus, b-myrcene and
b-caryophyllene, are terpenoids commonly found in higher plants. These com-
pounds are known from several species of Croton (Neto et al., 1994; Menut et
al., 1995). The function of b-myrcene and b-caryophyllene in C. californicus is
not known, although they are present in the defensive secretions of some Het-
eroptera (Gough et al., 1985; Krall et al., 1997). Pachycoris stallii may use the
relative ratios of these compounds to differentiate between structures on which
to feed (fruit) and those for oviposition (leaves). The ratio of b-myrcene to
b-caryophyllene in C. californicus fruit is 2.5 : 1, while in leaves it is 1.5 : 1.
It is also possible that P. stallii uses other plant characteristics, such as minor
chemical constituents or physical factors (e.g., shape and texture of plant struc-
tures), to recognize different plant structures. The presence of n-tridecane in fruit
and leaves is probably the result of degradation of hydrocarbon components of
cuticular waxes (Goodwin and Mercer, 1986).

Results of chemical analyses demonstrated that P. stallii employs a
carbonyl-based scent gland chemistry [C6 alkenal (E )-2-hexenal, the C6 4-oxo-
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FIG. 1. Ventral view of Pachycoris stallii female showing the position of ostia (O) and
microsculpturing (MS) on mesepisternum and metepisternum; scale bar c 1 mm.

2-alkenal (E )-4-oxo-2-hexenal, and the C13 alkane n-tridecane], which conforms
to the general pattern for other Pentotomoidea (Staddon, 1979; Aldrich, 1988,
1995). As expected, the corresponding ester of (E )-2-hexenal, (E )-2-hexenyl
acetate, was also present (Aldrich, 1988). Dorsal abdominal glands in adults
were apparently obsolescent, while those of nymphs produced (E )-2-hexenal,
(E )-4-oxo-2-hexenal, n-dodecane, n-tridecane, and the C14 alkanal tetradecanal.
With the exception of tetradecanal, these compounds are typical of those found in
dorsal abdominal glands of Pentotomoidea. Anatomical data indicate that defen-
sive secretions are produced in well-developed metathoracic or dorsal abdominal
glands, and field observations indicated that the allomones are delivered via an
efferent system that allows the concoction to be squirted (Williams, unpublished
observations). Light and electron microscopy revealed the presence of micro-
sculptured cuticle surrounding the ostia of these glands, presumably to aid in
the accumulation and evaporation of the secretion (Staddon, 1979).

Current evidence on the cytological sources of the compounds produced
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FIG. 2. Scanning electron micrograph of second-instar Pachycoris stallii showing
arrangement of anterior (A), median (M), and posterior (P) dorsal abdominal gland ostia;
scale bar c 1 mm, magnification 18× .

in the metathoracic glands indicates that esters are synthesized in the secretory
tubules, and alkanals and related scent carbonyls are generally restricted to the
median reservoir (Gilby and Waterhouse, 1967; Aldrich et al., 1978; Everton
et al., 1979). Results of the present study conflicted somewhat with this trend.
Analyses from dissected metathoracic glands suggest that (E )-2-hexenyl acetate
is secreted in MR/ AG, after which it is converted to (E )-2-hexenal, and possibly
to (E )-4-oxo-2-hexenal, as in other Heteroptera (Staddon, 1979). Small quantities
of esters produced in secretory tubules are usually found in the median reser-
voir (Staddon, 1979), but this does not explain the absence of the ester in the
LR/ ST extracts in P. stallii. It is possible that the bugs from which extracts were
prepared had, upon being agitated prior to dissection, used all available (E )-2-
hexenyl acetate to produce (E )-2-hexenal. As expected, (E )-2-hexenal was found
in extracts of female MR/ AG, but was also detected in extracts of LR/ ST. This
suggests that in P. stallii (E )-2-hexenal is formed in the lateral reservoir as well
as the median reservoir. In male bugs, n-tridecane was present in extracts of
MR/ AG, as expected, but also in extracts of LR/ ST, suggesting that P. stallii is
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FIG. 3. Scanning electron micrograph of median dorsal abdominal gland of second instar
Pachycoris stallii showing microsculpturing (MS), ostiole (O), and occlusion arm (OA);
scale bar c 0.1 mm, magnification 416× .

capable of producing n-tridecane in the secretory tubules and lateral and median
reservoirs. Gilby and Waterhouse (1967) detected n-tridecane in the secretory
tubules of Nezara viridula (L.).

Attributing biological significance to the differences between the chemical
composition of allomones produced by P. stallii adults and nymphs is difficult in
the absence of behavioral data. It is possible that the differences are not of great
importance, as long as the chemical and physical characteristics of the mixtures
result in an effective defense (Tschinkel, 1975). If this is true for P. stallii, then
the differences may reflect different metabolic costs of synthesis between adults
and nymphs. The differences observed may also reflect differences in natural
enemies between nymphs and adults (Pasteels et al., 1982). Pasteels et al. (1983)
suggested that such differences in composition might be a strategy to avoid coun-
teradaptation by natural enemies. The above explanations may also apply to the
observed changes in chemical composition of dorsal abdominal gland secretions
between nymphal instars. Behavioral studies under field conditions will help elu-
cidate the roles of scent gland secretions in different life stages of P. stallii.
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Field observations supported the theoretical prediction that insects will uti-
lize defensive secretions in a frugal manner and may use other defensive ploys
before discharging allomones (Wallace and Blum, 1969; Whitman et al., 1990).
The first line of defense for P. stallii is to run down stems away from the aggres-
sor or drop to the leaf litter under the plant canopy (Williams, unpublished obser-
vations). Brooding females remain with their young and use behavioral defenses,
such as kicking, towards an aggressor. These females were rarely induced to eject
defensive secretions, possibly to avoid poisoning their offspring. Usually, bugs
were induced to discharge allomones only after considerable physical contact,
such as being pinched with forceps or after being handled. When bugs did dis-
charge gland contents, they demonstrated the ability to squirt them toward an
aggressor from a single ostiole, further suggesting that P. stallii uses allomones
in a conservative manner.

The chemical nature of the scent glands of P. stallii suggests that this defen-
sive system is directed at arthropods. The aliphatic aldehydes [e.g., (E )-2-hexe-
nal], ketoaldehyde [(E )-4-oxo-2-hexenal], and n-alkanes (e.g., n-tridecane) pro-
duced by P. stallii are nonspecific irritants, toxins, or olfactory repellents of
arthropods (Blum, 1981; Pasteels et al., 1983). Moreover, n-tridecane is believed
to act as a surfactant and evaporatory retardant, as well as aid in the penetration
of toxic aldehydes through an aggressor’s cuticle (Staddon, 1979; Gunawardena
and Herath, 1991). The nonspecific volatiles produced by P. stallii are known to
deter ants (Blum, 1961; Wallace and Blum, 1969), and may also mimic alarm
pheromones of ants, allowing bugs to escape (Blum, 1980). In the present study,
field observations suggested that ants were the primary arthropod predators of
P. stallii. Dorymyrmex bicolor Wheeler was commonly observed patrolling stems
and leaves of C. californicus, as well as the soil surface, where they attacked
nymphs and adults that fell to the soil and were immobilized by high surface tem-
peratures. The ants were sometimes successful in driving brooding female bugs
away from egg masses, after which eggs were consumed. Our results suggest
that P. stallii is an aposematic heteropteran that, despite feeding on a host plant
toxic to vertebrates, has maintained a potent exocrine defense system directed
at arthropod predators.
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ANGIOSPERM BARK VOLATILES DISRUPT RESPONSE
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Abstract—Antennally active, bark-derived, angiosperm volatiles were tested
singly and in groups for their ability to disrupt the response of the Douglas-fir
beetle (DFB), Dendroctonus pseudotsugae, to attractant-baited multiple-funnel
traps. One compound, conophthorin, was active alone in reducing the response
of beetles to the baited traps. Further experiments showed disruptive activity
in two aliphatic green-leaf alcohols [1-hexanol and (Z )-3-hexen-1-ol], as
well as guaiacol and benzyl alcohol, and three aliphatic aldehydes [nonanal,
hexanal, and (E )-2-hexenal] but not in two aromatic aldehydes (benzaldehyde
and salicylaldehyde). Every binary combination that included conophthorin
or any two of the other groups, except aromatic aldehydes, significantly
reduced the response of beetles to baited traps. Various ternary mixtures and
the complete mixture of all the groups were generally the most effective
treatments. These results provide evidence that DFBs recognize and avoid
nonhosts while flying rather than landing on candidate hosts and testing them
while in contact with the tree. Nonhost angiosperm bark volatiles may have
practical utility on their own or in combination with the antiaggregation
pheromone 3-methylcyclohex-3-en-1-one (MCH) to protect single trees, logs,
or stands from attack by the DFB.

Key Words—Douglas-fir beetle, Dendroctonus pseudotsugae, Coleoptera,
Scolytidae, nonhost volatiles, green-leaf volatiles, disruptant, 3-methylcyclo-
hex-3-en-1-one, MCH.

*To whom correspondence should be addressed.



HUBER AND BORDEN218

INTRODUCTION

The Douglas-fir beetle (DFB), Dendroctonus pseudotsugae (Coleoptera: Scolyti-
dae), is a destructive pest of Douglas fir, Pseudotsuga menziesii, forests through-
out western North America. Its ability to breed in recently felled trees and
slash allows populations to build up in areas of active logging or blown-down
timber (Humphreys, 1995). In the first warm days of spring, brood beetles
emerge and may mass attack and kill surrounding standing Douglas-fir trees
(McMullen and Atkins, 1962). Prevention of DFB outbreaks in managed forests
demands the prompt removal of slash following logging and sanitation logging
to remove infested standing trees (Humphreys, 1995). However, these practices
are not always convenient, feasible, or ecologically sensible. One alternative
in the United States is to use the newly registered antiaggregation pheromone,
3-methylcyclohex-3-en-1-one (MCH) that has been shown to be efficacious in
deterring beetle attack on susceptible timber (Ross et al., 1996). We hypothesized
that supplements or alternatives to MCH might be found in the application of
repellent nonhost angiosperm bark volatiles.

DFBs are highly host specific and do not attack angiosperm trees. A num-
ber of studies have shown that portions of nonhosts (Schroeder, 1992), as well
as individual chemicals or blends of chemicals known to occur in angiosperm
tissues (Dickens et al., 1992; Wilson et al., 1996; Borden et al., 1997, 1998;
Byers et al., 1998; Deglow and Borden, 1998a,b; Poland et al., 1998; Poland
and Haack, 1999; Huber et al., 1999), are active in reducing attraction of
coniferophagous bark and ambrosia beetles to their aggregation pheromones or
host kairomones. Coupled gas chromatographic-electroantennographic detection
(GC-EAD) analyses have revealed a variety of nonhost angiosperm bark volatiles
that elicit antennal responses in female DFBs (Huber et al., 2000). We report here
the results of experiments testing these EAD-active compounds for their ability
to deter the response of DFBs to traps baited with the attractant semiochemicals
ethanol (Ross and Daterman, 1995), frontalin (Ross and Daterman, 1995) and
1-methylcyclohex-2-en-1-ol (MCOL) (Lindgren et al., 1992).

METHODS AND MATERIALS

Field trapping experiments were conducted approximately 18 km north of
Lytton, British Columbia, Canada. The stand at the site was a mixture of mostly
decadent Douglas fir, Pseudotsuga menziesii, and ponderosa pine, Pinus pon-
derosa, and much of the area had been recently logged. All experiments utilized
12-unit multiple funnel traps (Lindgren, 1983) (Phero Tech Inc., Delta, British
Columbia) placed 15–20 m apart in a line along a logging road in randomized
complete blocks. Release devices and rates for components used in attractive
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baits (DFB lure), as well as synthetic nonhost volatiles that were tested for repel-
lency, are given in Table 1. A small block of Vapona No-Pest Strip (Green Cross,
Fisons Horticulture Inc., Mississauga, Ontario, Canada) was placed in each col-
lecting cup so that captured predaceous beetles did not consume captured bark
beetles.

Experiment 1 tested 20 EAD-active compounds individually for activity
in reducing attraction of DFBs to attractant-baited traps. One other compound,
conophthorin, was already known to be repellent to DFBs (Huber et al., 1999).
The treatments were unbaited traps, traps baited with the three-component DFB
lure (Table 1), or traps baited with the DFB lure plus either benzyl alcohol, ben-
zaldehyde, 3-carene, decanal, guaiacol, heptanal, hexanal, 1-hexanol, 2-hexanone,
3-hexanone, (E )-2-hexenal, limonene, methyl salicylate, nonanal, octanoic acid,
phenylacetaldehyde, a-pinene, b-pinene, salicylaldehyde, or toluene or a mixture
of all of the above compounds in equal proportions (equal-ratio blend; Table 1).
The experiment comprised 12 replicates carried out two or four replicates at a time
between May 7–9, 7–12, 9–12, and 12–15, 1997, and with bait positions rerandom-
ized between replicates.

Experiment 2 tested the effect of (E )-ocimene with three treatments:
unbaited traps and traps baited with the DFB lure alone or with ocimene (72
E-isomer). Fifteen replicates were run simultaneously from April 24 to 29, 1998.

Experiments 3 and 4 tested three groups of synthetic nonhost compounds: (1)
four green-leaf volatiles (GLVs) [hexanal, (E )-2-hexenal, 1-hexanol, and (Z )-3-
hexen-1-ol]; (2) six volatiles (salicylaldehyde, conophthorin, guaiacol, nonanal,
benzaldehyde, and benzyl alcohol) that each elicited antennal responses from
≥3 of the five scolytid species tested by Huber et al. (2000)1; and (3) seven
volatiles [4-allylanisole, heptanal, (E )-2-heptenal, methyl salicylate, decanal, thy-
mol methylether, and (E )-nerolidol] that elicited antennal responses from fewer
than three of the five scolytid species. The six treatments in experiment 3 were:
unbaited traps, traps baited with the DFB lure, and traps baited with the DFB lure
plus the GLVs in group 1, the volatiles in group 2, the volatiles in group 3, or all
the volatiles in groups 1–3. In experiment 4 the three groups of nonhost volatiles
were tested in all three binary combinations and in the ternary combination with the
following treatments: unbaited traps, traps baited with the DFB lure, traps baited
with the DFB lure plus volatiles in groups 1 and 2, 1 and 3, 2 and 3, or 1–3. Fifteen
replicates in each experiment were run from May 5 to 7, 1998 (experiment 3), and
May 7–11, 1998 (experiment 4). Most of the volatiles in experiments 3 and 4 were
tested as mixtures in common release devices (Table 1). No monoterpenes were
included in experiments 3 and 4, as many such compounds are known to attractant
various coniferophagous Scolytidae.

1Beetles tested in addition to the DFB were: Dendroctonus ponderosae, D. rufipennis, Dryocoetes
confusus, and Ips pini.
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TABLE 1. DESCRIPTION OF CHEMICALS AND RELEASE DEVICES UTILIZED

IN TRAPPING EXPERIMENTS

Release rate
Volatile category Purity Release device and (mg/ 24 hr) and
and compounda Source (%) experiment number temperature

DFB lure
Frontalin Phero Techb >99 0.4 ml PEc vial, closed 2.6 at 238C

(racemic) (all experiments)
Ethanol Phero Tech 95 40 cm Phero Tech pouch 40 at 208C

(all experiments)
MCOL Phero Tech 98 Phero Tech bubblecap 2.0 at 208C

(all experiments)
Equal-ratio Various 1.5 ml PPc vial, open 39 at 288C

blend (Exp. 1)
4-Allylanisole Sigmad 98 15 ml PE bottle also 3.8 at 258C

containing heptanal, (E )-
2-heptenal, methyl
salicylate, decanal, and
(E )-nerolidol (Exp. 3, 4)

Benzyl alcohol Fishere 98 1.5 ml PP vial, open 6 at 288C
(Exp. 1)

15 ml Phero Tech 1.3 at 208C
bubblecap (Exp. 3–8)

Benzaldehyde Fisher >99 0.6 PP vial, open (Exp. 1) 15 at 288C
15 ml PE bottle also 1.7 at 258C

containing guaiacol,
nonanal, and salicylaldehyde
(Exp. 3, 4)

Phero Tech flexlure 3.5 at 208C
(Exp. 5–10)

3-Carene Sigma 90 0.6 ml PP vial, open 31 at 288C
(Exp. 1)

Conophthorin S.F.U.f 87 0.4 ml PE vial, closed 3.0 at 288C
(racemic) (Exp. 3–10)

Decanal Sigma 95 1.5 ml PP vial, open 11 at 288C
(Exp. 1)

15 ml PE bottle also 2.5 at 258C
containing heptanal,
(E )-2-heptenal,
methyl salicylate,
4-allylanisole, and
(E )-nerolidol
(Exp. 3, 4)

Guaiacol Sigma >98 1.5 ml PP vial, open 19 at 288C
(Exp. 1)

15 ml PE bottle also 1.9 at 258C
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TABLE 1. CONTINUED

Release rate
Volatile category Purity Release device and (mg/ 24 hr) and
and compounda Source (%) experiment number temperature

containing benzaldehyde,
salicylaldehyde, and
nonanal (Exp. 3, 4)

Phero Tech bubblecap 5.0 at 208C
(Exp. 5–10)

Heptanal Sigma 95 1.5 ml PP vial, open 27 at 288C
(Exp. 1)

15 ml PE bottle also 4.0 at 258C
containing decanal,
(E )-2-heptenal,
methyl salicylate,
4-allylanisole, and
(E )-nerolidol
(Exp. 3, 4)

(E )-2-Heptenal Bedoukiang 95 15 ml PE bottle also 3.7 at 258C
containing decanal,
heptenal, methyl
salicylate, 4-allylanisole,
and (E )-nerolidol
(Exp. 3, 4)

Hexanal Sigma 98 0.4 ml PE vial, open 18 at 288C
(Exp. 1)

15 ml PE bottle also 8.2 at 258C
containing 1-hexanol,
(Z)-3-hexen-1-ol,
and (E )-2-hexenal
(Exp. 3, 4)

Phero Tech flexlure (Exp. 3.0 at 208C
5–10)

1-Hexanol Sigma 98 0.6 ml PP vial, open 23 at 288C
(Exp. 1)

15 ml PE bottle also 2.8 at 258C
containing hexanal, (Z)-3-
hexen-1-ol, and (E )-2-
hexenal (Exp. 3, 4)

Phero Tech bubblecap 2.5 at 208C
(Exp. 5–10)

2-Hexanone Sigma 98 0.4 ml PE vial, open 28 at 288C
(Exp. 1)

3-Hexanone Sigma 98 0.4 ml PE vial, open 32 at 288C
(Exp. 1)
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TABLE 1. CONTINUED

Release rate
Volatile category Purity Release device and (mg/ 24 hr) and
and compounda Source (%) experiment number temperature

(E )-2-Hexenal Bedoukian 98 0.6 ml PP vial, open 10 at 288C
(Exp. 1)

15 ml PE bottle also 34 at 258C
containing hexanal, (Z)-3-
hexen-1-ol, and 1-
hexanol (Exp. 3, 4)

Phero Tech flexlure (Exp. 3.5 at 208C
5–10)

(Z)-3-Hexen- Bedoukian 98 15 ml PE bottle also 3.7 at 258C
1-ol containing hexanal,

hexanol, and (E )-2-
hexenal (Exp. 3, 4)

Phero Tech bubblecap 3.0 at 208C
(Exp. 5–10)

Limonene Sigma 96 0.6 ml PP vial, open 31 at 288C
(racemic) (Exp. 1)

Methyl Sigma 98 1.5 ml PP vial, open 17 at 288C
salicylate (Exp. 1)

15 ml PE bottle also 3.6 at 258C
containing decanal, (E )-
2-heptenal, heptanal, 4-
allylanisole, and (E )-
nerolidol (Exp. 3, 4)

(E )-Nerolidol Bedoukian >97 15 ml PE bottle also 0.1 at 258C
(racemic) containing decanal, (E )-

2-heptenal, heptanal, 4-
allylanisole, and methyl
salicylate (Exp. 3, 4)

Nonanal Sigma 95 1.5 ml PP vial, closed 31 at 288C
(Exp. 1)

15 ml PE bottle also 0.8 at 258C
containing benzaldehyde,
salicylaldehyde and
guaiacol (Exp. 3, 4)

Phero Tech flexlure 3.5 at 208C
(Exp. 5–10)

Ocimene (72% IFFh >95 0.4 ml PE vial, closed 32 at 288C
E isomer) (Exp. 2)

Octanoic Sigma 99.5 1.5 ml PP vial, open 1 at 288C
acid (Exp. 1)

Phenylacet- Sigma >90 1.5 ml PE vial, open 26 at 288C
aldehyde (Exp. 1)
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TABLE 1. CONTINUED

Release rate
Volatile category Purity Release device and (mg/ 24 hr) and
and compounda Source (%) experiment number temperature

a-Pinene Sigma 98 0.6 ml PP vial, open 65 at 288C
(racemic) (Exp. 1)

b-Pinene Sigma 99 0.6 ml PP vial, open 38 at 288C
[99% (− )- (Exp. 1)
enantiomer]

Salicylaldehyde Sigma 99 1.5 ml PP vial, open 45 at 288C
(Exp. 1)

15 ml PE bottle also 1.5 at 258C
containing benzaldehyde,
nonanal, and guaiacol
(Exp. 3, 4)

Phero Tech bubblecap 5.0 at 208C
(Exp. 5–10)

Thymol methylether S.F.U. 98 0.4 ml PE vial, closed 2.7 at 288C
(Exp. 3, 4)

Toluene Sigma >99 0.4 ml PE vial, closed 120 at 288C
(Exp. 1)

a I.U.P.A.C. names if different than trivial name in table: 4-allylanisole is 1-methoxy-4-(2-propenyl)
benzene; conophthorin is (E )-7-methyl-1,6-dioxaspiro[4.5]decane; frontalin is 1,5-dimethyl-6,8-
dioxabicyclo[3.2.1]octane; guaiacol is 2-methoxyphenol; limonene is p-mentha-1,8-diene; MCOL
is 1-methylcyclohex-2-en-1-ol; methylsalicylate is methyl 2-hydroxybenzoate; (E )-nerolidol is
(E )-3,7,11-trimethyl-1,6,10-dodecatrien-3-ol; ocimene is 3,7-dimethyl-1,3,6-octatriene; a-pinene is
2-pinene; b-pinene is 2(10)-pinene; salicylaldehyde is 2-hydroxybenzaldehyde; thymol methylether
is 1-isopropyl-2-methoxy-4-methylbenzene.

b Phero Tech, 7572 Progress Way, Delta, British Columbia, V4G 1E9.
c PE c polyethylene, PP c polypropylene.
dSigma-Aldrich Canada Ltd., 2149 Winston Park Drive, Oakville, Ontario, L6H 6J8.
e Fisher Scientific Ltd., 112 Colonnade Road, Nepean, Ontario, K2E 7L6.
f Synthesized by H. D. Pierce, Jr., and E. Czyzewska, Department of Chemistry, Simon Fraser
University, Burnaby, British Columbia, V5A 1S6.

g Bedoukian Research, Inc., 21 Finance Drive, Danbury, Connecticut 06810.
h International Flavors and Fragrances Inc. 521 West 57th St., New York, New York 10019.

All volatiles in experiments 5–10 were tested in separate release devices for
each compound (Table 1). Experiments 5 and 6 tested the active synthetic com-
pounds from experiments 3 and 4 in groups based on their chemical functionali-
ties: (1) the bicyclic acetal, conophthorin, alone; (2) aldehydes [salicylaldehyde,
benzaldehyde, hexanal, (E )-2-hexenal, and nonanal], and (3) alcohols and phe-
nols [benzyl alcohol, (Z )-3-hexen-1-ol, 1-hexanol, and the phenol, guaiacol]. The
treatments in both experiments included unbaited traps and traps baited with the
DFB lure. In experiment 5 the other treatments were traps baited with the DFB
lure plus the volatiles in groups 1, 2, 3, or 1–3. In experiment 6 the other treat-
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ments were the DFB lure plus the volatiles in groups 1 and 2, 1 and 3, 2 and
3, or 1–3. Experiment 5 was run from April 24 to 26, 1999, and experiment 6
was run from April 26 to 30, 1999. Both had 15 replicates.

Experiment 7 tested the nonhost alcohols from experiments 5 and 6 in five
treatments: unbaited traps, traps baited with the DFB lure and traps baited with
the DFB lure plus aliphatic alcohols [1-hexanol and (Z )-3-hexen-1-ol], plus ben-
zyl alcohol and guaiacol, or plus the aliphatic alcohols, benyl alcohol, and guaia-
col all together. The experiment ran from May 14 to 22, 1999, with 17 replicates.

Experiment 8 tested the two groups of compounds from experiment 7 in
binary combinations with each other and with conophthorin. The six treatments
were: unbaited traps, traps with the DFB lure, and traps with the DFB lure
plus aliphatic alcohols and benzyl alcohol plus guaiacol, aliphatic alcohols and
conophthorin, benzyl alcohol plus guaiacol and conophthorin, or aliphatic alco-
hols, benzyl alcohol plus guaiacol and conophthorin all together. The experiment
ran from May 22 to 24, 1999, with 15 replicates.

Experiment 9 tested the nonhost aldehydes from experiments 5 and 6 in
five treatments: unbaited traps, traps baited with the DFB lure, and traps baited
with the DFB lure plus either aromatic aldehydes [salicylaldehyde and benzalde-
hyde], aliphatic aldehydes [hexanal, (E )-2-hexenal, and nonanal], or both alde-
hyde groups together. The experiment ran from April 30–May 14, 1999, with
17 replicates.

Experiment 10 tested the aldehyde groups from experiment 9 in binary
combinations with each other and with conophthorin. The six treatments were:
unbaited traps, traps with the DFB lure, and traps with the DFB lure plus aro-
matic aldehydes and conophthorin, aliphatic aldehydes and conophthorin, aro-
matic and aliphatic aldehydes, or aromatic aldehydes, aliphatic aldehydes and
conophthorin. The experiment ran from May 24 to 26, 1999, with 15 replicates.

Captured beetles were frozen until sexed and counted. Data were trans-
formed by log10 (x + 1) (Zar, 1984) to meet the assumptions of homoscedasticity
and normality and were analyzed by ANOVA followed by comparison of means
by the Ryan-Einot-Gabriel-Welsch Multiple Q-test (REGWQ procedure) (SAS
Institute Inc., 1988; Day and Quinn, 1989) by using SAS software (GLM proce-
dure) (SAS Institute, Inc., 1988). In all cases a c 0.05. Due to the large number
of treatments, experiment 1 was best represented with descriptive statistics; no
further statistical analysis was completed.

RESULTS

Of the 20 individual compounds tested in experiment 1, only 1-hexanol and
benzyl alcohol appeared to weakly reduce attraction of DFBs to the attractant
bait, a result similar to that obtained with the mixture of all compounds together
(Figure 1). Some compounds appeared to enhance the attractiveness of the bait,
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FIG. 1. Catches of Dendroctonus pseudotsugae in multiple-funnel traps baited with DFB lure alone or with single or combined nonhost
bark volatiles in experiment 1, N = 12, May 7–15, 1997, near Lytton, British Columbia.
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FIG. 2. Catches of Dendroctonus pseudotsugae in multiple-funnel traps baited with DFB
lure alone or with ocimene [72% (E )-isomer] in experiment 2, N c 15, April 24–29, 1998,
near Lytton, British Columbia. Bars for each sex with the same letter are not significantly
different (Ryan-Einot-Gabriel-Welsch Multiple Q-test, P < 0.05).

while most appeared to be benign. (E )-Ocimene did not significantly reduce the
attraction of DFB to attractant-baited traps in experiment 2 (Figure 2).

In experiment 3, the GLVs reduced attraction of female DFBs, and the
group of volatiles that elicited antennal responses from ≥3 scolytid species
reduced attraction of both sexes (Figure 3). The combination of all three groups
of compounds had the greatest disruptant effect, reducing catch to 13.5% and
11.2% of that in the attractant-baited control traps for males and females, respec-
tively. Each of the binary combinations of the above groups tested in experiment
4 significantly reduced the attraction of both sexes of beetles to attractant-baited
traps, as did the ternary blend, which reduced the total trap catch to 9.0% and
11.2% of the attractant-baited control traps in males and females, respectively
(Figure 3).

Each treatment in experiment 5 reduced attraction of both sexes to
attractant-baited traps, including conophthorin, which was active alone (Figure
4). The ternary combination of aldehydes, alcohols, and conophthorin was the
most disruptive, reducing catch to 6.1% and 7.5% of that in attractant-baited con-
trol traps for males and females, respectively. Each of the binary combinations
in experiment 6 reduced attraction of both sexes to attractant-baited traps (Fig-
ure 4). The ternary blend again resulted in the lowest trap catches, reducing trap
catch to 7.4% and 4.1% of that in attractant-baited traps for males and females,
respectively. Trap catch of female DFB was reduced to a level not significantly
different from that in the unbaited control traps.

In experiment 7, benzyl alcohol plus guaiacol reduced the attraction of
males to attractant-baited traps, and the aliphatic alcohols, 1-hexanol and (Z )-3-
hexen-1-ol, reduced attraction of both sexes to attractant-baited traps (Figure 5).
The treatment consisting of both groups reduced the catch to 23.4% and 24.9%
of the attractant-baited control traps for males and females, respectively. Each of
the two groups tested with conophthorin, and the two groups together reduced
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FIG. 3. Catches of Dendroctonus pseudotsugae in multiple-funnel traps baited with DFB
lure alone or with three blends of nonhost compounds, tested singly in experiment 3
(top) and in binary and ternary combination in experiment 4 (bottom). The blends were
green-leaf volatiles (GLVs), compounds eliciting antennal responses from at least three
of five species of scolytids previously tested in electroantennogram studies (≥3), and
compounds eliciting antennal responses from fewer than three of the five species tested
(<3). Experiment 3, N c 15, May 5–7, 1998; experiment 4, N c 15, May 7–11, 1998, both
near Lytton, British Columbia. Bars within each experiment and sex with the same letter
are not significantly different (Ryan-Einot-Gabriel-Welsch Multiple Q-test, P < 0.05).

attraction of both sexes to attractant-baited traps in experiment 8 and the blend
of all compounds reduced trap catch to 29.4% and 21.8% of the attractant-baited
control traps for males and females, respectively (Figure 5).

Only the aliphatic aldehydes, hexanal, (E )-2-hexenal, and nonanal, reduced
attraction of both sexes of DFBs in experiment 9, reducing trap catch to 36.4%
and 37.9% of that in attractant-baited control traps for males and females, respec-
tively (Figure 6). The aromatic aldehyde treatment, salicylaldehyde and ben-
zaldehyde, was inactive alone, but appeared to modify the disruptant effect of
the aliphatic aldehydes when both groups were combined. Combining the two
groups of aldehydes with each other or with conophthorin resulted in treatments
that significantly reduced attraction of both sexes to attractant-baited traps in
experiment 10 (Figure 6). The aliphatic aldehydes plus conophthorin reduced
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FIG. 4. Catches of Dendroctonus pseudotsugae in multiple-funnel traps baited with DFB
lure alone or with the nonhost volatile, conophthorin, an aldehyde blend, and an alcohol
blend tested singly in experiment 5 (top) and in binary and ternary combination in exper-
iment 6 (bottom). Experiment 5, N c 15, April 24–26, 1999; experiment 6, N c 15, April
26–30, 1999, both near Lytton, British Columbia. Bars within each experiment and sex
with the same letter are not significantly different (Ryan-Einot-Gabriel-Welsch Multiple
Q-test, P < 0.05).

the catch to 38.6% and 29.1% of that in the attractant-baited control traps for
males and females, respectively.

DISCUSSION

We have shown that a variety of compounds known to be present in the
bark of nonhost angiosperm trees strongly reduce attraction of DFBs to attrac-
tant semiochemicals. This is the first report of blends of angiosperm-derived
compounds having such an effect on the DFB, and builds on the evidence of
disruption caused by the known antiaggregation pheromone, MCH (Rudinsky et
al., 1972; Ross et al., 1996) and the apparently ubiquitous spiroketal, conoph-
thorin (Huber et al., 1999). Conophthorin is a known pheromone for other insects
(Francke et al., 1978), including scolytids (Kohnle et al., 1992; Dallara et al.,
1994; Pierce et al., 1995; Birgersson et al., 1995), but it is also found in Acer,
Betula, Populus, and Salix spp. trees (Byers et al., 1998; Huber et al., 1999;
R. Gries and C. Broberg, personal communication). It generally has a repellent
or disruptive effect.
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FIG. 5. Catches of Dendroctonus pseudotsugae in multiple-funnel traps baited with DFB
lure alone or with blends of aliphatic alcohols or benzyl alcohol plus guaiacol tested
singly in experiment 7 (top) and in binary and ternary combinations with each other and
with conophthorin in experiment 8 (bottom). Experiment 7, N c 17, May 14–22, 1999;
experiment 8, N c 15, May 22–24, 1999, both near Lytton, British Columbia. Bars within
each experiment and sex with the same letter are not significantly different (Ryan-Einot-
Gabriel-Welsch Multiple Q-test, P < 0.05).

The monoterpene, (E )-ocimene, was tested alone in experiment 2 because
it had not been included in the initial screening of compounds in experiment
1. It was not tested further, nor were any of the other monoterpenes, many of
which are known to be common host conifer volatiles (Norin, 1996; Persson et
al., 1996; Sjödin et al., 1996; Wang et al., 1997; Wibe et al., 1998). Although
there is some possibility that (E )-ocimene or another monoterpene might aug-
ment the bioactivity of the most active nonhost volatiles in experiments 3–10,
the strong disruptant effects that we obtained in this study are good evidence
that the nonhost message can be obtained in the absence of these compounds.
Additionally, several compounds tested in experiment 1 were not tested in fur-
ther experiments, because additional GC-EAD and mass spectrometric data cast
some doubt on their authenticity.

The only group of two or more of the EAD-active compounds tested in
experiments 3–10 (Table 1) that did not reduce attraction of DFB to baited
traps was the aromatic aldehyde group, salicylaldehyde and benzaldehyde (Fig-
ure 6). Different blends of compounds had similar disruptive effects, and the
highest degree of disruption occurred when the largest number of compounds
were grouped together, for example in experiments 5 and 6. This redundant and
additive effect is similar to, but more complex than, that found by Borden et al.
(1998) for the mountain pine beetle among 1-hexanol, benzyl alcohol, benzalde-
hyde, and nonanal.
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FIG. 6. Catches of Dendroctonus pseudotsugae in multiple-funnel traps baited with DFB
lure alone or with blends of aliphatic or aromatic nonhost aldehydes tested singly in
experiment 9 (top) and in binary and ternary combinations with each other and with
conophthorin in experiment 10 (bottom). Experiment 9, N c 17, April 30–May 14, 1999;
experiment 10, N c 15, May 24–26, 1999, both near Lytton, British Columbia. Bars within
each experiment and sex with the same letter are not significantly different (Ryan-Einot-
Gabriel-Welsch Multiple Q-test, P < 0.05).

These effects are not always evident in studies of responses by conif-
erophagous bark beetles to angiosperm volatiles (e.g., Dickens et al., 1991; Byers
et al., 1998). However, it is probable that testing of varied combinations of EAD-
active nonhost volatiles would reveal such effects to be common in the conif-
erophagous Scolytidae. This is likely for two reasons. A beetle that was too
sensitive to any one nonhost volatile would presumably be repelled from such
a wide area that it could miss suitable hosts that grew in close proximity to
nonhost angiosperm trees. The perception and avoidance of a number of com-
pounds in an additive manner would require a foraging beetle to come fairly
close to a nonhost tree before it was repelled. It has also been hypothesized
(Borden et al., 1998) that the redundancy effect for nonhost angiosperm bark
volatiles would allow a foraging coniferophagous bark beetle to perceive and
avoid different blends of compounds that are indicative of a variety of nonhost
angiosperm taxa.

Our results provide good evidence that the DFB is able to detect and avoid
nonhost angiosperms while in flight rather than randomly landing on and testing
individual trees, because most DFBs that attempt to land on a multiple-funnel
trap are subsequently caught (D.P.W.H., personal observation). A reduction in
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numbers of beetles captured when nonhost volatiles are added to attractive baits
is then an indication of repellency, a result borne out by numerous other studies
on coniferophagous Scolytidae (Dickens et al., 1992; Wilson et al., 1996; Borden
et al., 1997, 1998; Byers et al., 1998; Deglow and Borden, 1998a,b; Poland et al.,
1998; Poland and Haack, 1999; Huber et al., 1999). It is possible that the hypoth-
esis of random landing by dispersing beetles on host and nonhost trees, followed
by close-range acceptance or rejection while in contact with the tree (Moeck et
al., 1981), applies only to some other species of coniferophagous Scolytidae,
applies only for differentiation between host and nonhost gymnosperms, or is
just a by-product of beetles landing for different reasons such as to wait out
inclement weather or to rest.

Although the compounds tested in our experiments were based on antennal
responses by female beetles, responses by both sexes were generally similar. This
result is in opposition to the hypothesis that because females are required to make
the initial decision regarding the suitability of a given tree, they would respond
more strongly than males to nonhost volatiles. On the other hand, few beetles
probably initiate an attack and female and male beetles entering a pheromone
plume should be able to distinguish between host and nonhost trees in order to
accurately locate a tree undergoing attack.

The strong disruptant effect of nonhost angiosperm bark volatiles suggests
that, as for the mountain pine beetle (Wilson et al., 1996; Borden et al., 1998),
they could be used alone or in conjunction with the antiaggregation pheromone,
MCH, to protect fallen trees and susceptible standing timber from attack by the
DFB.
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Abstract—Stereoselectively synthesized enantiomers of ethyl cis-5-iodo-
trans-2-methylcyclohexane-1-carboxylate (ceralure B1), a potent lure for
male Mediterranean fruit flies, were tested in the laboratory and the field
against laboratory reared sterile flies. The (− )-ceralure B1 enantiomer was
significantly more attractive than the (+)-ceralure B1 antipode. Dose–response
studies of the above compounds demonstrated that (− )-ceralure B1 and to a
lesser extent, racemic ceralure B1, captured consistently more male flies than
trimedlure, the current male attractant used in detection programs. Longevity
tests demonstrated that, over a three-week period, both (− )-ceralure B1 and
racemic ceralure B1 caught significantly more flies than trimedlure. The
synthesis of specific enantiomers of ceralure B1 shows great promise as a
male attractant that could replace trimedlure for detection and delimitation in
action programs aimed at this exotic pest.

Key Words—Mediterranean fruit fly, attractants, detection, male annihilation.

INTRODUCTION

The Mediterranean fruit fly (medfly), Ceratitis capitata (Wiedemann) is a seri-
ous pest of fruits and vegetables throughout many parts of the world. Except
for the state of Hawaii, medfly is not established in the United States. If estab-
lished, this pest would have a serious impact on US agriculture and the environ-
ment through increased costs for control and additional pesticide sprays. In addi-
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tion, the regulatory quarantines by importing countries could severely restrict
worldwide trade of US agricultural products (CDFA, 1994; Siebert and Cooper,
1995).

The establishment of this pest within the contiguous United States has been
prevented through a vigorous detection, quarantine inspection, and eradication
program. Monitoring and detection for the medfly using synthetic attractants is
a key step in signaling the need for eradication. Each year states such as Cali-
fornia, Florida, and Texas employ more than 100,000 traps in and around agri-
cultural and urban areas to survey and detect possible introductions of med-
fly. For almost 40 years, trimedlure (TML), developed from an intensive US
Department of Agriculture screening and testing program has been widely used
as the “standard” synthetic male medfly attractant (Beroza et al., 1961). For com-
mercial use, 2 g of trimedlure is formulated in a polymeric plug-type dispenser
that provides controlled release of the attractant for up to eight weeks when
deployed in Jackson traps (Leonhardt et al., 1987, 1989; Gilbert and Bingham,
1999).

Commercial trimedlure (TML) is an isomeric mixture of tert-butyl esters
of 4- and 5-chloro-2-methylcyclohexane-1-carboxylate. Hence, trimedlure is a
mixture of 16 possible regio- and stereoisomers. Of these, a single isomer
(1S,2S,4R)-tert-butyl 4-chloro-2-methylcyclohexane-1-carboxylate (trimedlure-
C enantiomer, henceforth referred to as (+)-trimedlure-C based on its optical
rotation) was found to be the most attractive (McGovern et al., 1987; Doolittle et
al., 1991; Heath et al., 1990). Furthermore, the optical antipode, (− )-trimedlure-C
((1R,2R,4S )-tert-butyl 4-chloro-2-methylcyclohexane-1-carboxylate) was shown
to have very little biological activity.

McGovern co-workers investigated various halogen and ester analogs of
trimedlure and found that ethyl 4- (and 5-) iodo-trans-2-methylcyclohexane-1-
carboxylate (ceralure) was more potent and persistent than trimedlure (McGov-
ern and Cunningham, 1988; DeMilo et al., 1994; Warthen et al., 1994). Like
trimedlure, commercial ceralure is also a mixture of 16 regio- and stereoiso-
mers. A field study designed to measure the relative attractiveness of the race-
mates, which were tediously separated by HPLC, demonstrated that racemic
ethyl cis-5-iodo-trans-2-methylcyclohexane-1-carboxylate (ceralure B1) is most
active (Warthen et al., 1994). Recently, a highly effective stereoselective syn-
thesis that yields the two enantiomers of ceralure B1 on a multigram scale was
developed (Raw and Jang, 2000).

For the current study, laboratory and field tests with released sterile flies on
the island of Hawaii were carried out to compare the attractancy, dose–response,
and initial persistence of the pure enantiomers as well as the racemic mixture.
The purpose of this study was to evaluate the relative attractancy of the two
nearly synthesized ceralure B1 enantiomers and to compare these to responses
of commercially available trimedlure and ceralure.
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METHODS AND MATERIALS

Test Compounds. Liquid trimedlure (UOP Chemicals, East Rutherford,
New Jersey) (98% pure; density 1.02 g/ ml) and ceralure (Agrisense/ Biosys, Palo
Alto, California) (98% pure; density 1.43 g/ ml) were purchased from commer-
cial sources. Ceralure was stored over a copper coil to prevent discoloration.
The enantiomers of ceralure B1, ethyl (1R,2R,3R)-5-iodo-2-methylcyclohexane-
1-carboxylate and ethyl (1S,2S,3S)-5-iodo-2-methylcyclohexane-1-carboxylate,
henceforth referred to as (− )-ceralure B1 and (+)-ceralure B1, respectively, based
on their optical rotations, were synthesized by using a unique nine-step pro-
cess (Raw and Jang, 2000). This yielded each enantiomer on a multigram scale
with high purity (97% ee) and an overall yield of 15%. Racemic ceralure B1
was synthesized via the same synthetic scheme utilized to synthesize the pure
enantiomers of ceralure B1, with the exception of using racemic sigluric acid as
starting material.

Insects. Sterilized medfly pupae were obtained from the USDA-ARS
Pacific Basin Agricultural Research Center (PBARC) rearing facility in Hono-
lulu, Hawaii. The flies were reared on an artificial diet (Tanaka et al., 1969)
under standard mass rearing conditions and sterilized as pupae at a dose of 150
Gy two days before emergence. Flies were shipped by air to the PBARC labo-
ratories in Hilo, HI, where 60–150 ml of pupae (both sexes) were placed either
in small aluminum cubical screen cages (0.3 × 0.3 × 0.3 m) or in larger holding
cages made from 57-liter (15-gallon) Rubbermaid “action packers” (Rubbermaid
Inc., Khartoum, Sudan) modified by screened panels on the bottoms and sides
of the units. The emerged flies were given water, sugar and hydrolyzed yeast
protein. Flies were 2–9 days old when tested.

Rotating Olfactometer Test. Initial tests were conducted in a four-arm out-
door rotating olfactometer (3 × 3 × 2.5 m) as described in Jang et al. (1997). Neat
compounds were diluted in reagent-grade acetone to give the following doses:
10, 1, 0.1, and 0.01 mg (in 100 ml acetone). The solutions were pipetted onto a
1.2-cm cotton wick inside of a Jackson trap containing a cardboard insert coated
with stickem glue. One cubical aluminum cage of medflies (approximately 3600
flies of mixed sex) was released into the olfactometer. Temperature ranged from
20 to 248C and relative humidity was 65–88%. Traps were allowed to slowly
rotate within the olfactometer cage for 4 hr. At the end of the 4-hr test period,
traps were removed and trapped flies were counted and recorded.

Open Field Test. All field tests were conducted by using Jackson traps with
a 1.2-cm-long × 0.7-cm-diameter cotton wick that contained the test chemical
(Harris et al., 1971). All tests were conducted with a randomized complete block
design having five traps of each treatment in the block. The tests were replicated
at least five times.

Dose–Response Tests. Traps were baited with (+)-ceralure B1, (− )-ceralure
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B1, racemic ceralure B1, commercial trimedlure, commercial ceralure, or a blank
(acetone) control. For each compound, the following doses were tested: 10, 1,
0.1, and 0.01 mg. Traps were placed in a macadamia nut orchard on the Island of
Hawaii near the town of Hilo. Traps were separated by every other tree in every
row (approximately 10 m between traps). Flies (approximately 6000/ row) were
then released by slowly walking between rows while allowing the flies to escape
from the opened action packer. After 48 hr, traps were collected and brought back
to the lab for analysis. Both males and females medflies were counted on the
sticky inserts.

Longevity Tests. Preliminary tests to determine the effectiveness of the dif-
ferent chemical compounds over time were also carried out using sterile flies
released in a macadamia nut orchard. In these tests, all compounds were applied
to the cotton wick at a 10 mg dose. Traps were serviced weekly for three weeks.
Inserts were changed each week and new flies were released, but the same cotton
wicks were left in the field to age throughout the 3-week test period.

Data Analysis. Although male and female medflies were counted on the
sticky inserts, the trap captures were overwhelmingly male biased. Thus, only
data from male captures are included in the analysis. Data were subjected to anal-
ysis of variance (Proc GLM) and Tukey’s honestly significant difference test for
separation of mean values. Significant differences in response were determined
at the P < 0.05 level. Data were not transformed prior to analysis. Statistical
analysis was performed on SAS ver 6.12 (SAS Institute, Cary, North Carolina)
with a PC. Values presented in the tables are means ±SEM.

RESULTS

In outdoor olfactometer cage tests, traps baited with (− )-ceralure B1 cap-
tured numerically more male medflies than did other traps at all concentra-
tions. In comparison with commercial ceralure and the control, (− )-ceralure B1
produced significantly greater capture at the 10- and 1-mg mg dosages. At the
1-mg dosage, (− )-ceralure B1 was also different from racemic ceralure B1. There
were no significant differences in trap captures among compounds at the 0.01-mg
dosage (Table 1).

The field results comparing the relative attractancy of optically active cer-
alure B1 enantiomers, racemic ceralure B1, commercial trimedlure, and com-
mercial ceralure at various doses are shown in Table 2. Traps baited with (− )-
ceralure B1 captured significantly more male medflies than those baited with its
(+)-ceralure B1 antipode. In addition, (− )-ceralure B1 and racemic ceralure B1
produced significantly higher capture than commercial trimedlure or ceralure at
all dosages. In the course of these studies, it was noted that, at both the 10-
mg and 1.0-mg doses of (− )-ceralure B1, trap saturation (overcrowding) was a
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TABLE 1. RESPONSE OF RELEASED MEDITERRANEAN FRUIT FLIES TO DIFFERENT

DOSAGES OF TML AND CERALURE COMPOUNDS IN ROTATING OLFACTOMETERa

Male fly capture (mean ± SE)

Treatment N 10 mgb 1 mg 0.1 mg 0.01 mg

TML 4 211.5 ± 11.5 abc 176.2 ± 35.5 ab 91 ± 23.4 ab 4.5 ± 0.8 a
Com. Ceralure 4 87.5 ± 0.5 bc 42.5 ± 10 c 92 ± 25.3 ab 3.5 ± 1.5 a
(+)-Ceralure B1 4 241.5 ± 28.5 ab 234.2 ± 27.7 ab 131 ± 9.7 ab 8 ± 2.2 a
(±) Ceralure B1 4 188 ± .5 abc 131 ± 30.6 bc 121.5 ± 9.8 ab 7.2 ± .8 a
(− )-Ceralure B1 4 275 ± 16 a 296.7 ± 31.8 a 161.5 ± 38.5 a 11.5 ± 3.4 a
Control 4 50 ± 30 c 48 ± 15.2 c 38.5 ± 4.3 b 7.2 ± 1.6 a

a Data analyzed by Proc GLM; means followed by different letters in a column are significantly
different (P < 0.05) by Tukey’s test.

b Two replicates.

concern. Thus, the data at those concentrations may not be indicative of the rel-
ative attractiveness of (− )-ceralure B1 to the other attractants (e.g., trimedlure
or commercial ceralure). At the 0.1-mg and 0.01-mg doses, trap saturation was
not an issue. At these dosages, medfly capture by (− )-ceralure B1 outperformed,
on average, commercial ceralure by 16-fold, and trimedlure by ninefold.

In longevity studies, all compounds were tested at the 10-mg dose. Dur-
ing the first week, both (− )-ceralure B1 and racemic ceralure B1 captured sig-
nificantly more males than (+)-ceralure B1, commercial trimedlure, commercial
ceralure, and control (Table 3). During the second week, captures at traps baited
with (− )-ceralure B1 and racemic ceralure B1 were 20% and 30%, respectively,
of the initial response before aging, whereas capture at traps baited with (+)-

TABLE 2. FIELD RESPONSE OF RELEASED MEDITERRANEAN FRUIT FLIES TO DIFFERENT

DOSAGES OF TML AND CERALURE COMPOUNDSa

Male fly capture (mean ± SE)

Treatment N 10 mg 1 mg 0.1 mg 0.01 mgb

TML 15 133.3 ± 30.7 c 112.5 ± 20.9 bc 31.1 ± 12.4 c 14 ± 3.4 bc
Com. Ceralure 15 170.5 ± 33.1 c 65.1 ± 9.5 bc 11.3 ± 4.1 c 23.4 ± 6.3 bc
(+)-Ceralure B1 15 151.8 ± 25.3 c 173 ± 42.2 b 57.2 ± 8.3 c 38.3 ± 6.5 b
(±)-Ceralure B1 15 365.5 ± 33.7 b 376.8 ± 36.7 a 179.7 ± 33.5 b 111 ± 12.2 a
(− )-Ceralure B1 15 487.3 ± 33 a 473.1 ± 56.6 a 303.1 ± 34.5 a 117 ± 14.1 a
Control 15 11.5 ± 3 d 8.4 ± 2.7 d 2.1 ± .7 c 2.3 ± 1c

a Data analyzed by Proc GLM; means followed by different letters in a column are significantly
different (P < 0.05) by Tukey’s test.

b Twenty-five replicates.
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TABLE 3. RESPONSE OF RELEASED MEDITERRANEAN FRUIT FLIES TO 10 mg OF TML
AND CERALURE COMPOUNDS OVER A THREE WEEK TEST PERIOD.

Male fly capture (mean ± SE)

Treatment N Week 1 Week 2 Week 3

TML 15 111 ± 19.4 bc 0.1 ± .1 b 0 ± 0 a
Com. Ceralure 15 135 ± 16.8 b 3.1 ± 2.2 b 0.5 ± .2 a
(+) Ceralure B1 15 135.7 ± 33.4 b 5.5 ± 4.5 b 0 ± 0 a
(±) Ceralure B1 15 274.5 ± 21.8 a 79.6 ± 33.3 a 4.7 ± 3.7 a
(− ) Ceralure B1 15 338.9 ± 40.1 a 69.3 ± 24.9 ab 0.3 ± .3 a
Control 15 11.4 ± 3.9 c 2.3 ± 2.1 b 0.07 ± .1

a Data analyzed by Proc GLM; means followed by different letters in a column are significantly
different (P < 0.05) by Tukey’s test.

ceralure B1, commercial trimedlure, and commercial ceralure, were not signifi-
cantly greater than control. After two weeks, racemic ceralure B1 captured more
males than any other compound, although the response was only 2% that of the
initial response. By the third week of testing, all compounds were capturing few
males flies.

DISCUSSION

In this study, we have evaluated the initial biological activity of a new
stereoselectively synthesized enantiomer of the ceralure B1 isomer. The enantio-
pure (− )-ceralure B1 was more attractive to male medflies than either commer-
cial ceralure (a mixture of 16 isomers), or commercial trimedlure (also a mixture
of 16 isomers). This increase in relative attraction was not initially apparent from
dose–response studies in the cage olfactometer (Table 1) but was clearly demon-
strated in field tests at doses of 0.1–10 mg (Table 2). In addition, longevity tests
with 10 mg showed greater capture in the field after two weeks compared to
trimedlure or ceralure (Table 3).

From a practical perspective, these results clearly demonstrate that (− )-
ceralure B1 and to a lesser extent, racemic ceralure B1, are significantly more
potent medfly attractants than commercial trimedlure and ceralure. Capture by
(− )-ceralure B1 outperformed the standard trimedlure used in survey and detec-
tion of medfly by as much as ninefold. Furthermore, the increased longevity of
this compound, and hence the decreased volatility of this attractant compared to
trimedlure, suggest that on a molecule-to-molecule basis, (− )-ceralure B1 should
have even greater activity compared to trimedlure. Nevertheless, this conserva-
tive estimate demonstrates that the activity of (− )-ceralure B1 is greater than that
reported for (+)-a-copaene (2–5 times more active than trimedlure) or even the
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C isomer of trimedlure. To our knowledge (− )-ceralure B1 is the most potent
medfly attractant thus far reported. Studies to demonstrate its effectiveness with
wild fly populations have shown (− )-ceralure B1 to outperform trimedlure in the
field (unpublished data). Further studies are currently in progress.

The increased effectiveness of (− )-ceralure B1 may justify the use of this
attractant as a replacement of trimedlure, which is used annually in over 100,000
baited detection traps for monitoring infestations of the Mediterranean fruit fly in
the United States. The effectiveness of (− )-ceralure B1 may have further impli-
cation for its potential use for male annihilation trapping of male medfly for
control and eradication.
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Abstract—Three Brassicaceae species, Brassica napus (low glucosinolate
content), Brassica nigra (including sinigrin), and Sinapis alba (including
sinalbin) were used as host plants for two aphid species: the generalist Myzus
persicae and the specialist Brevicoryne brassicae. Each combination of aphid
species and prey host plant was used to feed the polyphagous ladybird beetle,
Adalia bipunctata. Experiments with Brassicaceae species including different
amounts and kinds of glucosinolates (GLS) showed increased ladybird larval
mortality at higher GLS concentrations. When reared on plants with higher
GLS concentrations, the specialist aphid, B. brassicae, was found to be more
toxic than M. persicae. Identification of GLS and related degradation products,
mainly isothiocyanates (ITC), was investigated in the first two trophic levels,
plant and aphid species, by high-performance liquid chromatography and
gas chromatography–mass spectrometry, respectively. While only GLS were
detected in M. persicae on each Brassicaceae species, high amounts of ITC
were identified in B. brassicae samples (allyl-ITC and benzyl-ITC from B.
nigra and S. alba, respectively) from all host plants. Biological effects of
allelochemicals from plants on predators through aphid prey are discussed in
relation to aphid species to emphasize the role of the crop plant in integrated
pest management in terms of biological control efficacy.

Key Words—Allelochemical, glucosinolates, isothiocyanates, ladybird, aphid,
toxicity, tritrophic interactions.
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INTRODUCTION

Many Brassicaceae species are cultivated as oilseed, vegetable, or fallow plants.
In 1997, cabbages (Brassica oleracea L.) represented 10.7% of the world veg-
etable production. More than 11% of plant oil was produced from rape, Bras-
sica napus L. (FAO, 1995, 1997). Brassicaceae crops are known to biosyn-
thesize glucosinolates (GLS) as secondary metabolites. Myrosinase, a thioglu-
cosidase enzyme (EC 3.2.3.1.), was found in plants containing GLS but was
also detected in insects, such as the cabbage aphid, Brevicoryne brassicae L.
(MacGibbon and Allison, 1968; Francis, 1999a). In the plant, myrosinase is
located in the cytoplasm whereas GLS are stored in vacuoles (Grob and Matile,
1979). Glucosinolate degradation is initiated when cell integrity is destroyed
(Birch et al., 1990), leading to the production of nitriles, thiocyanates, oxazo-
lidinethiones, and isothiocyanates (ITC). The latter compounds may act as info-
chemicals in plant–animal interactions (Lamb, 1989) and can also display toxic
effects and constitute part of the plant’s defense against fungal and insect infesta-
tion (Heaney and Fenwick, 1995). ITC may be repellent or attractant, depending
on the insect. While Brassicaceae specialists are stimulated to feed and oviposit
by these substances, generalist herbivores are generally deterred.

Chemical cues from plants or herbivores are essential in the effective local-
ization of the host/ prey habitat and the searching behavior of entomophagous
insects (Sauls et al., 1979). Adalia bipunctata L. is known for its polyphagy
towards many aphid species (Hodek, 1959) even if some of them can present
negative effects on the ladybird development (Hodek and Honek, 1996). The
herbivore aphids we studied were M. persicae and B. brassicae. The latter is a
Brassicaceae specialist whereas the first one is a generalist (more than 400 host
plants; Quaglia et al., 1993). Due to its high polyphagy, M. persicae is found on
Brassicaceae plants and tolerates the GLS and their degradation products (Nault
and Stayer, 1972).

Host plant suitability for aphids does not necessarily meet the aphi-
dophagous predator needs (Hodek and Honek, 1996). Determination of tritrophic
interactions includes both practical and theorical interests. Plant–aphid–predator
relations have been little studied in integrated pest management programs and
raise some questions: how do the third trophic level interactions evolve in the
presence of allelochemicals constituting plant defenses? Is the impact of spe-
cific plant secondary metabolites similar on the biology of herbivores and ento-
mophagous insects? What are the active allelochemicals in aphids—native GLS
or their degradation products? Indeed, GLS break down by enzymatic degra-
dation to release volatile by-products, including mainly isothiocyanates. Brassi-
caceae species used in these studies were chosen for their glucosinolate profiles:
sinigrin and sinalbin are mainly present (around sixfold more than total GLS
in rape) in Brassica nigra L. and Sinapis alba L., respectively, while low GLS
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content rape variety includes several GLS in low concentrations. This work was
carried out to determine the toxicity of the Brassicaceae secondary substances on
an aphid predator and to identify accurately the chemical compounds involved.

METHODS AND MATERIALS

Plant and Insect Rearing. Broad beans (Vicia faba L.), black mustard
(Brassica nigra L.), white mustard (Sinapis alba L.), and oilseed rape (Brassica
napus L.) were grown in 10-cm-diameter plastic pots in three separate controlled
environmental rooms at 20 ± 28C temperature and 16L : 8D photoperiod. While
beans were cultivated in pots containing a 1 : 1 mixture of perlite and vermiculite,
Brassicaceae species were sown in 20-cm × 30-cm plastic trays containing ordi-
nary compost and transplanted into plastic pots with the same compost when the
plants had two true leaves.

Ladybirds, Adalia bipunctata L., Acyrthosiphon pisum (Harris), and Myzus
persicae Sultzer had been reared in the laboratory for several years, whereas
Brevicoryne brassicae L. was collected from a white mustard field in September
1998. While A. pisum was only reared on bean, the two other aphid species were
mass reared on rape and white and black mustards. The Brassicaceae species
were inoculated when they had five to six true leaves. Each plant species was
cultivated in separate climate chambers.

For each combination of aphid species and host plant, 30 newly hatched
larvae of A. bipunctata were isolated individually in 5-cm-diameter Petri dishes
to avoid cannibalism and were kept at 20 ± 28 and 16L : 8D photoperiod. The
larvae were collected from different egg clusters of the ladybird stock culture.
Adults of the latter were reared in aerated plastic boxes (25 individuals per con-
tainer) and fed every other day ad libitum with A. pisum reared on bean (optimal
diet). Each experiment was repeated twice (a total of 60 individuals per beetle
diet). Aphids stayed at least two weeks on their host plants before being removed
from them and offered to the larvae ad libitum.

Biological Observations. Seven plant–prey combinations were tested in
this work as ladybird diet: M. persicae reared either on V. faba (without GLS,
considered as control), B. napus, B. nigra, or S. alba and B. brassicae reared
either on B. napus, B. nigra, or S. alba. The Brassicaceae specialist aphid was
not able to survive on bean.

After hatching, larvae were placed individually into 5-cm Petri dishes
and observed every day to determine survival and appearance of nymphs until
the pupal stage. Percent mortality at each development stage was analyzed by
ANOVA after arcsin

f
x transformation (Dagnelie, 1973) and followed by mean

comparisons by the Newman and Keuls method.
Glucosinolate Analysis. Glucosinolates were analyzed by high-perfor-
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mance liquid chromatography (HPLC L-6200 and L-4000 UV detector, Merck-
Hitachi) according to the ISO 9167-1 method, slightly modified. Plant, insect
body, and honeydew samples were weighed and crushed in a hot methanol–water
mixture (70 : 30 v/ v). Glucosinolate enzymatic desulfatation was carried out on
a DEAE column (Sephadex A-25) using commercial sulfatase. Desulfoglucosi-
nolates were then analyzed by HPLC.

The M. persicae honeydew was collected on 20-cm × 20-cm glass plates
placed just under the plants. After 48 hr of exposure, the plates were removed
and rinsed with 10 ml of distilled water. To assess the occurrence of GLS in hon-
eydew, samples were submitted to HPLC analysis as previously described. Sini-
grin was used as the internal standard when B. napus and S. alba were involved
whereas glucotropaeolin was added for S. nigra or aphid-related samples. Three
replicates were considered for each analysis.

Glucosinolate Hydrolysis Product Analysis. White and black mustards con-
tain high amounts of one major GLS (sinalbin and sinigrin, respectively),
whereas the double zero variety of rape includes a mixture of low concentra-
tion GLS. We considered B. nigra and S. alba as two models, knowing that the
low GLS content in rape would not allow easy detection of volatiles from aphids
reared on it. That is why only aphids reared on both mustards were analyzed for
the GLS hydrolysis products.

The volatile GLS metabolites from both aphid species (250 mg) reared on
B. nigra were analyzed by use of a purge and trap unit (P&T Hewlett Packard)
connected to a Hewlett Packard GC-MS system (HP5972 mass spectrometer cou-
pled to a HP5890 series II gas chromatograph). Crushed samples were first main-
tained for 1 hr at 30 ± 0.28C in thermostated glass tubes adapted to the P&T unit.
They were purged with He at 4 ml/ min for 11 min, the volatiles concentrated
at room temperature on a Vocarb 3000, and finally desorbed by flash-heating to
2508C. The molecules of interest were automatically transferred to the GC-MS
through a split-splitless injector at 2508C (splitless mode). They were separated
on a HP5-MS (5% phenyl-dimethylpolysiloxane) column (30 m × 0.25 mm, df
c 1 mm). The temperature program was from 408C (1 min hold) to 1808C at
68C/ min then to 2808C at 158C/ min. MS spectra were obtained in the EI mode
at 70 eV (scanned mass range from 30 to 300 amu). Analytes were identified on
the basis of their retention times and by interpretation of MS fragmentation pat-
terns. The recorded spectra were finally compared to those of the Wiley 238.L
spectral library.

Nonvolatile GLS degradation products from both aphid species (sam-
ples each of ∼250 mg) reared on S. alba were extracted with 500 ml pure
diethyl ether for 12 hr. Solutions were injected as such in the splitless injector
using the aforementioned GC-MS conditions. Quantification was performed by
GLC with exactly the same chromatographic parameters on a Hewlett Packard
(HP6890) apparatus equipped with a flame ionization detector maintained at
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2508C. Two hundred micrograms of phenethyl-ITC was used as internal stan-
dard. The response factor was fixed to 1. The measurement of allyl-ITC was not
performed due to its high volatility and the potential losses which could occur
during crushing and transfer of the samples to the P&T system.

RESULTS

Ladybird Mortality. When total mortality was considered (Figure 1), sig-
nificant differences were observed according to the aphid species (F c 60.46,
P < 0.001). There was no difference in ladybird mortality when fed with M.
persicae reared on the three Brassicaceae species and broad bean used as con-
trol (F c 0.87, P c 0.494). When B. brassicae was used as ladybird prey, highly
significant differences in total mortality were observed depending on the host
plant (F c 447.97, P < 0.001). Mortality of ladybirds fed B. brassicae reared on
B. napus was lower than when they were fed aphids from B. nigra or S. alba
(q c 0.141; P < 0.01). However, mortality rates on both mustard species reared
aphids were not different (q c 0.097; P > 0.05).

Mortality of each larval stage of A. bipunctata fed a combination of aphid
species and host plant was assessed (Figures 2a and b). Change of M. persicae

FIG. 1. Total mortality rates of Adalia bipunctata fed with different combinations of host
plant and aphid species (N c 60). Error bars represent standard deviation from the mean
and letters indicate significant differences at P c 0.05.
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FIG. 2. Effect of aphid prey and host plant on larval mortality rates of Adalia bipunctata
fed with Myzus persicae (a) and Brevicoryne brassicae (b) reared on Brassica napus,
Brassica nigra, or Sinapis alba (N c 60 for each one). Error bars represent standard
deviation from the mean and letters indicate significant differences at P c 0.05.

host plant displayed difference of mortality rates for first and third larval stages
(F c 40.41 and P < 0.001; F c 65.65 and P < 0.001, respectively). Whether
B. napus host plant induced lower mortality than the two mustard species (q c
0.094 and P < 0.01 for both mean tests), no difference was observed between
the two latter plants (q c 0.064 and P > 0.05). Ladybird mortality rates observed
for the three M. persicae host plants at the second larval stage were not different
(F c 0.60 and P c 0.579).

A change of B. brassicae host plant induced a significant difference in mor-
tality rates at the first and second larval stages (F c 27.42 and P c 0.001; F c
5.16 and P c 0.048, respectively). Mortality rates of A. bipunctata fed B. bras-
sicae reared on both mustard species were higher than when fed aphids reared
on rape (q c 0.354 and P < 0.01; q c 0.132 and P < 0.05 for first and second
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TABLE 1. GLUCOSINOLATE CONTENTS IN PLANT AND APHID SPECIESa

Myzus persicae Brevicoryne
Host plant brassicae

Glucosinolate leaf Total aphid Honeydew total aphid

Brassica napus
Glucobrassicin 0.16 ± 0.01 0.03 ± 0.01 0.02 ± 0.00 0.10 ± 0.00
Gluconasturtin 0.49 ± 0.04 0.11 ± 0.01 0.06 ± 0.01 2.80 ± 0.77
4-OH-Glucobrassicin < 0.01 < 0.01 ND ND
Progoitrin 0.57 ± 0.00 < 0.01 ND < 0.01
Glucoraphanin 0.37 ± 0.01 0.33 ± 0.06 0.26 ± 0.12 2.91 ± 1.07
Total 1.59 ± 0.04 0.47 ± 0.05 0.34 ± 0.09 5.81 ± 1.13

Sinapis alba
Sinalbin 8.83 ± 0.15 0.72 ± 0.10 1.12 ± 0.29 180.96 ± 15.83
Gluconasturtin 1.82 ± 0.01 0.28 ± 0.02 0.35 ± 0.04 ND
4-OH-Glucobrassicin < 0.01 ND ND 1.92 ± 0.37
Brassicanapin < 0.01 ND ND < 0.01
Progoitrin 0.28 ± 0.06 0.65 ± 0.11 0.03 ± 0.00 3.28 ± 0.16
Total 10.93 ± 0.13 1.65 ± 0.09 1.50 ± 0.43 185.16 ± 14.36

Brassica nigra
Sinigrin 8.45 ± 0.54 1.75 ± 0.39 1.92 ± 0.17 132.88 ± 17.12
Sinalbin 0.23 ± 0.04 < 0.01 ND 4.89 ± 0.37
4-OH-Glucobrassicin 0.79 ± 0.03 < 0.01 < 0.01 8.32 ± 1.72
Progoitrin 0.07 ± 0.01 1.58 ± 0.48 < 0.01 2.21 ± 0.41
Total 9.54 ± 0.42 2.33 ± 0.46 1.92 ± 0.17 148.20 ± 15.03

a Values are in mmol. g−1FW. GLS amounts of M. persicae honeydew (in mmol) were determined
from the glass plate rinsing solution. ND c glucosinolates were not detected.

larval stages, respectively). No difference was observed between aphids reared
on B. nigra or S. alba (q c 0.243 and P > 0.05). B. brassicae host plant did not
induce differences in mortality rates of third and fourth larval stage ladybirds (F
c 0.26 and P c 0.779; F c 1.88 and P c 0.232, respectively).

Glucosinolate Analysis. The glucosinolates found in aphid samples and in
host plant leaves are presented in Table 1 and 2. Small quantities of gluco-
brassicin, brassicanapin, and glucoraphanin were detected in both aphid species
reared on the low-GLS-content rape. Larger quantities of sinalbin and sinigrin
were found in aphid samples collected on S. alba and B. nigra, respectively.
Larger differences in GLS content were observed between the aphid species.
Higher GLS amounts were found in B. brassicae than in M. persicae samples.
Complementary analysis of honeydew from the latter reared on each Brassi-
caceae species revealed traces of sinalbin and sinigrin in S. alba and B. nigra,
respectively (Table 1). Honeydew production by B. brassicae was so small that
analysis was not possible.

Glucosinolate Hydrolysis Product Analysis. Regardless of the host plant
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TABLE 2. GLUCOSINOLATES FOUND IN HOST PLANT AND APHID SPECIES ANALYZED

Common name Glucosinolate side chain

Sinigrin allyl
Sinalbin p-hydroxybenzyl
4-OH-glucobrassicin 4-OH-3-indolylmethyl
Progoitrin 2-OH-3-butenyl
Brassicanapin 4-pentenyl
Gluconasturtin 2-phenylethyl
Glucoraphanin 4-methylsulfinylbutyl
Glucobrassicin 3-indolylmethyl

(B. napus, B. nigra, and S. alba), the GC-MS chromatograms of volatiles from
M. persicae only displayed b-farnesene, a well known aphid alarm pheromone
(Pickett et al., 1992). No glucosinolate degradation product was detected for M.
persicae (Table 3). B. brassicae samples displayed substantial amounts of ITC(s)
and nitrile(s) according to the GLS present in the aphid host plant (Table 3).
Allyl-ITC and allylnitrile were found in aphids reared on B. nigra, which biosyn-
thesizes sinigrin. Analyses of aphids collected on S. alba, which contains sinalbin
(4-hydroxybenzyl-GLS) by the purge-and-trap method, did not reveal the occur-
rence of ITC. As no peak was detected by this method, the unsuccessful recovery
of 4-hydroxybenzyl-ITC was attributed to its low volatility. Diethyl ether extrac-
tion was then undertaken. Diethyl ether extracts of B. brassicae reared on S. alba
had two peaks: benzyl-ITC and benzyl-nitrile. The occurrence of benzyl-ITC was
surprising as this compound is characteristic of glucotropaeolin (benzyl-glucosi-
nolate) degradation. Further analysis was carried out to be sure that this was
not an analytical artifact. Commercial thioglucosidase was added to an aqueous

TABLE 3. VOLATILE CONSTITUENT ANALYSIS OF Brevicoryne brassicae AND Myzus
persicae EXTRACTS BY GC-MS (TOTAL ION CURRENT)a

Aphid and host plant species GLS hydrolysis products Others

Brevicoryne brassicae
On Sinapis alba Benzyl-ITC (Rt c 22.87)

Benzylnitrile (Rt c 17.27)
On Brassica nigra Allyl-ITC (Rt c 10.53)

Allylnitrile (Rt c 4.70)
Myzus persicae

On Sinapis alba b-farnesene (Rt c 24.60)
On Brassica nigra b-farnesene (Rt c 24.63)

a Names of identified compounds are followed by their retention time (Rt).
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solution of sinalbin (purified from S. alba; 2 mg/ ml); 4-hydroxy benzyl-ITC
was identified by GC-MS. This result indicates that sinalbin metabolism in B.
brassicae is more complex than suspected. We hypothesize that the loss of an
hydroxy group is linked to the insect extract and not to the analytical method.
This observation needs further investigation.

Quantitative evaluation of the benzyl-ITC production from specialist aphids
was assessed and revealed a constant ITC/ associated nitrile ratio (5.59 ± 0.37;
benzyl-ITC/ benzonitrile) for all replicates. The benzyl-ITC that was produced
from the B. brassicae samples was 3.0 ± 0.2 mmol/ g fresh material (N c 4 repli-
cates).

DISCUSSION

In association with visual cues, chemical composition plays an impor-
tant role in host plant location by herbivorous insects (Prokopy and Owens,
1983). Fraenkel (1959) suggested that secondary plant metabolites were directly
involved in food searching by insects. The impact of allelochemicals is not lim-
ited to the second trophic level, interactions are observed when entomophagous
insects use synomones emitted by plants as cues for prey location. Volatile
chemical cues employed by natural enemies may originate from the plant upon
which the host is feeding, the host itself, other organisms associated with the
host, or chemicals released as a result of interactions between the host and
its food plant (Lewis and Martin, 1990). Release of herbivore-induced plant
volatiles that act as reliable and detectable host location cues for parasitoids
and predators has previously been demonstrated for several tritrophic systems
(Dicke et al., 1990; Turlings et al., 1990).

The chemical traces of aphids, even in the absence of insects themselves,
induce changes in ladybird oviposition behavior (Carter and Dixon, 1984). In this
work, GLS were found in the honeydew of M. persicae reared on the three Bras-
sicaceae host plants Weber et al. (1986) detected 3.6–28.7 mmol/ g (dry weight)
of GLS in the peach-potato aphid depending on the rape variety (low or high
GLS content). Isothiocyanates and nitriles were detected by GC-MS in B. bras-
sicae infesting either B. nigra or S. alba. The presence of benzyl-ITC was quite
surprising; 4-hydroxy benzyl-ITC, the normal product of sinalbin degradation
was not found. Loss of the hydroxy group seems to be due to the B. brassi-
cae enzymatic extract but needs to be more extensively studied from a bio-
chemical point of view. Benzyl-ITC, a typical glucotropaeolin degradation prod-
uct, is toxic to some insects (Bartlet and Mikolajczak, 1989). These molecules
emitted by the Brassicaceae specialist aphid could be used as infochemicals
by entomophagous insects. Assays on the B. brassicae parasitoid Diaeretiella
rapae demonstrated the role of volatiles from aphids as kairomones. Indeed,
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they responded to odors of infested cabbage leaves or aphids alone but not plants
uninfested by aphids, suggesting an innate odor preference for crucifer-feeding
aphids (Reed et al., 1995). If Brassicaceae pest natural enemies use these info-
chemicals for their own benefit, generalist predators could use the ITC produced
by B. brassicae as allomones to avoid this aphid species. When two aphid species
were offered to A. bipunctata (M. persicae and B. brassicae or the latter and A.
pisum), the generalist predator first consumed the other, then the Brassicaceae
specialist species (Francis, personal communication). This rejection is directly
linked to the food suitability represented by the aphid species (Hodek and Honek,
1996). No ladybird was able to reach the adult stage when fed with the special-
ist aphid reared on both mustard species. When prey was collected from rape,
twofold lighter adults emerged (compared to control food, M. persicae on bean)
and no reproduction was observed (Francis, 1999b).

Isothiocyanates, GLS degradation compounds, stimulate olfactory receptors
of generalist herbivores such as Aphis fabae. Both pentenyl- and butyl-ITC are
repellent to this aphid species (Isaacs et al., 1993). Alkenyl-ITCs are characteris-
tic defensive chemicals of Brassicaceae. Chemical precursors that break down to
release ITC have shown biological activity against pathogens and insect pests of
Brassicaceae (Lamb, 1989; Dawson et al., 1993). The higher toxicity of B. bras-
sicae prey to generalist predators can be objectively explained by the presence of
these ITC compounds. Indeed, allyl-ITC and methyl-ITC are toxic to A. bipunc-
tata (0.189 ppm < LD50 < 0.308 ppm and 0.218 ppm < LD50 < 0.551 ppm,
respectively) after a 24-hr exposure (Francis et al., 1999). Moreover, myrosi-
nase, the enzyme that catalyzes GLS degradation, was detected in B. brassicae
but not in M. persicae (Francis, 1999a). ITC or nitriles were not found in the
latter species reared on Brassicaceae species. Only intact GLS were observed
in this aphid species reared on mustards or rape (0.47–2.33 mmol/ g fresh aphid
weight). On the other hand, high amounts of GLS were found in B. brassicae
reared on both mustard species while lower allelochemical levels were observed
on rape (25–30 times less). Weber et al. (1986) detected more than 60 mmol/ g
(when expressed on a fresh weight basis) of GLS in B. brassicae reared on high
GLS content rapes.

Glucosinolates are known to display biological properties towards insects.
While they are oviposition stimulants or phagostimulants (Hicks, 1974; Reed et
al., 1989; Traynier and Truscott, 1991) for many Brassicaceae herbivore spe-
cialists, they also serve as repellents for most generalist crop pests (Blau et al.,
1978; Erickson and Feeny, 1974). Foliar concentrations of GLS found in both
mustard species were much higher than in rape (around sixfold more) and were
in accordance with the results of Hopkins et al. (1998). Total GLS content in
white mustard leaves were 50–70 mmol/ g of dry weight, which corresponded to
a concentration of 10–15 mmol/ g GLS when expressed in fresh weight. Whereas
12.5 mmol/ g (in dry weight) of total GLS was found in 00 rape leaves, more than
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60 mmol/ g was detected in a high-GLS variety of rape (Weber et al., 1986). Sim-
ilar GLS concentrations (expressed in fresh weight), were reported in this study.
Variations in GLS contents of cultivated species were tested to obtain resis-
tant varieties of plant against herbivores. Sinapis alba, containing high amounts
of sinalbin, was shown to be less susceptible to damage by insect pests than
B. napus with low GLS content. The specialist aphid, B. brassicae, was found
mainly on young tissues containing the highest total GLS levels, while the gener-
alist aphid, M. persicae, was found predominantly on older plant parts (Hopkins
et al., 1998). According to these authors, aphid distribution is directly linked to
GLS concentration in plant.

Other secondary plant compounds are toxic to nonspecialist herbivores
and to natural enemies of herbivores. Toxicity of Aphis sambuci seemed to be
assumed by the passage of the glycoside sambunigrin from the plant Sambuscus
nigra into the aphid. Several other species of aphids also seem to be poisonous to
coccinellids, including A. bipunctata, and are rejected by ladybirds due to pres-
ence of allelochemicals, including Macrosiphum aconitum feeding on Aconitum
(including aconitin), Aphis nerii infesting oleanders (including oleandrin and ner-
iin), and Aphis jacobaeae feeding on Senecio sp. (including pyrrolizidine alka-
loids) (Hodek and Honek, 1996).

Allelochemicals from plants are partly responsible for host specificity of
herbivorous insects (Schoonhoven, 1981). As specialized organisms, insects
developed many defense strategies. Their responses towards secondary metabo-
lites vary considerably. Some insects have evolved adaptations to resist these
allelochemicals, including stocking them as defense substances against natural
enemies (Harborne, 1993). Others evolved biochemical systems to metabolize
and assimilate secondary plant substances. Detoxification mechanisms can con-
tribute to neutralizing the toxic potential of some compounds (Yu, 1984; Yu and
Hsu, 1993). These adaptations range from chemical modification of toxin, its
transformation into a nontoxic conjugated compound, or its sequestration. Allyl-
and benzyl-ITC were metabolized by glutathione S-transferase (GST) from two
lepidopterous generalist species (Spodoptera frugiperda and Trichoplusa ni), but
no activity was detected with the specialist Anticarsia gemmatalis (Wadleigh and
Yu, 1988). While the generalist aphid M. persicae displayed induction of the
GST system when reared on Brassicaceae species (S. alba, B. nigra, B. napus),
induction was not observed in the B. brassicae specialist herbivore whatever the
host plant (Francis, 1999a).

Adaptation of the aphid predator, A. bipunctata, to crucifer allelochemi-
cals is facilitated by induction of GST (Francis, 1999a). Indeed, the increase of
GST activity was linked to the plant GLS levels predominantly with B. brassi-
cae aphid. We hypothesize that the latter accumulates the plant secondary sub-
stances, constituting an aphid defense against their natural predators. More than
the volatile emission as chemical cues, this phenomenon of bioaccumulation of
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high GLS amounts in prey would imply an aphid limited consumption by ento-
mophagous insects.

In conclusion, studies on integrated pest management must include both her-
bivore and plant trophic levels to determine the plant allelochemical impact on
the third trophic level, the beneficial entomophagous insects. To obtain effective
biological control, determination of the involved aphid species is not sufficient.
Semiochemicals from plants, directly or through herbivore prey, must be taken
into account as a potential toxin or reliable infochemical in relation to the effi-
cacy of pest control by natural enemies. Effectiveness of biological control by
coccinellids is influenced by many factors, among them the host plant species of
the pest. If natural enemies attack a wide variety of herbivores that occur on the
same host species, information from the plant may become very important (Vet
and Dicke, 1992). The use of generalist predators is not always a general solu-
tion to control aphid infestations. This work confirms the need for a case-by-case
consideration when setting an integrated pest management program, including
chemical ecology approaches.
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Università Federico II

Via Foria 223, I-80139 Naples, Italy

(Received November 15, 1999; accepted September 30, 2000)

Abstract—9,10-Dihydrophenanthrenes and phenanthrenes, mimics of natural
compounds with strong antialgal activity, have been synthesized through cross-
coupling by zerovalent Ni of 1-(2-iodo-5-methoxy)-phenylethanol or 2-iodo-5-
methoxyacetophenone with iodoxylenes. The synthetic compounds had a hydro-
xyl or a methoxyl group at C-2 and two methyls in the C ring. Assays on the
green alga Selenastrum capricornutum showed that all the compounds, except
2-methoxy-5,7-dimethylphenanthrene, caused strong inhibition of algal growth
at 10−4 M. 2-Hydroxy-7,8-dimethyl-9,10-dihydrophenanthrene and 2-methoxy-
5,6-dimethylphenanthrene fully inhibited growth at 10−5 M.

Key Words—Juncus effusus, phenanthrenes, 9,10-dihydrophenanthrenes,
cross-coupling algicides, Selenastrum capricornutum.

INTRODUCTION

We reported in a previous paper (DellaGreca et al., 2000) the synthesis of 9,10-
dihydrophenanthrenes 1a–1l and phenanthrenes 2a–2l, mimics of natural com-

*To whom correspondence should be addressed.
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pounds isolated from the wetland plant, Jancus effusus (DellaGreca et al., 1992,
1993, 1995a,b, 1997). The compounds have the common feature of a hydroxyl
or a methoxyl group at the C-2 position of the A ring, while a methyl group
is located at different positions of the C ring. Synthesis was based on cross-
coupling of 1-(2-iodo-5-methoxy)-phenylethanol (3) with the three isomeric
iodotoluenes. The compounds, except 7-methyl-2-methoxyphenanthrene (2g),
showed strong antialgal activity in assays of the freshwater green alga Selenas-
trum capricornutum at 10−4 M concentration. Most of them also retained strong
activity at 10−5 M.

In pursuing the study of the structure–activity relationship, we have now
synthesized all the isomeric phenanthrenes and 9,10-dihydrophenanthrenes with
a hydroxyl or a methoxyl at C-2 bearing two methyls in the C ring. The synthesis
was based on the cross-coupling of iodoarenes by zerovalent nickel (Semmel-
hack et al., 1981).

METHODS AND MATERIALS

Chemicals. 3-Iodo-4-methylbenzoic acid and iodobenzenes were obtained
commercially (Aldrich). 1-(2-Iodo-5-methoxy)-phenylethanol (3) was prepared
as reported by DellaGreca et al. (2000).

General Experimental Procedures. NMR spectra were recorded at 400
MHz for 1H and 100 MHz for 13C on a Bruker AC 400 spectrometer in CDCl3
solutions. One-bond and long-range H-C COSY experiments were performed
with the XHCORR microprogram with delays corresponding to JC, H c 160 Hz
and 8 Hz, respectively. HPLC was performed on a Varian Vista 5500 with a UV
detector.

Synthesis of 2-Hydroxy-6,7-dimethyl-9,10-dihydrophenanthrene (1t), 2-
Hydroxy-7,8-dimethyl-9,10-dihydrophenanthrene (1x), 2-Hydroxy-6,7-dimethyl-
phenanthrene (2t), and 2-Hydroxy-7,8-dimethylphenanthrene (2x). To a 50-ml
three-necked flask, zinc dust (392 mg, 6 mmol washed with 2 N HCl, H2O,
EtOH, Me2CO, Et2O, and dried in an oven at 1208C), NiCl2 (784 mg, 6 mmol),
PPh3 (6.3 g, 24 mmol), and dry DMF (10 ml) were added. The mixture was
warmed at 408C under N2 and stirred for 1 hr. A solution of 3 (834 mg, 3
mmol) and iodo-3,4-dimethylbenzene (696 mg, 3 mmol) in dry DMF (5 ml)
was added at once, and the reaction mixture was kept at 408C for 6 hr. Then
2 N NH4OH was added and the mixture was extracted with Et2O. After evap-
oration the residue was chromatographed on silica gel (benzene–Et2O 19 : 1) to
afford biphenyl 5b (360 mg, 1.4 mmol, 47%): 1H NMR d 7.21 (1H, d, J c 2.3
Hz, H-3), 6.84 (1H, dd, J c 2.3 and 8.4 Hz, H-5), 7.15 (1H, d, J c 8.4 Hz, H-6),
7.05 (1H, d, J c 2.3 Hz, H-2′), 7.16 (1H, d, J c 8.5 Hz, H-5′), 7.01 (1H, dd, J
c 2.3 and 8.5 Hz, H-6′), 5.00 (1H, q, J c 6.4 Hz, H-7), 1.39 (3H, d, J c 6.4 Hz,
H-8), 3.86 (3H, s, OMe), 2.30 (3H, s, Me), 2.31 (3H, s, Me).
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To a solution of 5b (360 mg, 1.4 mmol) in dry xylene (1 ml), I2 (20 mg, 0.08
mol) was added and the mixture was kept at 1408C for 6 hr. Addition of 10%
aq NaHSO3 and extraction with Et2O gave a residue that was chromatographed
on silica gel (hexane) to give 6b (265 mg, 1.1 mmol, 80%): 1H NMR d 7.24
(1H, d, J c 2.2 Hz, H-3), 6.94 (1H, dd, J c 2.2 and 8.4 Hz, H-5), 7.19 (1H, d, J
c 8.4 Hz, H-6), 7.21 (1H, d, J c 2.4 Hz, H-2′), 7.28 (1H, d, J c 8.4 Hz, H-5′),
7.16 (1H, dd, J c 2.4 and 8.5 Hz, H-6′), 6.76 (1H, dd, J c 10.5 and 17.6 Hz,
H-7), 5.24 (1H, dd, J c 1.8 and 10.5 Hz, H-8), 5.75 (1H, dd, J c 1.8 and 17.6
Hz, H-8), 3.91 (3H, s, OMe), 2.37 (6H, s, Me).

A sample of 6b (130 mg, 0.55 mmol) in dry benzene (6.5 ml) in a Pyrex
flask was irradiated under an air atmosphere with a 450-W Hanovia lamp at
room temperature for 30 min with magnetic stirring to give a mixture of 2s and
2w (63 mg, 0.30 mmol, 54%) along with unreacted 6b (52 mg). 2s and 2w were
separated by HPLC-NH2 (hexane–isopropyl ether 98.5 : 1.5) 2s (28 mg) had: 1H
NMR d 7.22–7.36 (2H, m, H-1 and H-3), 8.60 (1H, d, J c 9.1 Hz, H-4), 8.36
(1H, s, H-5), 7.63 (1H, s, H-8), 7.63 (1H, d, J c 7.4 Hz, H-9), 7.48 (1H, d, J c

7.4 Hz, H-10), 3.97 (3H, s, OMe), 2.55 (3H, s, Me), 2.49 (3H, s, Me); 13C NMR
d 117.0 (C-1), 157.2 (C-2), 108.9 (C-3), 124.6 (C-4), 122.8 (C-5), 134.9 (C-6),
133.8 (C-7), 129.5 (C-8), 125.8 (C-9), 127.3 (C-10), 132.6 (C-1a), 125.9 (C-4a),
127.9 (C-5a), 133.9 (C-8a) 55.6 (OMe), 20.8 (Me), 22.9 (Me). Compound 2w
(27 mg) had: 1H NMR d 7.22–7.36 (2H, m, H-1 and H-3), 8.62 (1H, d, J c 9.3
Hz, H-4), 8.39 (1H, d, J c 9.3 Hz, H-5), 7.71 (1H, d, J c 9.3 Hz, H-6), 8.02
(1H, d, J c 8.4 Hz, H-9), 7.57 (1H, d, J c 8.4 Hz, H-10), 3.98 (3H, s, OMe),
2.55 (3H, s, Me), 2.83 (3H, s, Me); 13C NMR d 117.3 (C-1), 157.3 (C-2), 108.5
(C-3), 124.3 (C-4), 120.0 (C-5), 128.9 (C-6), 133.9 (C-7), 136.1 (C-8), 123.8 (C-
9), 126.4 (C-10), 132.7 (C-1a), 126.6 (C-4a), 128.1 (C-5a), 129.8 (C-8a), 55.6
(OMe), 20.1 (Me), 21.0 (Me).

To a solution of 2s (26 mg, 0.12 mmol) in dry CH2Cl2 (1.5 ml) cooled
at −708C, BBr3 (100 ml) was added. Addition of 1 N NaHCO3 after 3 hr and
extraction with CHCl3 gave a residue that was purified by preparative TLC
(hexane–Et2O 1 : 1) to give 2t (18 mg, 0.08 mmol, 70%): 1H NMR d 7.21 (1H,
d, J c 2.1 Hz, H-1), 7.19 (1H, dd, J c 2, 1 and 9.2 Hz, H-3), 8.56 (1H, d, J
c 9.2 Hz, H-4), 8.34 (1H, s, H-5), 7.60 (1H, s, H-8), 7.62 (1H, d, J c 7.4 Hz,
H-9), 7.46 (1H, d, J c 7.4 Hz, H-10), 2.52 (3H, s, Me), 2.45 (3H, s, Me); 13C
NMR d 116.6 (C-1), 153.8 (C-2), 111.7 (C-3), 124.9 (C-4), 122.7 (C-5), 135.0
(C-6), 133.8 (C-7), 129.5 (C-8), 125.4 (C-9), 127.5 (C-10), 132.7 (C-1a), 125.8
(C-4a), 128.0 (C-5a), 133.5 (C-8a) 20.8 (Me), 21.1 (Me).

To a solution of 2w (25 mg, 0.12 mmol) in dry CH2Cl2 (1.5 ml) cooled
at −708C, BBr3 (100 ml) was added. Addition of 1 N NaHCO3 after 3 hr and
extraction with CHCl3 gave a residue that was purified by preparative TLC
(hexane–Et2O 1 : 1) to give 2x (17 mg, 0.09 mmol, 70%): 1H NMR d 7.21 (1H,
d, J c 2.3 Hz, H-1), 7.19 (1H, dd J c 2.3 and 9.2 Hz), 8.58 (1H, d, J c 9.2 Hz,
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H-4), 8.37 (1H, d, J c 9.3 Hz, H-5), 7.70 (1H, d, J c 9.3 Hz, H-6), 8.00 (1H, d,
J c 8.4 Hz, H-9), 7.52 (1H, d, J c 8.4 Hz, H-10), 2.52 (3H, s, Me), 2.65 (3H,
s, Me); 13C NMR d 116.9 (C-1), 154.0 (C-2), 112.0 (C-3), 124.6 (C-4), 119.9
(C-5), 128.9 (C-6), 133.9 (C-7), 136.2 (C-8), 124.0 (C-9), 126.1 (C-10), 133.1
(C-1a), 126.4 (C-4a), 128.1 (C-5a), 129.8 (C-8a), 20.1 (Me), 20.8 (Me).

To an EtOH solution (4.8 ml) of 2s (26 mg, 0.12 mmol), NaBH4 (0.3 mmol)
and Et3N (1.2 mmol) were added. The reaction mixture was irradiated for 2.5
hr with a Hanovia 450-W lamp and then HCl 10% was added. CHCl3 extrac-
tion gave a crude product, which was chromatographed by preparative TLC
(hexane–benzene 9 : 1) to give 1s (13 mg, 0.06 mmol, 50%): 1H NMR d 6.72
(1H, d, J c 2.3 Hz, H-1), 6.88 (1H, dd, J c 2.3 and 8.4 Hz, H-3), 7.72 (1H, d,
J c 8.2 Hz, H-4), 7.03 (1H, s, H-5), 7.49 (1H, s, H-8), 2.83 (4H, brs, H-9 and
H-10), 3.85 (3H, s, OMe) 2.33 (3H, s, Me), 2.28 (3H, s, Me); 13C NMR d 112.2
(C-1), 159.1 (C-2), 113.5 (C-3), 124.5 (C-4), 124.3 (C-5), 134.9 (C-6), 134.9
(C-7), 129.4 (C-8), 28.6 (C-9), 29.8 (C-10), 137.9 (C-1a), 127.9 (C-4a), 138.9
(C-5a), 132.0 (C-8a), 55.3 (OMe), 19.7 (Me), 19.4 (Me).

BBr3 (50 ml) treatment of 1s (10 mg, 0.05 mmol) in dry CH2Cl2 (1 ml) at
−708C for 3 hr gave 1t (7 mg, 0.03 mmol): 1H NMR d 6.74 (1H, d, J c 2.2 Hz,
H-1), 6.78 (1H, dd, J c 2.2 and 8.4 Hz, H-3), 7.63 (2H, d, J c 8.4 Hz, H-4), 7.03
(1H, s, H-5), 7.47 (1H, s, H-8), 2.81 (4H, brs, H-9 and H-10), 2.32 (3H, s, Me),
2.28 (3H, s, Me); 13C NMR d 113.7 (C-1), 154.1 (C-2), 114.9 (C-3), 124.8 (C-
4), 124.3 (C-5), 135.0 (C-6), 135.0 (C-7), 129.4 (C-8), 28.5 (C-9), 29.5 (C-10),
137.8 (C-1a), 127.7 (C-4a), 139.2 (C-5a), 132.0 (C-8a), 19.7 (Me), 19.4 (Me).

Photoreduction of 2w (25 mg, 0.12 mmol), as described for 2s, gave 1w (11
mg, 0.06 mmol, 50%): 1H NMR d 6.79 (1H, d, J c 2.4 Hz, H-1), 6.84 (1H, dd,
J c 2.4 and 8.5 Hz, H-3), 7.66 (1H, d, J c 8.5 Hz, H-4), 7.49 (1H, d, J c 8.1 Hz,
H-5), 7.09 (1H, d, J c 8.1 Hz, H-6), 2.85 (4H, brs, H-9 and H-10), 3.84 (3H, s,
OMe) 2.34 (3H, s, Me), 2.26 (3H, s, Me); 13C NMR d 112.3 (C-1), 158.6 (C-2),
113.0 (C-3), 125.0 (C-4), 120.6 (C-5), 128.1 (C-6), 134.9 (C-7), 134.8 (C-8),
25.3 (C-9), 29.4 (C-10), 135.1 (C-1a), 128.1 (C-4a), 138.6 (C-5a), 132.2 (C-8a),
55.3 (OMe), 15.4 (Me), 20.8 (Me).

Demethylation by BBr3 of 1w (10 mg, 0.06 mmol) gave 1x (6 mg, 0.04
mmol, 67%): 1H NMR d 6.72 (1H, d, J c 2.4 Hz, H-1), 6.77 (1H, dd, J c 2.4
and 8.5 Hz, H-3), 7.61 (1H, d, J c 8.5 Hz, H-4), 7.49 (1H, d, J c 8.1 Hz, H-5),
7.11 (1H, d, J c 8.1 Hz, H-6), 2.84 (4H, brs, H-9 and H-10), 2.36 (3H, s, Me),
2.28 (3H, s, Me); 13C NMR d 113.7 (C-1), 154.6 (C-2), 114.4 (C-3), 125.3 (C-
4), 120.6 (C-5), 128.1 (C-6), 134.9 (C-7), 135.2 (C-8), 25.2 (C-9), 29.5 (C-10),
135.2 (C-1a), 128.4 (C-4a), 138.7 (C-5a), 132.3 (C-8a), 15.4 (Me), 20.8 (Me).

Synthesis of 2-Hydroxy-6,8-dimethyl-9,10-dihydrophenanthrene (1v) and 2-
Hydroxy-6,8-dimethylphenanthrene (2v). A solution of 3 (3 mmol) and iodo-3,5-
dimethylbenzene (3 mmol) in dry DMF (5 ml) was added to the mixture of the
active nickel complex prepared as reported above. Work-up after 9 hr at 358C
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and chromatography on silica gel (benzene–Et2O 19 : 1) gave biaryl 5a (273 mg,
1.1 mmol, 37%): 1H NMR d 7.24 (1H, d, J c 2.2 Hz, H-3), 6.86 (1H, dd, J c

2.2 and 8.3 Hz, H-5), 7.08 (1H, d, J c 8.3 Hz, H-6), 6.92 (3H, d, J c 2.1 Hz,
H-2′ and H-4′) 7.01 (1H, brs, H-6′), 5.01 (1H, q, J c 6.2 Hz, H-7), 1.41 (3H,
d, J c 6.2 Hz, H-8), 3.86 (3H, s, OMe), 2.38 (6H, s, Me).

To a solution of 5a (270 mg, 1.1 mmol) in dry xylene (1 ml), I2 (20 mg,
0.08 mol) was added and the mixture was kept at 1408C for 6 hr. Work-up as
for 6b gave 6a (212 mg, 0.88 mmol, 80%): 1H NMR d 7.30 (1H, d, J c 2.2 Hz,
H-3), 6.98 (1H, dd, J c 2.2 and 8.4 Hz, H-5), 7.32 (1H, d, J c 8.4 Hz, H-6),
7.09 (2H, brs, H-2′ and H-6′), 7.18 (1H, brs, H-4′), 6.88 (1H, dd, J c 10.6 and
17.5 Hz, H-7), 5.32 (1H, dd, J c 1.8 and 10.6 Hz, H-8), 5.83 (1H, dd, J-1.8 and
17.5 Hz, H-8), 3.98 (3H, s, OMe), 2.49 (6H, s, Me).

Photocyclization of 6a (100 mg, 0.4 mmol) in an Ar atmosphere for 1 hr
gave 2-methoxy-6,8-dimethyl-9,10-dihydrophenanthrene (1u) (74 mg, 0.3 mmol,
75%): 1H NMR d 6.81 (1H, d, J c 2.4 Hz, H-1), 6.88 (1H, dd, J c 2.4 and 8.5 Hz, H-
3), 7.71 (1H, d, J c 8.5 Hz, H-4), 6.95 (1H, d, J c 2.3 Hz, H-5), 7.41 (1H, d, J c 2.3
Hz, H-7), 2.82 (4H, brs, H-9 and H-10), 3.86 (3H, s, OMe) 2.37 (3H, s, Me), 2.33
(3H, s, Me); 13C NMR d 112.3 (C-1), 158.9 (C-2), 113.2 (C-3), 125.3 (C-4), 121.8
(C-5), 135.2 (C-6), 129.4 (C-7), 134.4 (C-8), 24.5 (C-9), 29.4 (C-10), 135.6 (C-
1a), 128.0 (C-4a), 138.9 (C-5a), 132.0 (C-8a), 55.3 (OMe), 21.3 (Me), 19.7 (Me).
BBr3 demethylation of 1u (30 mg, 0.18 mmol) gave 1v (20 mg, 0.12 mmol, 68%):
1H NMR d 6.72 (1H, d, J c 2.5 Hz, H-1), 6.78 (1H, dd, J c 2.5 and 8.3 Hz, H-3),
7.64 (1H, d, J c 8.3 Hz, H-4), 6.93 (1H, d, J c 2.3 Hz, H-5), 7.41 (1H, d, J c 2.3
Hz, H-7), 2.80 (4H, brs, H-9 and H-10), 2.39 (3H, s, Me), 2.33 (3H, s, Me); 13C
NMR d 113.7 (C-1), 154.7 (C-2), 114.6 (C-3), 125.4 (C-4), 121.6 (C-5), 135.1 (C-
6), 129.4 (C-7), 134.8 (C-8), 24.3 (C-9), 29.1 (C-10), 135.5 (C-1a), 128.1 (C-4a),
139.2 (C-5a), 131.9 (C-8a), 21.2 (Me), 19.7 (Me).

Photocyclization of 6a (100 mg, 0.4 mmol) in the presence of atmospheric
oxygen gave 2u (70 mg, 0.3 mmol, 75%): 1H NMR d 7.22–7.36 (2H, m, H-1
and H-3), 8.52 (1H, d, J c 9.2 Hz, H-4), 8.30 (1H, d, J c 1.9 Hz, H-5), 7.22
(1H, d, J c 1.9 Hz, H-7), 7.91 (1H, d, J c 7.4 Hz, H-9), 7.57 (1H, d, J c 7.4
Hz, H-10), 3.98 (3H, s, OMe), 2.72 (3H, s, Me), 2.52 (3H, s, Me); 13C NMR
d 117.0 (C-1), 158.2 (C-2), 108.3 (C-3), 124.6 (C-4), 120.1 (C-5), 134.7 (C-6),
123.5 (C-7), 135.9 (C-8), 125.3 (C-9), 128.7 (C-10), 133.3 (C-1a), 124.8 (C-4a),
127.8 (C-5a), 130.7 (C-8a), 55.4 (OMe), 22.0 (Me), 19.8 (Me). Demethylation
of 2u (35 mg, 0.2 mmol) by BBr3 gave 2v (26 mg, 0.14 mmol, 70%): 1H NMR
d 7.22–7.36 (2H, m, H-1 and H-3), 8.61 (1H, d, J c 9.2 Hz, H-4), 8.28 (1H, d,
J c 1.9 Hz, H-5), 7.22 (1H, d, J c 1.9 Hz, H-7), 7.91 (1H, d, J c 7.4 Hz, H-9),
7.58 (1H, d, J c 7.4 Hz, H-10), 2.71 (3H, s, Me), 2.57 (3H, s, Me); 13C NMR
d 117.1 (C-1), 153.0 (C-2), 111.5 (C-3), 124.9 (C-4), 120.2 (C-5), 134.9 (C-6),
123.5 (C-7), 136.0 (C-8), 125.3 (C-9), 128.7 (C-10), 133.7 (C-1a), 124.6 (C-4a),
127.8 (C-5a), 130.4 (C-8a), 22.2 (Me), 20.0 (Me).
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Synthesis of 2-Hydroxy-5,6-dimethyl-9,10-dihydrophenanthrene (1n) and 2-
Hydroxy-5,6-dimethylphenanthrene (2n). 2-Iodo-5-methoxyacetophenone (830
mg, 3 mmol), obtained by reaction of equimolar amounts of 3-methoxyacetophe-
none, I2, CF3COOAg, and iodo-2,3-dimethylbenzene (696 mg, 3 mmol) were
added to a flask containing active Ni, prepared as described for 1t. The reaction
mixture was kept under N2 at 408C for 50 hr with magnetic stirring. Addition
of 2 N NH4OH and extraction with Et2O gave crude 4c, which was purified by
silica gel column chromatography (hexane–Et2O 19 : 1). Pure 4c (300 mg, 1.3
mmol, 43%) gave the following data: 1H NMR d 7.20 (1H, d, J c 2.3 Hz, H-3),
6.97 (1H, dd, J c 2.3 and 8.3 Hz, H-5), 7.16 (1H, d, J c 8.3 Hz, H-6), 7.02–7.18
(3H, m, H-4′–H-6′), 3.89 (3H, s, OMe), 2.33 (3H, s, H-8), 2.04 (3H, s, Me),
1.92 (3H, s, Me). A pure sample of 4c (200 mg), dissolved in MeOH (10 ml),
was treated with NaBH4 excess at 408C for 20 min. The reaction mixture was
added to 10% HCl and extracted with Et2O. Preparative TLC (benzene–Et2O,
47 : 3) gave pure 5c (180 mg): 1H NMR d 7.18 (1H, d, J c 2.1 Hz, H-3), 6.97
(1H, dd, J c 2.1 and 8.4 Hz, H-5), 7.14 (1H, d, J c 8.4 Hz, H-6), 7.00–7.23 (3H,
m H-4′–H-6′), 4.60 and 4.72 (1H, q, J c 6.2 Hz, H-7), 1.29 (3H, d, J c 6.2 Hz,
H-8, 3.89 (3H, s, OMe), 2.01 and 1.96 (3H, s, Me), 2.36 (3H, s, Me).

To a solution of 5c (180 mg, 0.7 mmol) in dry xylene (1 ml), I2 (20 mg,
0.08 mol) was added, and the mixture was kept at 1408C for 6 hr. Work-up as
for 6b gave 6c (143 mg, 0.6 mmol, 67%): 1H NMR d 6.90 (1H, dd, J c 2.3 and
8.3 Hz, H-5), 6.95–7.20 (5H, m), 6.41 (1H, dd, J c 11.0 and 17.1 Hz, H-7), 5.64
(1H, dd, J c 1.8 and 17.1 Hz, H-8), 5.11 (1H, dd, J c 1.8 and 11.0 Hz, H-8),
3.90 (3H, s, OMe), 2.35 (3H, s, Me), 1.98 (3H, s, Me). Photocyclization of 6c
(73 mg, 0.3 mmol) in an Ar atmosphere for 1 hr gave 2-methoxy-5,6-dimethyl-
9,10-dihydrophenanthrene (1m) (55 mg, 0.2 mmol, 67%): 1H NMR d 6.86 (1H,
d, J c 2.1 Hz, H-1), 6.84 (1H, dd, J c 2.1 and 8.5 Hz, H-3), 7.55 (1H, d, J c 8.5
Hz, H-4), 7.03 (2H, brs, H-7 and H-8), 2.73 (4H, brs, H-9 and H-10), 3.87 (3H,
s, OMe) 2.50 (3H, s, Me), 2.35 (3H, s, Me); 13C NMR d 111.2 (C-1), 159.0
(C-2), 113.4 (C-3), 130.4 (C-4), 135.1 (C-5), 136.7 (C-6), 128.1 (C-7), 125.0
(C-8), 31.0 (C-9), 31.0 (C-10), 137.8 (C-1a), 128.2 (C-4a), 141.8 (C-5a), 132.8
(C-8a), 55.6 (OMe), 21.4 (Me), 19.4 (Me). BBr3 demethylation of 1m (45 mg,
0.17 mmol) gave 1n (30 mg, 0.12 mmol, 66%): 1H NMR d 6.78 (1H, d, J c 2.4
Hz, H-1), 6.75 (1H, dd, J c 2.4 and 8.3 Hz, H-3), 7.48 (1H, d, J c 8.3 Hz, H-4),
7.03 (2H, brs, H-7 and H-8), 2.71 (4H, brs, H-9 and H-10), 2.49 (3H, s, Me),
2.35 (3H, s, Me); 13C NMR d 112.3 (C-1), 154.1 (C-2), 114.4 (C-3), 130.2 (C-
4), 135.0 (C-5), 136.3 (C-6), 127.7 (C-7), 124.7 (C-8), 30.4 (C-9), 30.6 (C-10),
136.8 (C-1a), 127.9 (C-4a), 142.3 (C-5a), 132.6 (C-8a), 21.0 (Me), 19.0 (Me).

Photocyclization of 6c (70 mg, 0.3 mmol) in the presence of atmospheric
oxygen gave 2m (50 mg, 0.18 mmol, 65%): 1H NMR d 7.28 (1H, d, J c 2.3 Hz,
H-1), 7.21 (1H, dd, J c 2.3 and 9.2 Hz, H-3), 8.68 (1H, d, J c 9.2 Hz, H-4), 7.64
(1H, d, J c 8.7 Hz, H-7), 7.65 (1H, d, J c 8.7 Hz, H-8), 7.57 (1H, d, J c 7.9 Hz,
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H-9), 7.38 (1H, d, J c 7.9 Hz, H-10), 3.98 (3H, s, OMe), 2.94 (3H, s, Me), 2.57
(3H, s, Me); 13C NMR d 114.8 (C-1), 157.4 (C-2), 108.8 (C-3), 129.8 (C-4),
135.4 (C-5), 136.4 (C-6), 128.2 (C-7), 125.8 (C-8), 128.0 (C-9), 126.3 (C-10),
132.6 (C-1a), 125.1 (C-4a), 129.7 (C-5a), 131.1 (C-8a), 55.4 (OMe), 22.0 (Me),
21.7 (Me). Demethylation of 2m (50 mg, 0.18 mmol) by BBr3 gave 2n (30 mg,
0.12 mmol, 63%): 1H NMR d 7.27 (1H, d, J c 2.3 Hz, H-1), 7.15 (1H, dd, J c

2.3 and 9.2, H-3), 8.65 (1H, d, J c 9.2 Hz, H-4), 7.52 (1H, d, J c 8.6 Hz, H-7),
7.63 (1H, d, J c 8.6 Hz, H-8), 7.63 (1H, d, J c 7.9 Hz, H-9), 7.39 (1H, d, J c 7.9
Hz, H-10), 2.92 (3H, s, Me), 2.55 (3H, s, Me); 13C NMR d 114.4 (C-1), 153.1
(C-2), 111.7 (C-3), 130.0 (C-4), 135.3 (C-5), 136.5 (C-6), 128.3 (C-7), 126.1 (C-
8), 127.9 (C-9), 125.2 (C-10), 132.4 (C-1a), 125.4 (C-4a), 129.8 (C-5a), 130.9
(C-8a), 21.8 (Me), 21.6 (Me).

Synthesis of 2-Hydroxy-5,7-dimethyl-9,10-dihydrophenanthrene (1p) and 2-
Hydroxy-5,7-dimethylphenanthrene (2p). 2-Iodo-5-methoxyacetophenone (830
mg, 3 mmol) and iodo-2,3-dimethylbenzene (690 mg, 3 mmol) were cross cou-
pled as described for 1n. The reaction mixture was kept under N2 at 408C for
45 hr under magnetic stirring. Work-up gave 4d, which was purified by column
chromatography (hexane–Et2O 9 : 1). Pure 4d (350 mg, 1.5 mmol, 50%) gave
the following data: 1H NMR d 7.00–7.11 (4H, m, H-3–H-6, H-5′), 7.19 (1H, d, J
c 2.4 Hz, H-3′), 7.16 (1H, dd, J c 2.4 and 8.3 Hz, H-6′), 3.89 (3H, s, OMe), 2.37
(3H, s, H-8), 2.11 (3H, s, Me), 1.94 (3H, s, Me). NaBH4 excess reduction of 4d
(300 mg, 1.3 mmol) gave crude 5d, purified by preparative TLC (benzene–Et2O
4 : 1). 5d (270 mg, 1.1 mmol, 90%) had: 1H NMR d 7.20 (1H, d, J c 2.7 Hz,
H-3), 6.85 (1H, dd, J c 2.7 and 8.4 Hz, H-5), 6.96–7.12 (4H, m, H-6, H-4′–
H-6′), 4.61 and 4.75 (1H, q, J c 6.5 Hz, H-7), 1.30 and 1.32 (3H, d, J c 6.5 Hz,
H-8), 3.89 (3H, s, OMe), 2.06 and 2.02 (3H, s, Me), 2.38 (3H, s, Me).

To a solution of 5d (270 mg, 1.1 mmol) in dry xylene (1 ml), I2 (30 mg,
0.14 mmol) was added and the mixture was kept at 1408C for 5 hr. Work-up
as for 6b gave 6d, purified by preparative TLC (hexane), (217 mg, 0.9 mmol,
81%): 1H NMR d 7.19 (1H, d, J c 2.3 Hz, H-3), 6.88 (1H, dd, J c 2.3 and 8.6,
H-5), 7.00–7.10 (4H, m, H-6, H-3′–H-6′), 6.42 (1H, dd, J c 11.0 and 17.1 Hz,
H-7), 5.65 (1H, dd, J c 1.8 and 17.1 Hz, H-8), 5.10 (1H, dd, J c 1.8 and 11.0
Hz, H-8), 3.89 (3H, s, OMe), 2.38 (3H, s, Me), 2.03 (3H, s, Me).

Photocyclization of 6d (100 mg, 0.4 mmol) in an Ar atmosphere for 1 hr
gave 2-methoxy-5,6-dimethyl-9,10-dihydrophenanthrene (1o) (75 mg, 0.3 mmol,
75%): 1H NMR d 6.87 (1H, d, J c 2.1 Hz, H-1), 6.83 (1H, dd, J c 2.1 and 8.5
Hz, H-3), 7.61 (1H, d, J c 8.5 Hz, H-4), 7.02 (1H, brs, H-6), 6.95 (1H, brs, H-8),
2.74 (4H, brs, H-9 and H-10), 3.87 (3H, s, OMe) 2.59 (3H, s, Me), 2.34 (3H,
s, Me); 13C NMR d 110.8 (C-1), 158.2 (C-2), 113.2 (C-3), 131.2 (C-4), 134.0
(C-5), 129.0 (C-6), 136.0 (C-7), 126.3 (C-8), 30.5 (C-9), 30.7 (C-10), 138.8 (C-
1a), 127.9 (C-4a), 141.3 (C-5a), 131.4 (C-8a), 55.2 (OMe), 22.9 (Me), 20.9 (Me).
BBr3 demethylation of 1o (45 mg, 0.17 mmol) gave 1p (30 mg, 0.12 mmol,
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66%): 1H NMR d 6.77 (1H, d, J c 2.4 Hz, H-1), 6.74 (1H, dd, J c 2.4 and 8.3
Hz, H-3), 7.52 (1H, d, J c 8.3 Hz, H-4), 6.99 (1H, brs, H-6), 6.93 (1H, brs, H-8),
2.71 (4H, brs, H-9 and H-10), 2.57 (3H, s, Me), 2.33 (3H, s, Me); 13C NMR
d 1124 (C-1), 153.8 (C-2), 114.4 (C-3), 131.1 (C-4), 133.7 (C-5), 129.2 (C-6),
135.6 (C-7), 126.3 (C-8), 30.3 (C-9), 30.6 (C-10), 139.0 (C-1a), 127.9 (C-4a),
141.8 (C-5a), 131.1 (C-8a), 22.9 (Me), 20.9 (Me).

Photocyclization of 6c (100 mg, 0.4 mmol) in the presence of atmospheric
oxygen gave 2o (73 mg, 0.3 mmol, 75%): 1H NMR d 7.22–7.38 (3H, m, H-1,
H-3 and H-10), 8.89 (1H, d, J c 9.0 Hz, H-4), 7.67 (2H, s, H-6 and H-8), 7.64
(1H, d, J c 8.4 Hz, H-9), 4.00 (3H, s, OMe), 3.13 (3H, s, Me), 2.55 (3H, s, Me);
13C NMR d 115.5 (C-1), 157.1 (C-2), 109.3 (C-3), 134.6 (C-4), 134.9 (C-5),
128.5 (C-6), 134.6 (C-7), 127.3 (C-8), 128.2 (C-9), 126.8 (C-10), 133.0 (C-1a),
126.2 (C-4a), 128.1 (C-5a), 131.4 (C-8a), 55.4 (OMe), 27.3 (Me), 21.1 (Me).
Demethylation of 2o (36 mg, 0.2 mmol) by BBr3 gave 2p (27 mg, 0.14 mmol,
70%): 1H NMR d 7.26 (1H, d, J c 1.9 Hz, H-1), 7.21 (1H, dd, J c 1.9 and 9.2,
H-3), 8.81 (1H, d, J c 9.2 Hz, H-4), 7.68 (2H, s, H-6 and H-8), 7.58 (1H, d,
J c 8.4 Hz, H-9), 7.30 (1H, d, J c 8.4 Hz, H-10), 3.01 (3H, s, Me), 2.51 (3H,
s, Me); 13C NMR d 115.2 (C-1), 152.9 (C-2), 112.1 (C-3), 132.9 (C-4), 134.9
(C-5), 128.6 (C-6), 134.5 (C-7), 127.2 (C-8), 128.1 (C-9), 126.0 (C-10), 133.1
(C-1a), 126.2 (C-4a), 127.5 (C-5a), 130.2 (C-8a), 27.2 (Me), 20.9 (Me).

Synthesis of 2-Hydroxy-5,8-dimethyl-9,10-dihydrophenanthrene (1r) and 2-
Hydroxy-5,8-dimethyl-phenanthrene (2r). Equimolar amounts of methyl 3-iodo-
4-methylbenzoate (830 mg, 3 mmol), obtained from 3-iodo-4-methylbenzoic
acid by CH2N2 treatment in MeOH, and 3 (830 mg, 3 mmol) were added to the
flask containing the active Ni complex. After 35 hr at 408C in N2 atmosphere,
the reaction mixture was worked up as previously described and chromatography
on a silica gel column (hexane–Et2O, 7 : 3) gave diastereoisomeric biphenyls 5e
(245 mg, 1 mmol 34%): 1H NMR d 7.31 (1H, d, J c 2.3 Hz, H-3), 6.91 (1H,
dd, J c 2.3 and 8.4 Hz, H-5), 7.08 (1H, d, J c 8.4 Hz, H-6), 7.31 (1H, d, J c

8.4 Hz, H-3′), 7.92 (1H, dd, J c 2.1 and 8.4 Hz, H-4′), 7.85 (1H, d, J c 2.1 Hz,
H-6′), 4.51 and 4.69 (1H, q, J c 6.5 Hz, H-7), 1.26 and 1.28 (3H, d, J c 6.5 Hz,
H-8), 3.87 (6H, s, OMe), 2.10 and 2.14 (3H, s, Me). Dehydration of 5e (245
mg, 1 mmol) as reported gave 6e, purified by silica gel column chromatography
(hexane–Et2O, 4 : 1) (205 mg, 0.8 mmol, 80%): 1H NMR d 7.20 (1H, d, J c 2.3
Hz, H-3), 6.89 (1H, dd, J c 2.3 and 8.4 Hz, H-5), 7.07 (1H, d, J c 8.4 Hz, H-6),
7.31 (1H, d, J c 8.4 Hz, H-3′), 7.99 (1H, dd, J c 2.1 and 8.4 Hz, H-4′), 7.81
(1H, d, J c 2.1 Hz, H-6′), 6.32 (1H, dd, J c 11.0 and 17.1 Hz, H-7), 5.68 (1H,
dd, J c 1.8 and 17.1 Hz, H-8), 5.13 (1H, dd, J c 1.8 and 11.0 Hz, H-8), 3.89
(6H, s, OMe), 2.11 (3H, s, Me).

A pure sample of 6e (200 mg, 0.8 mmol) in dry benzene (6.5 ml) in a
Pyrex flask was irradiated under air atmosphere with a 450-W Hanovia lamp at
room temperature for 5 hr with magnetic stirring to give 2y (150 mg, 0.6 mmol,
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75%): 1H NMR d 7.20–7.34 (2H, m, H-1 and H-3), 8.67 (1H, d, J c 8.7, H-4),
7.51 (1H, d, J c 8.5 Hz, H-6), 7.99 (1H, d, J c 8.5 Hz, H-7), 8.78 (1H, d, J c

8.0 Hz, H-9), 7.77 (1H, d, J c 8.0 Hz, H-10), 4.00 (6H, s, OMe), 3.16 (3H, s,
Me). A sample of 2y (115 mg, 0.6 mmol) dissolved in dry toluene (3 ml) was
treated with Red-Al solution (3 mmol) for 2 hr. NaOH (2 N) was added and
the crude product was extracted with Et2O and chromatographed on silica gel
(hexane–Et2O 9 : 1) to give 2q (90 mg, 0.45 mmol, 75%): 1H NMR d 7.22–7.38
(3H, m, H-1, H-3 and H-7), 8.87 (1H, d, J c 9.0 Hz, H-4), 7.40 (1H, d, J c

8.8 Hz, H-6), 8.00 (1H, d, J c 7.6 Hz, H-9), 7.58 (1H, d, J c 7.6 Hz, H-10),
4.00 (3H, s, OMe), 3.11 (3H, s, Me), 2.75 (3H, s, Me); 13C NMR d 115.3 (C-1),
157.2 (C-2), 108.7 (C-3), 130.7 (C-4), 134.8 (C-5), 129.2 (C-6), 127.2 (C-7),
134.3 (C-8), 124.0 (C-9), 126.4 (C-10), 132.7 (C-1a), 125.8 (C-4a), 128.5 (C-
5a), 132.9 (C-8a), 55.3 (OMe), 274 (Me), 20.3 (Me). Demethylation of 2q (40
mg, 0.2 mmol) by BBr3 gave 2r (35 mg, 0.18 mmol, 90%): 1H NMR d 7.28
(1H, d, J c 1.9 Hz, H-1), 7.18 (1H, dd, J c 1.9 and 9.2, H-3), 8.81 (1H, d, J c

9.2 Hz, H-4), 7.65 (1H, d, J c 8.5 Hz, H-6), 7.30 (1H, d, J c 8.5 Hz, H-7), 7.95
(1H, d, J c 7.7 Hz, H-9), 7.35 (1H, d, J c 7.7 Hz, H-10), 3.09 (3H, s, Me), 2.73
(3H, s, Me); 13C NMR d 115.1 (C-1), 153.1 (C-2), 111.7 (C-3), 130.8 (C-4),
134.8 (C-5), 129.6 (C-6), 126.5 (C-7), 134.8 (C-8), 124.3 (C-9), 126.0 (C-10),
132.5 (C-1a), 126.2 (C-4a), 128.1 (C-5a), 132.9 (C-8a), 27.4 (Me), 20.3 (Me).

A sample of 2q (40 mg, 0.2 mmol) was photoreduced as reported for 2s to
give 1q (30 mg, 0.15 mmol, 75%): 1H NMR d 6.85 (1H, d, J c 2.1 Hz, H-1),
6.83 (1H, dd, J c 2.1 and 8.5 Hz, H-3), 7.58 (1H, d, J c 8.5 Hz, H-4), 7.11 (1H,
d, J c 8.1 Hz, H-6), 7.01 (1H, d, J c 8.1 Hz, H-7), 2.72 (4H, brs, H-9 and H-10),
3.87 (3H, s, OMe) 2.58 (3H, s, Me), 2.33 (3H, s, Me); 13C NMR d 110.7 (C-1),
158.1 (C-2), 112.7 (C-3), 129.5 (C-4), 134.3 (C-5), 129.5 (C-6), 127.9 (C-7),
131.3 (C-8), 26.0 (C-9), 30.0 (C-10), 137.4 (C-1a), 127.9 (C-4a), 141.4 (C-5a),
132.1 (C-8a), 55.2 (OMe), 22.9 (Me), 19.9 (Me). BBr3 demethylation of 1q (20
mg, 0.1 mmol) gave 1r (15 mg, 0.09 mmol, 90%): 1H NMR d 6.76 (1H, d, J
c 2.4 Hz, H-1), 6.74 (1H, dd, J c 2.4 and 8.3 Hz, H-3), 7.51 (1H, d, J c 8.3
Hz, H-4), 7.10 (1H, d, J c 8.1 Hz, H-6), 7.00 (1H, d, J c 8.1 Hz, H-7), 2.71
(4H, brs, H-9 and H-10), 2.57 (3H, s, Me), 2.34 (3H, s, Me); 13C NMR d 112.3
(C-1), 153.7 (C-2), 114.2 (C-3), 129.4 (C-4), 134.1 (C-5), 129.3 (C-6), 128.2
(C-7), 131.6 (C-8), 26.2 (C-9), 30.2 (C-10), 137.6 (C-1a), 127.9 (C-4a), 141.8
(C-5a), 132.2 (C-8a), 22.8 (Me), 20.1 (Me).

Bioassay. The strain UTEX 1648 Selenastrum capricornutum was main-
tained on Bold basal medium (BBM) solidified with agar 1.5% in continuous
light at 238C. Fresh axenic cultures for the experiments were grown in 100-ml
cylinders on the same culture medium. For growth tests, the compounds were
dissolved in acetone. Each soluion (20 ml) was added to test tubes containing
6 ml of inoculated medium, giving final concentrations of 10−4, 5 × 10−5, and
10−5 M. Controls containing only acetone also were tested. The test tubes were
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incubated at 238C on a shaking apparatus previously described (Aliotta et al.,
1991). Total irradiation of 150 mE/ sec/ m2 was provided by daylight fluorescent
lamps (Philips TLD 30 w/ 55) from below the apparatus. The photoperiod was
16 hr light and 8 hr dark. Growth of cultures was followed daily, either by mea-
suring the absorbance increase at 550 nm with a Bausch & Lomb Spectronic 20
colorimeter or by counting the cell numbers with a Thoma blood-counting cham-
ber. The cell numbers of the initial inocula ranged from 106 to 1.5 × 106/ ml,
corresponding to 0.05–0.06 units of absorbance. Growth experiments were car-
ried out in triplicate. To test statistical significance of results, one-way ANOVA
was performed with P c 0.05. For each compound, a comparison among means
was performed by Student-Newman-Keuls test (SNK), with P c 0.05. The sta-
tistical package SPSS was used.

The index of inhibition for compounds was calculated as [1 − (Xa/ Ya)] ×
100 (Blankley, 1973), where Xa is the growth rate of the alga in the presence of
the compound tested and Ya is the growth rate of the control.

RESULTS AND DISCUSSION

The basic formulas and substitutions of groups for the compounds synthe-
sized are shown in Figure 1. 1-(2-Iodo-5-methoxy)-phenylethanol (3), synthe-
sized as reported in the previous paper (DellaGreca et al., 1999), was used as
a starting block in the synthesis of 6,7-, 6,8-, and 7,8-dimethyl compounds. In
all the reactions, equimolar amounts of 3 and iodoxylene were added at once
to the reaction mixture containing the active nickel complex generated in situ
by action of dust zinc on NiCl2(PPh3)2 (Tiecco et al., 1984). Coupling of 3
with iodo-3,4-dimetilbenzene gave biphenyl 5b, which was converted into 6b by
dehydration with I2 in dry xylene at 1408C. All attempts to obtain 2-methoxy-
6,7-dimethyl-9,10-dihydrophenanthrene (1s) and 2-methoxy-7,8-dimethyl-9,10-
dihydrophenanthrene (1w) by UV irradiation of 6b in an Ar atmosphere (Padwa
et al., 1977) failed, while photocyclization of 6b by UV irradiation in an
air atmosphere easily gave a mixture of 2-methoxy-6,7-dimethylphenanthrene
(2s) and 2-methoxy-7,8-dimethylphenanthrene (2w), which were separated by
HPLC-NH2. Demethylation by BBr3 in CH2Cl2 for 3 hr at −708C converted
2s and 2w into 2-hydroxy-6,7-dimethylphenanthrene (2t) and 2-hydroxy-7,8-
dimethylphenanthrene (2x).

2-Methoxy-6,7-dimethyl-9,10-dihydrophenanthrene (1s) and 2-methoxy-
7,8-dimethyl-9,10-dihydrophenanthrene (1w) were obtained from 2s and 2w by
photoreduction with NaBH4 in EtOH and Et3N and UV irradiation (Nien-chu
et al., 1984). Subsequent demethylation as above reported gave 2-hydroxy-
6,7-dimethyl-9,10-dihydrophenanthrene (1t) and 2-hydroxy-7,8-dimethyl-9,10-
dihydrophenanthrene (1x).
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FIG. 1. The basic structural skeletons of compounds synthesized, and the various groups
that were substituted at the positions marked by R1, R2, R3, and R4.

Coupling of 3 with iodo-3,5-dimethylbenzene gave 5a, which, through the
styrene derivative 5b was converted by UV irradiation into 2-methoxy-6,8-
dimethyl-9,10-dihydrophenanthrene (1u) in an argon atmosphere and into 2-
methoxy-6,8-dimethylphenanthrene (2u) in the presence of atmospheric oxy-
gen. Demethylation of 1u and 2u afforded 2-hydroxy-6,8-dimethyl-9,10-
dihydrophenanthrene (1v) and 2-hydroxy-6,8-dimethylphenanthrene (2v).

The synthesis of dimethyl compounds with a methyl at C-5 by cross-
coupling of 3 with the right iodoxylene failed as the steric hindrance of
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the methyl caused long reaction times, and in such conditions the primary
process was replacement of iodine by alcoholic hydrogen. The same prob-
lem was overcome in the synthesis of 2-hydroxy-5-methyl-9,10-dihydrophenan-
threne (1d) and 2-hydroxy-5-methylphenanthrene (2d) by cross-coupling ortho
iodotoluene with 2-iodo-5-methoxyacetophenone. In the same way, the synthe-
sis of 2-hydroxy-5,6-dimethyl-9,10-dihydrophenanthrene (1n), 2-hydroxy-5,7-
dimethyl-9,10-dihydrophenanthrene (1p), 2-hydroxy-5,6-dimethylphenanthrene
(2n), and 2-hydroxy-5,7-dimethylphenanthrene (2p) was performed. Couplings
of 2-iodo-5-methoxyacetophenone with iodo-2,3-dimethylbenzene and iodo-
2,4-dimethylbenzene gave ketones 4c and 4d, respectively. NaBH4 reduction
afforded carbinols 5c and 5d. These compounds, obtained as diastereoisomeric
mixtures because free rotation of the rings about each other is hindered for
the presence of the methyl at C-2′, were dehydrated directly to 6c and 6d.
Photocyclization of 6c in the absence and in the presence of atmospheric
oxygen gave 2-methoxy-5,6-dimethyl-9,10-dihydrophenanthrene (1m) and 2-
methoxy-5,6-dimethylphenanthrene (2m), respectively, which were converted
into 1n and 2n by BBr3 demethylation. Irradiation in both the conditions of 6d
gave 2-methoxy-5,7-dimethyl-9,10-dihydrophenanthrene (1o) and 2-methoxy-
5,7-dimethylphenanthrene (2o), which were demethylated to 1p and 2p. All
attempts to synthesize 2-hydroxy-5,8-dimethyl-9,10-dihydrophenanthrene (1r)
and 2-hydroxy-5,8-dimethylphenanthrene (2r) this way failed because of very
long reaction times in which no coupling between 2-iodo-5-methoxyacetophe-
none and iodo-2,5-dimethylbenzene was obtained.

Semmelhack (1981) observed an efficient coupling of aryl halides bearing
aldehyde, ketone, ester, and nitrile groups. On this basis, 3 was cross-coupled
with methyl 3-iodo-4-methylbenzoate to give the corresponding diastereoiso-
meric biaryls 5e that were dehydrated to 6e. Photocyclization of 6e in both
the reported conditions gave 9,10-dihydrophenanthrene (1y) and phenanthrene
(2y), which were converted into 2-methoxy-5,8-dimethyl-9,10-dihydrophenan-
threne (1q) and 2-methoxy-5,8-dimethylphenanthrene (2q) by sodium bis(2-
methoxyethoxy)aluminum hydride. Final demethylation of 1q and 2q gave 1r
and 2r.

The 9,10-dihydrophenanthrenes and phenanthrenes purified by HPLC were
assayed on Selenastrum capricornutum at concentrations of 10−5–10−4 M. The
compounds were stable in the assay conditions and the results had statistical
significance (Tables 1 and 2). All dimethyl-9,10-dihydrophenanthrenes cause
full inhibition of algal growth at 10−4 M concentration and no differences were
observed between the hydroxy and the methoxy derivatives. High activity is
maintained at 5 × 10−5 M, while at 10−5 M only 2-methoxy-5,6-dimethyl-9,10-
dihydrophenanthrene (1m), 2-methoxy-5,7-dimethyl-9,10-dihydrophenanthrene
(1o), 2-methoxy-6,8-dimethyl-9,10-dihydrophenanthrene (1u), and 2-methoxy-
7,8-dimethyl-9,10-dihydrophenan-threne (1w) are still active. These compounds
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TABLE 1. INHIBITION (%) OF GROWTH OF S. capricornutum BY SYNTHETIC 9,10-DIHYDROPHENANTHRENESa

1m 1n 1o 1p 1q 1r 1s 1t 1u 1v 1w 1x

10−4 M 100 d 100 b 100 b 98 b 100 b 100 b 100 b 100 b 100 d 100 c 100 b 100 b
5 × 10−5 M 60 c 100 b 100 b 98 b 100 b 100 b 100 b 100 b 89 c 71 b 100 b 100 b
10−5 M 40 b 0 a 100 b 0 a 0 a 0 a 0 a 0 a 60 b 0 a 100 b 0 a
Control 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a

a In each column values followed by different letters are statistically significant. Student-Newman-Keuls test; P c 0.05.
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TABLE 2. INHIBITION (%) OF GROWTH OF S. capricornutum BY SYNTHETIC PHENANTHRENES

2m 2n 2o 2p 2q 2r 2s 2t 2u 2v 2w 2x

10−4 M 100 b 98 b 0 a 100 c 98 b 100 b 70 c 100 c 100 b 70 c 75 c 100 c
5 × 10−5 M 100 b 98 b 0 a 100 c 98 b 100 b 70 c 95 b 100 b 50 b 75 c 95 b
10−5 M 0 a 98 b 0 a 50 b 0 a 0 a 22 b 95 b 0 a 50 b 20 b 95 b
Control 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a 0 a

a In each column values followed by different letters are statistically significant. Student-Newman-Keuls test; P c 0.05.
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have a methyl at C-5 or at C-8, and when the other methyl is at C-7, 100%
activity is observed. Except for 2-methoxy-5,7-dimethylphenanthrene (2o), all
the dimethylphenanthrenes have high activity at 10−4 and 5 × 10−5 M concen-
trations with no differences among hydroxy and methoxy derivatives. At the low-
est concentration, only 2-hydroxy-5,6-dimethylphenanthrene (2n), 2-hydroxy-
5,7-dimethylphenanthrene (2p), 2-hydroxy-6,7-dimethylphenanthrene (2t), 2-
hydroxy-6,8-dimethylphenanthrene (2v), and 2-hydroxy-7,8-dimethyl-phenan-
threne (2x) are active, and 2n, 2t, and 2x still cause full inhibition.

In conclusion, all the synthetic phenanthrenes and 9,10-dihydrophenan-
threnes cause inhibition of algal growth in the examined concentration range. A
comparison among monomethyl and dimethyl compounds shows that at the high-
est concentration the monomethyl derivatives are less active than the dimethyl
derivatives, while at the lowest concentration the activity goes in the opposite
direction.

REFERENCES

ALIOTTA, G., MONACO, P., PINTO, G., POLLIO, A., and PREVITERA, L. 1991. Potential allelochemicals
from Pistia stratiotes L. J. Chem. Ecol. 17:2223–2234.

BLANKLEY, W. F. 1973. Toxic and inhibitory materials associated with culturing, pp. 207–223, in
J. R. Stein (ed.). Handbook of Phycological Methods. Cambridge University Press, Cambridge,
UK.

DELLAGRECA, M., FIORENTINO, A., MANGONI, L., MOLINARO, A., MONACO, P., and PREVITERA,
L. 1992. 9,10-Dihydrophenanthrenes metabolites from Juncus effusus L. Tetrahedron Lett.
33:5257–5260.

DELLAGRECA, M., FIORENTINO, A., MANGONI, L., MOLINARO, A., MONACO, P., and PREVITERA, L.
Cytotoxic 9,10-dihydrophenanthrenes from Juncus effusus L. 1993. Tetrahedron 49:3425–3432.

DELLAGRECA, M., FIORENTINO, A., MOLINARO, A., MONACO, P., and PREVITERA, L. 1995a. 9,10-
Dihydrophenanthrenes glucosides from Juncus effusus. Nat. Prod. Lett. 6:111–117.

DELLAGRECA, M., FIORENTINO, A., MONACO, P., PREVITERA, L., and ZARRELLI, A. 1995b. Effusides
I–V: 9,10-Dihydrophenanthrenes glucosides from Juncus effusus. Phytochemistry 40:533–535.

DELLAGRECA, M., MONACO, P., PREVITERA, L., ZARRELLI, A., PINTO, G., POLLIO, A., and
FIORENTINO, A. 1997. Minor bioactive dihydro-phenanthrenes from Juncus effusus L. J. Nat.
Prod. 60:1265–1268.

DELLAGRECA, M., FIORENTINO, A. MONACO, P., POLLIO, A., PREVITERA, L., and ZARRELLI, A. 2000.
Dihydrophenanthrenes and phenanthrenes mimics of natural compounds. Synthesis and antial-
gal activity. J. Chem. Ecol. 26:587–600.

PADWA, A., DOUBLEDAY, C., and MAZZU, A. 1977. Photocyclization reaction of substituted 2,2′-
divinylbifenyl derivatives. J. Org. Chem. 42:3271–3279.

SEMMELHACK, M. F., HELQUIST, P., JONES, L. D., KELLER, L., MENDELSON, L., RYONO, L. S.,
SMITH, J. G., and STAUFFER, R. D. 1981. Reaction of aryl and vinyl halides with zerovalent
nickel—preparative aspects and synthesis of Alnusone. J. Am. Chem. Soc. 21:6460–6470.

TIECCO, M., TESTAFERRI, L., TINGOLI, M., CHIANELLI, D., and MONTANUCCI, M. 1984. A convenient
synthesis of bipyridines by nickel phosphine complex-mediated homocoupling of halopyridines.
Synthesis 9:736–738.

YANG, N. C., CHIANG, W., and LANGAN, Y. 1984. Photoreduction of aromatic compounds via amine
exciplexes. Tetrahedron Lett. 2855–2858.



Journal of Chemical Ecology, Vol. 27, No. 2, 2001

0098-0331/ 01/ 0200-0273$19.50/ 0  2001 Plenum Publishing Corporation

273

FEEDING BY THE APHID Sipha flava PRODUCES A
REDDISH SPOT ON LEAVES OF Sorghum halepense:

AN INDUCED DEFENSE?
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Abstract—Feeding by the aphid Sipha flava produces a reddish spot
on mature leaves of Sorghum halepense. The present work is aimed at
determining whether this plant response entails induced resistance against
the aphid. Old and young leaves showed the same response to aphid
feeding (reddish coloration). Water-stressed plants displayed a similar reddish
coloration to aphid-infested plants. This was verified by evaluation of
absorbance peaks of the respective leaf extracts. Aphid fecundity was
reduced on previously infested (and hence reddish colored) leaves. However,
aphid fecundity was not affected on water stressed plants. Furthermore,
aphid survival was not different on artificial diets containing increasing
concentrations of the reddish pigment. It is concluded that the reddish spot
is correlated with, but is not itself responsible for, the observed induced
resistance of S. halepense against S. flava.

Key Words—Induced responses, induced resistance, Sipha flava, Sorghum
halepense, aphids, anthocyanins.

INTRODUCTION

Induced responses of plants to herbivory are frequently found in plant–insect
interactions (Karban and Baldwin, 1997). When such responses have a negative
effect on insect fitness, they are termed induced resistance (Karban and Baldwin,
1997). The magnitude of induced responses, and consequently of their effect on
herbivores, may be affected by environmental conditions (Gianoli and Niemeyer,

*To whom correspondence should be addressed. e-mail: aletheia@abulafia.ciencias.uchile.cl
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1996; Karban, 1987) as well as by the particular plant tissue that is attacked
(Gianoli and Niemeyer, 1998; Gianoli, 1999).

Sipha flava (Forbes) is a cereal aphid that uses different cultivated and
wild Poaceae (Young and Teetes, 1977; Breen and Teetes, 1986a; Blackman
and Eastop, 1984). It has been recently reported in Chile, colonizing Sorghum
halepense L. (Gonzáles et al., 1998), a common weed in cereal fields (Mon-
aghan, 1979; McWhorther, 1989; Matthei, 1995). S. flava has a particular pattern
of attack on host plants. Aphids initially colonize lower (older) leaves (Long and
Hensley, 1972; Holman, 1974), producing a characteristic damage: a reddish spot
appears on infested leaves (Breen and Teetes, 1986a, 1990; Webster, 1990). The
spot spreads and eventually covers the entire leaf, accelerating its senescence
(Breen and Teetes, 1986a; Webster, 1990). Aphids then move upward to colo-
nize the next leaf. S. flava infestation may significantly decrease plant fitness.
Thus, infested sorghum (Sorghum bicolor L.) plants show a reduction in biomass
(Breen and Teetes, 1986b) and seed production (Breen and Teetes, 1986a). Like-
wise, aphid infestation reduces biomass of S. halepense plants (Gonzáles et al.,
unpublished).

The appearance of reddish coloration on tissues of sorghum plants, pre-
sumably involving anthocyanins, has also been related to the attack of the aphid
Schizaphis graminum (Young and Teetes, 1977), to fungal infection (Nicholson
et al., 1987), as well as to irradiation and low temperature (Shichijo et al., 1993,
1996). Moreover, the induction of anthocyanins by water stress is considered a
widespread phenomenon in plants (Chalker-Scott, 1999).

The major aim of the present work is to determine whether the reddish
coloration on leaves of S. halepense induced by feeding of S. flava is involved
with the induced resistance. For this purpose, the fecundity of S. flava on previ-
ously infested (and hence reddish colored) and on uninfested leaves is compared.
Given the particular pattern of occupation of plants of this aphid, these compar-
isons are performed on the natural site of attack, i.e., an old leaf, and on a young
leaf. In addition, bioassays are conducted on artificial diets with different concen-
trations of plant extracts containing the reddish pigment. Complementary experi-
ments evaluate aphid fecundity on plants where reddish coloration is induced by
water stress. The qualitative similarity of the reddish coloration in water-stressed
plants and in aphid-infested plants is assessed by their absorbance spectrum.
Finally, some spatial and temporal characteristics of the induced response of S.
halepense to S. flava infestation are addressed, and the effect on them of tem-
perature and leaf age is evaluated.

METHODS AND MATERIALS

Organisms. Cultures of S. flava originally collected on S. halepense in the
area of wheat fields in Santiago, Chile, were maintained on barley seedlings.
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Seeds of S. halepense were collected in the same area. Aphids and S. halepense
seedlings were kept in rooms at 20 ± 28C and a 14L : 10D photoperiod. Aphids
reproduce parthenogenetically under these conditions.

Leaf Age and Effect of Induced Response on Aphid Fecundity. Seedlings at
the eight-leaf stage were infested with 15 adult aphids confined inside a clip cage
attached to the leaf that bore the treatment. Two groups of infested plants were
used: one received the aphid infestation on the third leaf (an old leaf); the other
on the seventh leaf (a young leaf). Two groups of uninfested plants were used
as controls, bearing empty clip cages on the respective leaves (N c 15 plants per
treatment). Plants were then placed in growth chambers at constant temperature
(208C) and a 12L : 12D photoperiod. Aphids were removed after 24 hr of infes-
tation, and plants were left for 92 hr, a time period after which a reddish spot
appears on the infested leaves (data not shown). Immediately afterwards, aphid
fecundity was evaluated in the four treatments (infested/ uninfested; young/ old
leaf). An 8-day-old nymph was placed on the same leaves and on the same leaf
part where clip cages were previously attached. Aphids were confined inside
clip cages for eight days. At the end of this period, the number of nymphs pro-
duced was recorded. Data on aphid fecundity were analyzed by using a two-way
ANOVA, with leaf age (young/ old) and treatment (infested/ uninfested) as main
factors.

Bioassay and Extraction of Reddish Pigment. Aphid survival on artificial
diets containing increasing concentrations of the reddish pigment, previously
extracted from leaves of S. halepense, was evaluated. Ten aphids were confined
in a vertically placed Plexiglas cylinder (3.0 cm high × 2.5 cm ID). A plas-
tic net covered one end of the cylinder, and the other end was closed with a
sachet made of two Parafilm M membranes. The sachet contained 200 ml of a
sucrose solution (25% w/ v, prepared in phosphate buffer pH 5.5) and the extract
to be tested at concentrations of 0 (control) 0.4, 4, 10, 20, and 40 mg of reddish
extract/ ml of solution. The cylinders containing the aphids were kept at 208C
and in the dark for 48 hr. At the end of this period the number of aphids still
alive was recorded. Five replicates were performed for each concentration of the
extract tested.

The extract of the reddish pigment was obtained as follows. One hundred
grams of leaves, which had been infested by aphids and showed the reddish
coloration, were extracted for 24 hr at 48C with 500 ml of HCl–MeOH (0.1%
v/ v) solution. The solution was vacuum concentrated to 100 ml, adjusted to pH
5 with NaCO3, and maintained at −208C for 5 hr. One milliliter of Me2CO was
then added and the suspension centrifuged for 20 min (−208C, 20,000 rpm); the
precipitate was discarded. Vacuum concentration was continued until the final
reddish solid extract was obtained.

Aphid Fecundity on Plants Under Water Stress. Greenhouse observations
indicated that plants under water stress develop a similar response to that
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observed after aphid infestation, i.e., the appearance of a reddish spot. This led
us to evaluate whether such a response could affect aphid fecundity, as previous
aphid infestation did. Plants at the four-leaf stage were used in the experiment.
A group of plants was deprived of watering for five days, whereas control plants
were watered daily during that period (N c 15 per treatment, 208C). At the end of
the five-day period, aphid fecundity was measured exactly as in the first exper-
iment (see above).

Comparison of Spectra of Reddish Spots of Plants Subjected to Aphid Infes-
tation or Water Stress. To compare spectra, a 3-cm section was excised from a
pigmented zone of a leaf (one per treatment). The leaf sections were extracted
for 24 hr at 48C in 5 ml of HCl–MeOH solution, as was described above (see
procedure of extraction of the pigment). A Shimadzu UV–visible spectropho-
tometer (model UV-240) was used. The spectrum was evaluated at wavelengths
of 400–700 nm.

Characterization of Induced Response. Experiments were conducted to
determine the minimum duration of aphid infestation required to produce the
induced response, the time until the appearance of the reddish spot, and its spa-
tial extension. These evaluations were performed at 208C and 288C. S. halepense
plants at the four-leaf stage were infested with 15 adults of S. flava inside a clip
cage attached to the third leaf in the following treatments: 8, 10, 12, and 16 hr.
At the end of the respective periods aphids were removed. Observations on the
infested leaf were performed every 2 hr, and a positive response was considered
when evidence of a reddish spot was apparent (N c 10 per treatment). In addition
to this qualitative evaluation, the timing of the induced response, i.e., the time
elapsed from the removal of aphids to the appearance of the spot, was recorded.
The area of the reddish spot on leaves of plants of the same age, but infested
during 24 hr, was assessed measuring its length (L) and width (W) and assuming
a rectangular shape (Area c L × W). The percentage of leaf area covered by the
spot was calculated after assessing the area of the whole leaf (N c 10). This was
done by using image analysis software (Sigmascan). Evaluations with plants at
the eight-leaf stage also were performed to determine the effect of leaf age on
the timing of the induced response. The same protocol of aphid infestation (for
24 hr) was followed on the third leaf (an old leaf) and on the seventh leaf (a
young leaf) (N c 10 for each treatment). Timing of the induced response was
evaluated as described above.

RESULTS

Leaf Age and Induced Responses. The fecundity of S. flava was signifi-
cantly reduced by previous aphid infestation on the leaf. Neither leaf age nor
the interaction of factors had a significant effect on S. flava fecundity (Table 1).
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TABLE 1. EFFECT OF LEAF AGE AND PREVIOUS INFESTATION OF S. halepense
ON S. flava FECUNDITY

Nymphs produced (N, mean ± SE)

Leaf age Control Infested

Young 24.00 ± 2.20 20.36 ± 1.46
Old 21.55 ± 1.15 18.38 ± 1.44

Analysis of variance

Source df Mean square F ratio P

Leaf age (L) 1 61.98 1.80 NSa

Pre infestation (I) 1 146.40 4.25 < 0.05
L × I 1 0.73 0.02 NSa

Error 47 34.40

a NS c not significant (P > 0.05, two-way ANOVA test).

Bioassay of Reddish Pigment. The survival of S. flava was not significantly
different on diets with increasing concentrations of the extract containing the
reddish pigment (F c 0.63, P > 0.05, one-way ANOVA) (Table 2).

Aphid Fecundity on Water-Stressed Plants. The fecundity of S. flava (num-
ber of nymphs, mean ±SE) on S. halepense was not significantly different on
plants under water stress (15.33 ± 1.3) and on control plants (18.45 ± 1.73; t c
1.38, P > 0.1).

Comparison of Spectra of Reddish Spots. The spectra of the reddish spot of
plants under water stress and plants infested with S. flava showed a remarkable
similarity in qualitative terms (Figure 1).

Characterization of Induced Response. The minimum duration of aphid

TABLE 2. SURVIVAL OF S. flava FEEDING ON ARTIFICIAL DIETS WITH DIFFERENT

CONCENTRATIONS OF AN EXTRACT CONTAINING REDDISH PIGMENT

Extract conc. (mg/ ml) Survival (%, mean ± SE)a

0.0 78 ± 9.69
0.4 92 ± 5.83
4.0 88 ± 5.83

10.0 86 ± 4.00
20.0 90 ± 3.16
40.0 88 ± 5.83

a Means are not significantly different (P > 0.05, one-way ANOVA).
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FIG. 1. Visible spectra of S. halepense leaf extracts showing reddish coloration caused
by (a) infestation by S. flava, and (b) water stress.

infestation able to induce the reddish spot at 208C was 16 hr, whereas at 288C
this time was reduced to 10 hr. After 16 hr of aphid infestation, the time (hours,
mean ± SE) to the production of the reddish spot was similar (t c 1.12, P > 0.1)
at 208C (96.3 ± 1.02) and at 288C (93.8 ± 1.05). The reddish spot was localized
at 288C, whereas it was spatially spread at 208C (t c 26.79, P < 0.001) (Table
3). The reddish spot appeared on old leaves 92.4 ± 1.03 hr after the end of aphid
infestation, whereas this time was significantly shorter on young leaves (72.15
± 1.96 hr; t c −8.43, P < 0.001).

TABLE 3. CHARACTERISTICS OF THE RESPONSE (REDDISH SPOT) PRODUCED BY

S. halepense AFTER S. flava FEEDING AT DIFFERENT TEMPERATURES

208C 288C

Minimum time of infestation (hr) 16 10
Time to response (hr) 96.3 ± 0.02 100.3 ± 0.47
Leaf area covered by the spot (%) 37.61 ± 1.37 <1.0



APHID FEEDING ON Sorghum 279

DISCUSSION

Results showed a reduction in the fecundity of S. flava feeding on a previ-
ously infested leaf, which exhibited the reddish spot as induced response. The
reddish spot, or another induced response correlated with it, could be the cause
of the decrease in fecundity of the aphids. Negative effects on aphid fitness after
infestation have been reported earlier (Cabrera et al., 1995; Gianoli, 1999; but see
Formusoh et al., 1992). It has been shown that aphid infestation on other species
of Poaceae may affect the nitrogen content of leaves (Dorschner et al., 1987) and
change the concentration of secondary metabolites (Leszczynski, 1985; Gianoli
and Niemeyer, 1997). The mechanism underlying the aphid-induced reddish spot
in S. halepense is not clear at this point. Studies addressing the reddish spots
on wheat plants caused by the aphid S. graminum have ascribed the leaf dis-
coloration to an abnormal increase in volume of plastoglobuli, which in turn
has a deleterious effect on chloroplasts producing chlorophyll loss (Ryan et al.,
1990). Recent work involving sorghum and a nonpathogenic fungus suggests
that anthocyanin accumulation is a consequence of the deactivation of related
phytoalexins (3-deoxyanthocyanidins), which are induced immediately after fun-
gal attack (Lo and Nicholson, 1998). It is considered that the induction of phy-
toalexins by microbial infections and by aphid feeding is very similar in nature,
the common elicitors being oligosaccharides produced by plant cell wall degrad-
ing enzymes (Campbell and Dreyer, 1990).

Regardless of the particular mechanism involved in its production, the red-
dish spot in S. halepense is associated with induced resistance against S. flava.
Thus, the plant response decreases aphid reproduction. The biological activity
of anthocyanins against insects (Hedin et al., 1983), fungi (Schutt and Netzly,
1991), and bacteria (Stonecipher et al., 1993) has been demonstrated. In the
present work, the negative effect on aphid fitness is achieved, but the infested leaf
loses its photosynthetic capacity. This resembles hypersensitive responses found
in other plant–insect systems (Fernándes, 1990), particularly those in which the
insects have poor mobility, as is the case of S. flava.

Leaf age did not affect fitness of S. flava. This result is surprising given
the usual difference in quality of leaves of different age for aphids (Merritt,
1996; Dixon, 1998) and the marked preference of S. flava for older leaves in
the field (Long and Hensley, 1972; Gonzáles et al., unpublished). This suggests
that ecological factors other than plant tissue quality may explain the within-
plant distribution of the aphid (e.g., natural enemies) (Gonzáles et al., 2001). The
interaction of aphid infestation and leaf age did not have a significant effect on
aphid fecundity, which means that the occurrence of induced resistance was not
related to leaf age. Two nonmutually exclusive explanations, from both sides of
the insect–plant interaction, may be advanced. Thus, it may be thought that aphid
feeding, and hence elicitation, is similar on usual (old leaves) and unusual (young
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leaves) feeding substrates. Interestingly, differences in feeding behavior have
been reported for aphids developing on young and mature leaves of the same
host plant (Gabrys et al., 1997). From the side of the plant, the physiological
events that take place following aphid feeding may not be different in young and
old leaves. Similar results have been observed in aphid-infested wheat seedlings
(Gianoli and Niemeyer, 1997).

The induction of anthocyanins by water stress is a common phenomenon
(Chalker-Scott, 1999). In the present work, water stressed plants developed a
response similar to that induced by aphid infestation, i.e., the appearance of a
reddish spot on the leaves, which is likely to correspond to anthocyanin accumu-
lation (Snyder and Nicholson, 1990; Shichijo et al., 1993, 1996; Chalker-Scott,
1999). Moreover, the reddish spot was shown to be qualitatively the same in
terms of absorbance peaks for plants subjected to either treatment. Unlike aphid
infestation, water stress did not produce a decrease in plant quality for aphids,
suggesting that the induced resistance observed in S. halepense is specifically
triggered by aphid attack. Thus, the reddish spot would be a symptom asso-
ciated with induced resistance, but not a symptom of induced resistance itself.
This is supported by the bioassay results that showed no deleterious effects of the
reddish pigment on aphids. Interestingly, previous reports describe an increase
in plant resistance conferred by anthocyanin induction (Snyder and Nicholson,
1990; Schutt and Netzly, 1991; Stonecipher et al., 1993). Caution is needed
before ascribing a particular role to anthocyanin induction in insect–plant inter-
actions.

Environmental variables affect the expression of both constitutive (Larsson
et al., 1986) and induced (Coleman and Jones, 1991) levels of plant resistance.
We evaluated some spatial and temporal aspects of the aphid-induced reddish
spot under two different temperatures (208C and 288C). These evaluations are
of interest because the main distribution of S. flava is in the tropics (Medina-
Gaud et al., 1965; Smith and Cermeli, 1979), and hence the temperate climate
of Chile could mediate or constrain some issues of the aphid–plant relationship.
At 288C, a shorter infestation time was needed to produce the reddish spots;
they took slightly more time to appear, and were considerably smaller than at
208C. The spots were notably more spread at 208C, suggesting that the induced
response may be constrained at higher temperatures. A similar pattern was found
for aphid-infested wheat seedlings (Gianoli and Niemeyer, 1996). Provided that
the spatial extension of the spot is correlated with the magnitude of its associated
induced response (see above), these results suggest that S. flava would be favored
at higher temperatures. This agrees with earlier findings of better performance
of this aphid at 308C than at lower temperatures (Starks and Mirkes, 1979).

Finally, young leaves reacted more readily than old leaves in terms of the
appearance of the reddish spot. This result does not match the initial observation
that the reduction in aphid fecundity did not vary with leaf age. Therefore, it
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provides additional support to the main conclusion of this paper, i.e., that the
reddish spot is correlated with, but is not itself, the induced response responsible
for the observed induced resistance of S. halepense against S. flava.

Several lines of research are open after the preliminary findings of the
present work. In terms of the plant, identifying the compound(s) responsible
for the induced resistance and elucidating how the physiological mechanism of
aphid resistance compares with that described for fungal infections need to be
examined further. In terms of the insect, determining the factors that promote
or constrain the pattern of distribution within the plant and relating this to the
quality and responsiveness of the tissues should be studied. Other ecological
factors, such as natural enemies (e.g., Gonzáles et al., 2001) and interspecific
aphid competition (e.g., Gianoli, 2000) should not be overlooked given the fact
that S. flava usually coexists with other aphid species (Rhopalosiphum maidis,
Schizaphis graminum) on its host plants.
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LARSSON, S., WIRÉN, A., LUNDGREN, L., and ERICSSON, T. 1986. Effects of light and nutrient

stress on leaf phenolic chemistry in Salix dasyclados and susceptibility to Galerucella line-
ola (Coleoptera). Oikos 47:205–210.

LESZCZYNSKI, B. 1985. Changes in phenols content and metabolism in leaves of susceptible and
resistant winter wheat cultivars infested by Rhopalosiphum padi (L.) (Homoptera: Aphididae).
Z. Angew. Entomol. 100:343–348.

LO, S. C. C., and NICHOLSON, R. L. 1998. Reduction of light-induced anthocyanin accumulation in
inoculated sorghum mesocotyls. Plant Physiol. 116:979–989.

LONG, W. H., and HENSLEY, S. D. 1972. Insect pest of sugar cane. Annu. Rev. Entomol. 17:149–176.
MATTHEI, O. J. 1995. Manual de las malezas que crecen en Chile. Alfabeta Impresores, Santiago.
MCWHORTHER, C. G. 1989. History, biology, and control of Johnsongrass. Rev. Weed Sci. 4:85–

121.
MEDINA-GAUD, S., MARTORELL, L. F., and BONILLA, R. R. 1965. Notes on the biology and control of

the yellow sugarcane aphid of sugarcane, Sipha flava (Forbes) in Puerto Rico, pp. 1307–1320.
in J. Bague (ed.). Proceedings, 12th Congress of the International Society Sugar-Cane Tech-
nologists. San Juan, Puerto Rico.

MERRITT, S. Z. 1996. Within-plant variation in concentration of amino acids, sugar, and sini-
grin in phloem sap of black mustard, Brasicca nigra (L.) Korch (Cruciferae). J. Chem. Ecol.
22:1133–1145.



APHID FEEDING ON Sorghum 283

MONAGHAN, N. 1979. The biology of Johnson grass (Sorghum halepense). Weed Res. 19:261–267.
NICHOLSON, R. L., KOLLIPARA, S. S., VINCENT, J. R., LYONS, P. C., and CADENA-GÓMEZ, G. 1987.
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Abstract—Termite mound soils eaten by chimpanzees of the Mahale
Mountains and Gombe National Parks, Tanzania, have mineralogical and
geochemical compositions similar to many soils eaten by higher primates,
but release very low levels of either toxic or nutritional inorganic elements
to solution at acid pH. Comparison with control (uneaten) soils from the
same areas showed lower levels of carbon and nitrogen in the eaten soils,
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a relationship confirmed by surface analysis. Surface analysis also revealed
lower levels of iron on particle surfaces versus interiors, and higher levels
of iron on ingested versus control soil particle surfaces. The soils can adsorb
dietary toxins, present in the plant diet or those produced by microorganisms.
Taking the toxic alkaloids quinine, atropine, sparteine, and lupanine as
examples, it is evident that soils from Mahale have a very good adsorptive
capacity. A new adaptive advantage of geophagy is proposed, based on the
prevention of iron uptake. The behavior of the soils in vitro is consistent with
the theory that geophagy has a therapeutic value for these chimpanzees.

Key Words—Adsorption, geophagy, health maintenance, iron, surface
chemistry, termite mounds, XPS.

INTRODUCTION

Studies of soil consumption (geophagy) among nonhuman primates have focused
on its potential value as a source of supplementary dietary minerals and as a
vehicle for adsorption and hence removal of toxins with passage through the
gut (Bolton et al., 1998; Muller et al., 1997; Mahaney et al., 1995; Izawa, 1993;
Davies and Baillie, 1988; Fossey, 1974, 1983; Uehara, 1982; Oates, 1977, 1978;
Hladik, 1977; Hladik and Gueguen, 1974). The possibility that geophagy is used
by animals for seld-medication in disease and parasite infestation (as an adsor-
bent of harmful bacteria and toxins), as it is used by humans both traditionally
(Johns, 1990) and in modern pharmaceuticals (Brouillard and Rateau, 1989), has
also been suggested (Mahaney et al., 1996, 1997; Stambolic-Robb, 1997; Johns,
1990; Hladik and Gueguen, 1974).

Among higher primates, humans of many societies also have engaged
in geophagy (Aufreiter et al., 1997; Johns and Duquette, 1991; Johns, 1990;
Hunter, 1973; Laufer, 1930) for various reported reasons, e.g., to alleviate star-
vation in time of famine and to counter deficiencies of inorganic nutrients dur-
ing pregnancy. A correlation was established between consumption of highly
calcium-enriched termite-mount clay by pregnant women of various African eth-
nic groups and the absence of milk and other dairy products in their diet. Wiley
and Katz (1998) found that soil consumption was absent in pasturalist soci-
eties with daily access to milk-producing livestock and used this to implicate
geophagy soils as dietary calcium supplements. Geophagy has also been seen
as a cultural tradition sponsored and/ or advocated by religion. Clear reasons to
justify the behavior are frequently unobtainable; possibly human geophagy was
retained over evolutionary time due to survival benefits conferred by the behav-
ior (Johns, 1990), and experimentation occurred with highly weathered natural
earths in different environments (Mahaney, 1999).

Studies of geophagy soils from different geographical locations have shown
that they are often similar in mineralogy and in chemical elemental content
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(Browman and Gunderson, 1993). These similarities lead to the inference that
soils of a particular chemical environment are selected for ingestion, from the
mounds of termites of the subfamily Macrotermitinae. Reports of the ingestion of
bioturbation (insect-selected) soils of termites or ants by primates are not unusual
(Julliot and Sabatier, 1993; Aufreiter et al., 1997), and ants and termites them-
selves are often a source of food (Uehara, 1982; Watts, 1984). The chimpanzees
of Mahale may be aware of key characteristics associated with termite mound
soils. Uehara (1982) reported chimpanzees there sampling the soils of termite
mounds through the year, apparently monitoring by taste the reproductive con-
dition of the termites, for feeding on the termites.

The adaptive value of the soils is likely linked to their composition. Most
of the analyzed soils have been found to contain a high proportion of Al : Si c
1 : 1 secondary clay minerals, with a lesser amount of Al : Si c 2 : 1 minerals,
some quartz, and, often, high amounts of iron. The clay fraction of the soils
is a physically and chemically active material that may absorb or adsorb (or
conversely release) water, inorganic elements, or organic compounds to varying
degrees, depending on the amounts of specific clay minerals and depending on
variations of such conditions as pH. Many studies have considered a benefit of
geophagy to be the adsorption of toxic organic components such as alkaloids in
plant foods, as shown in vivo for parrots, by Gilardi et al. (1999), and for geese
by Wink et al. (1993). Clay minerals are also capable of adsorbing bacterial
or parasite-generated toxins (Said et al., 1980). This may be a key benefit of
geophagy for the chimpanzees of the Mahale Mountains. Beneficial compounds
or organisms could also be obtained from ingestion of the high-clay soils and
provide sensory cues of smell and taste used by animals in choosing appropriate
soils.

Behavioral research on chimpanzee groups in Mahale has been carried out
since 1965 (Nishida, 1990). Investigation into the health and self-medicative
behavior of chimpanzees at Mahale with a focus on plants has been carried out by
one of the authors (M.A.H.) since 1985. Recently geophagy has also been stud-
ied with the objective of determining if this behavior can be considered another
form of self-medication (Huffman, 1997). Early behavioral observations have
shown that chimpanzees of Mahale sometimes consume termite mound soils dur-
ing periods of gastrointestinal distress and when beset by intestinal parasites, and
thus a preliminary reconnaissance was made of such soils in 1994 (Mahaney et
al., 1996). A larger set of samples of eaten soils and uneaten control soils col-
lected in 1995 (Mahaney et al., 1999) confirmed that the chimpanzees chose
soils characterized both by combinations of halloysite and kaolinite, similar to
those in formulations used by humans to reduce gastrointestinal afflictions, and
by high concentrations of iron, for which a nutrient role was considered. Further
observations showed that the chimpanzees frequently consume small quantities
of these soils (∼3 cc per feeding) (Figure 1).



AUFREITER ET AL.288

FIG. 1. A chimpanzee of Mahale Mountains National Park, Tanzania, sampling termite
mound soil. Photo by Michael Huffman.

Here, a new, larger set of samples of ingested termite mound earths from the
Mahale sites was examined along with controls chosen at several meters’ greater
distance from the mounds than for collection of previous control samples. Addi-
tional analytical foci were placed on the potential of the soils to adsorb certain
toxins and to release nutrients at acid pH and on an analysis of the soil particle
surfaces. We also include information on two samples from the nearby Gombe



SOILS EATEN BY CHIMPANZEES IN TANZANIA 289

National Park research site where chimpanzees have similarly been observed
engaging in geophagy. Results from a study of the microbiology of these soils
by Ketch (1998) will be published separately. This paper concerns the chemistry,
geochemistry, mineralogy, and adsorptive capacities of ingested soils, compared
with control soils from the same areas, in order to isolate parameters that warrant
further study.

METHODS AND MATERIALS

Behavioral Observations. Geophagy has been observed at Mahale and
Gombe in both dry and rainy season months. In the course of ad libitum and
focal-animal observations, the locations of chimpanzee geophagy were noted by
researchers and field assistants at Mahale and Gombe. During the 15-day collec-
tion trip by Huffman in 1996, these sites were visited and collections made. No
systematic observations covering all seasons have been made at Mahale, mak-
ing systematic analysis of the seasonality of geophagy difficult. However, in 59
days of focal-animal observations made by Huffman in the 1991 rainy season,
five incidences were recorded (Mahaney et al., 1996).

The Sites. The Mahale Mountains National Park is located on the eastern
shore of Lake Tanganyika approximately 100 km south of the Gombe Stream
National Park (68S, 308E; Figure 2). The climate of the area is influenced by
north- and southeasterly (trade) winds. Local wind from the mountains has a dry-
ing effect, whereas wind from the lake brings moisture. The mountains range up
to 2500 m asl, lake level is about 773 m asl. The underlying bedrock is primar-
ily granite along with gneiss and schist (McConnell, 1950). Soils formed from
this crystalline rock are relatively thin, stony, and porous (Collins and McGrew,
1988) with thin organic (Ah) horizons less than 18 cm thick. Soils were collected
in mid-October 1996 over a period of five days during the end of the dry season
at Mahale and during one day the same month at Gombe. Each termite mound
was sampled by Huffman at those spots where chimpanzees were observed to
consume the mound soil. All sites were located above ground at the top of a
mound. Each control sample was collected approximately 4–6 m away from a
mound, avoiding possible contamination down the slope of runoff mound mate-
rial. Each sample came from the surrounding Ah horizons and had a darker tone
than the mound soils.

Laboratory Analyses. Each sample was analyzed for water content and par-
ticle size of the <2 mm fraction. Water retention was determined by heating sam-
ples overnight at 1108C. The air-dried equivalent of 50 g oven dried soil was
used to calculate the particle size. The sands (63–2000 mm) were separated by
wet sieving. The silt and clay fractions were determined by pipet and hydrometer
(Day, 1965). The particle size curves were drawn from the dry weight of sand
and from density measurements made by hydrometer. Particle size distributions
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FIG. 2. Map showing the location of sample sites in Mahale Mountains National Park,
Tanzania.
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were analyzed as curves to determine the relative ratios of sand and silt to clay
in each termite mound soil and each control soil.

Mineralogy was determined by X-ray diffraction (XRD) (Whittig, 1965).
Major, minor, and trace elements were measured using instrumental neutron acti-
vation analysis (INAA). Five-hundred-milligram subsamples of the bulk materi-
als were weighed into polyethylene vials and analyzed at the SLOWPOKE Reac-
tor Facility of the University of Toronto, following procedures established by
Hancock (1978, 1984). Two neutron irradiations and four counts were required
to produce a database of 23 elements for each sample. Extracts of selected sam-
ples were prepared by shaking approximately 1 g of soil in 10 ml of pH 2.0
ammonium oxalate solution for 30 min, followed by gravity filtration through
Whatman 42 ashless filter paper. The filtrates were allowed to stand for 48 hr
to allow very fine particles to settle; approximately 1-ml volumes of the filtrates
were weighed into polyethylene vials, which were then heat-sealed. The sealed
samples were analyzed by INAA for short-lived, isotope-producing elements,
and some selected samples were also analyzed for long-lived isotope-producing
elements, following the procedures of Hancock (1978, 1984).

Selected soil samples were analyzed by scanning electron microscope
(SEM) and energy dispersive spectrometry (EDS), including the light and heavy
mineral fractions. For the light fraction, sands were randomly selected for anal-
ysis by SEM and EDS. All sands were analyzed for grain mineralogy and coat-
ings that might reveal the chemistry of weathering products and coatings includ-
ing clay minerals. The SEM-EDS analyses followed procedures outlined by
Mahaney (1990) and Vortisch et al. (1987).

X-ray photoelectron spectroscopy (XPS) was used to analyze elements at
the surface layers of individual particles of soil. The spectra were obtained on
a Leybold MAX 200 XPS system based at the Institute for Biomaterials and
Biomedical Engineering at the University of Toronto. Samples were prepared
for XPS analysis by pressing the dried powdery <2-mm fraction of the soils
onto adhesive copper tape, removing loose particles with light gas pressure, and
mounting the tapes on a sample holder. Unmonochromatized Al Ka X-ray radi-
ation was used as the excitation source. The source was run at 15 keV and 25
mA. Large-area analysis was performed (4 × 7 mm2) to minimize collection time
while maximizing signal. Relative atomic percentages were obtained from sur-
vey spectra (0–1000 eV, step size 800 meV) run in a low-resolution mode (pass
energy c 192 eV). Details of the techniques are described in Sodhi et al. (1992).
The data were normalized to unit transmission of the spectrometer by means of
a routine provided by the manufacturer (Berresheim et al., 1991). The sensitivity
factors (see Table 6 below) used to obtain these values were empirically derived
by Leybold for the normalized spectra. Actual integration of the peaks was per-
formed using Escatools (Surface Interface Inc., Mountainview, California). The
surface specific nature of XPS limited depth analysis to 7–10 nm.
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To measure the adsorptive capacity of soils, we employed the following
design: About 500 mg of soil was added to 5 ml of water in 15-ml centrifuga-
tion tubes; 0.35 mmol of each of the alkaloids sparteine, lupanine, quinine, and
atropine (adjusted to pH 6–7) were added. After 20 min of incubation, samples
were vortexed and centrifuged for 20 min at 4000g. The separated supernatants
were brought to pH 12 with 1 M KOH and subjected to solid–liquid extraction
using ChemElute columns. Methylene chloride (3 × 15 ml) was used as elu-
ent. The crude alkaloid extract obtained was analyzed by capillary gas–liquid
chromatography, using a Carlo Erba gas chromatograph with a flame ioniza-
tion detector (FID) and OV-1 (Ohio Valley) capillary column (15 m × 0.25 mm
× 0.25 mm) (for details see Wink et al., 1993, 1995; Wink, 1993b). Authentic
alkaloids were employed as external standards for quantification. Appropriate
controls (samples with water and alkaloids) were used to define the amount of
nonadsorbed alkaloids. All experiments were performed in triplicate.

RESULTS AND DISCUSSION

Particle Size. The data show little variation in sand + silt, but large vari-
ations in clay contents. Figure 3 shows results for ingested samples from sites
in the Mahale Mountains. To read the data it is necessary to refer to the bound-
aries for sand (63–2000 mm), silt (2–63 mm) and clay (<2 mm). The y axis is
cumulative, so the percentage at 4 phi is the sand and the percentage at 9 phi
is the sand + silt. The percentage at 100 less 9 phi is the percent clay. The data
for ingested soils show higher proportions of <2-mm material over control soils.
There are clear textural differences between the ingested and control samples,
showing that there is a preference for chimpanzees to select clay-rich material
for ingestion.

Mineralogy. The X-ray diffraction data shown in Table 1 include both clay
and primary minerals. Within the 1 : 1 group (Si : Al c 1 : 1), metahalloysite is
predominant but is not confined to the ingested group. Kaolinite is dominant at
site 3 and site 6 in moderate to abundant amounts and is present in eaten and
control soils. Kaolinite and metahalloysite have similar chemistries (although
metahalloysite has variable water content) and among the 1 : 1 sample group
chimpanzees may be able to achieve the same benefit consuming both the control
and ingested soils.

Within the 2 : 1 (Si : Al c 2 : 1) sample group, illite is present in both the
ingested and control soils. Randomly interstratified illite–smectite is present in
trace to moderate quantities in all sites; smectite is present in five sites includ-
ing four where ingestion occurred. Smectite is often present in small amounts
in geophagic soils and may have some value in geophagy, although the inges-
tion of Turkish soils high in smectite was shown in vivo in humans to pre-
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FIG. 3. Results for particle size analysis of soil samples ingested by chimpanzees.

vent uptake of Fe, whereas some soils of predominantly 1 : 1 clay mineral con-
tent, used by Native Americans, did not (Minnich et al., 1968). Vermiculite is
absent in all soils; chlorite is also absent. Within the primary minerals, quartz,
muscovite, orthoclase, biotite, and plagioclase feldspar are present in varying
amounts. Quartz is somewhat more prevalent in the ingested samples. It is most
abundant in weathered crystalline terrane and here may play a role in armoring
the termite mound surface, by rain wash and surface hardening, against animal
disturbance. With higher amounts of quartz, orthoclase and the micas are also
seen to increase, indicating either younger soils (a sorting phenomenon) or a
stronger granitic influence. Plagioclase occurred infrequently among the sam-
ples studied, and since it is generally one of the first minerals to weather by
hydrolysis, this is not unexpected. Muscovite and its secondary cousins, on the
other hand, are inert.

Metahalloysite and illite are common clay minerals in the Mahale soils. The
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TABLE 1. MINERALOGY OF <2-mm FRACTION OF INGESTED AND CONTROL SAMPLESa

Sample K MH I I-S S C V Q O M P

Mahale
1E X XX XX tr X X X tr
1C XX XX XX tr XX XX
7E X X X X X
8E XXX XXX X XX XXX XXX XX
9E XX XXX X X X X X
11E XX X X X X X
11C XX XX XX X X X X
2E X XXX X X X X X
2C XXX X X X X X
3E XXX X XX X tr XX XX X
6E X XXX X tr X X tr
6C XX X X tr X X X
10E XX X tr tr tr tr
10C XXX X tr tr X tr

Gombe
E XX XX X XX X X X
C X X XX X X X

a The minerals identified include kaolinite (K), metahalloysite (MH), illite (I), illite-smectite (I-S),
smectite (S), quartz (Q), orthoclase (O), mica (M), and plagioclase feldspar (P). Chlorite and
vermiculite are not present even in trace quantities. Semiquantitative amounts of each mineral are
given as trace (tr), small (X), moderate (XX) and abundant (XXX) quantities. Ec eaten; C c control.

XRD traces show sharp, abundant reflections indicating a strong crystallinity and
a mineralogy of a relatively high purity, similar to pharmaceutical clays marketed
as digestive remedies. Data for sample 8E show that it contains somewhat more
smectite than is common throughout the sample group. This profile is also sim-
ilar to that from earth consumed by mountain gorillas in northwestern Rwanda
(Mahaney et al., 1995). The chimpanzees do not always select soils with smectite
present; the presence of chiefly kaolinite or metahalloysite is consistent.

Carbon and Nitrogen. The carbon and nitrogen contents (Table 2) of the
control soils are consistently higher than those of eaten soils, as was also seen
in the data from analysis of an earlier sample set from this area (Mahaney et
al., 1999). This is probably a reflection of higher levels of organic matter in the
surface soils of the area, as compared to the termite mounds that are derived
from depths of up to 100 m. The lower levels of carbon and nitrogen of the
termite mound soils are also seen in carbon values obtained for the XPS data
(discussed below). This is likely due to the depth of acquisition as the insects
build their mounds particle by soil particle from deep, wet soils. The resulting
lower organic content may reflect lower levels of pathogens, a benefit of choos-
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TABLE 2. TOTAL CARBON, HYDROGEN, NITROGEN, pH, ELECTRICAL CONDUCTIVITY, AND

SOIL COLOR IN MAHALE SAMPLE GROUPa

Carbon Hydrogen Nitrogen EC Color
Sample (%) (%) (%) pH (1 : 5) (1 : 5)

Mahale
1Eb 1.2 1.1 0.14 6.41 54 10YR 6/ 3
1C 2.1 0.79 0.20 5.36 52 10YR 5/ 3
7E 1.1 0.93 0.15 6.95 104 10YR 5/ 4
8E 0.9 0.72 0.12 7.49 97 10YR 6/ 3
9E 0.7 0.64 0.09 6.81 187 10YR 6/ 3
11E 0.9 0.97 0.11 7.52 138 7.5YR 6/ 4
11C 4.7 1.0 0.38 5.93 117 7.5YR 4/ 3
2E 1.0 0.87 0.14 6.72 161 10YR 6/ 6
2C 3.4 1.1 0.30 5.97 136 10YR 5/ 3
3E 1.0 1.1 0.14 7.41 130 10YR 7/ 4
6E 0.9 1.1 0.13 6.21 62 7.5YR 6/ 6
6C 4.1 1.1 0.38 5.01 137 10YR 4/ 4
10E 1.2 1.4 0.16 6.09 80 7.5YR 6/ 6
10C 2.5 1.2 0.26 5.25 98 7.5YR 5/ 4

Gombe
E 1.0 0.70 0.14 4.66 62 7.5YR 5/ 6
C 2.6 0.59 0.24 4.44 48 7.5YR 4/ 4

a Color follows Oyama and Takehara (1970). E c eaten; C c control.

ing termite mound material for ingestion over the surrounding soils, although
the composition is very similar in many other respects.

Acidity. pH measurements of the soils (Table 2) show that the eaten soils
have consistently higher pH than the control soils, as did the data from Mahale
geophagy soils of 1995 (Mahaney et al., 1999). An antacid function has been
proposed for geophagy in some monkeys (Poirier, 1970; Oates, 1978; Davies
and Baillie, 1988) to maintain a higher pH in the forestomach. Although pri-
mates such as chimpanzees and humans do not maintain a forestomach bacterial
flora, these soils may play an analogous role. While the lower pH of the control
soils may be related to their higher organic content, the higher pH of the termite
mound soils may also be due to termite activities in creation and maintenance
of suitable conditions for the cultivation of fungal gardens.

Electrical Conductivity. The electrical conductivities of pairs of eaten and
control soils (Table 2) do not show any clear trends. Intersite variability is far
greater than intrasite variability, likely a reflection of differences between the
eaten and control soils seen in data presented here.

Soil Color and Texture. Soil colors of the eaten and control soils range from
yellow–red hues of 10YR 5/ 4, 5/ 6 (bright to dull yellowish brown) to stronger
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yellow–red 7.5YR 4/ 4, 4/ 6 (brown, bright brown to orange) hues (Oyama and
Takehara, 1970). Control samples, collected approximately 6–8 m away from
a mound, came from the surrounding Ah (organic) or subsurface (nonorganic)
horizons, giving a mix of 10YR and 7.5YR colors (Oyama and Takehara, 1970)
that were sometimes lighter and sometimes darker than the eaten soils (Table
2). In five of six cases in Table 2, the control soils are slightly darker by one
color value and two chroma, indicating a slightly higher amount of organic mat-
ter. This is likely due to greater amounts of humus in the control soil compared
to the termite mound soil. Of the eight eaten soils analyzed, four have 7.5YR
colors, indicating higher amounts of iron. The change in yellow–reddish hues
from 10YR to 7.5YR reflects increasing redness, and most probably reflects the
form and relative amount of iron in these soils, either as goethite (yellow hues) or
hematite (more reddish hues). Soil textures are clay to sandy clay loam (Mahaney
et al., 1999), apparent as observed on well-worn animal paths in the area (M. A.
Huffman, unpublished results). There are no dominant soil structures in the sam-
ples studied, but occasionally subangular blocks are present, which must play a
minor role in soil aeration. The termite soil ingested by chimpanzees is consid-
erably richer in clay-size material than the nearby control soils, which are closer
in texture to those described by Collins and McGrew (1988).

Scanning Electron Microscopy. Sands in the eaten samples were studied to
elicit information on their mineral composition, weathered state, and the com-
position of coatings they carry. Most grains are coated either with clay minerals
or Fe oxides (Figure 4A) suggesting they serve as a source of fine particles or
oxides which might play a role in nutrition or self-medication, or alternatively
in increasing the adsorption of molecules on the soils. (Figures 4B, 4D). Quartz,
which is present in all the samples studied, is either fairly fresh (10% of the
samples studied; Figure 4C) or coated to varying degrees with 50% etching,
sometimes as in Figure 4E. The remaining 40% are well etched, as in Figure
4E. The data suggest that sands carry coatings that could provide chemical ele-
ments important in nutrition. Iron is so prevalent in the suite of samples studied
that we first assumed it would be available for absorption. The clay mineral
coating on Figure 4F supports the clay mineralogy, which shows a preponder-
ance of 1 : 1 clay minerals including halloysite and kaolinite. When the soils
are ingested, these clays, similar to pharmaceutical clays, would be exposed to
the gut surfaces as coatings on these sand grains. Organiogenic forms seen on
some of the sands from local termite mounds may be related to the presence of
micro-organisms.

Geochemistry. Data from analyses of whole soils (Table 3) show that they
contain high amounts of iron (>2–6%) in combination with high aluminum
(approximately 10%). Potassium occurs at 1–3%. Calcium values are low, with
only one site (1C) showing >2%. Sodium levels are also low, at <1%, except for
sites 8 and 9, which contain about 1.7%. The essential trace elements cobalt and
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FIG. 4. Scanning electron microscopy from Mahale geophagy soils. (A) Group shot of
mixed anhedral and euhedral grains of both lithic and mineral particles; most grains are
coated with clay minerals or Fe oxides. Grain in center is enlarged in B. (B) Angular
fragments from center of group. Flat, bent biotite mica on central surface, quartz above
and amphibole (Fe, K, Mg, Al, Si) below. (C) Clean euhedral quartz showing polyhedral,
grooved form with unworn, unetched surfaces—probably represents volcanic, pyroclas-
tic particle. (D) Hornblende (Fe, Ca, Al, Si) showing compound morphology of etched,
anhedral surfaces in contrast to cleavage-surface sides. Outcropping of amphibole cleav-
age on an anhedral surface form. (E) Quartz displaying a compound form with an organ-
iogenic dendritic form on etched microstructural mineralic form, possibly a mineral other
than quartz (calcite, feldspar or apatite), in contrast to fracture-surface sides. (F) Quartz dis-
playing subround form, probably physically rounded. Etched clean upper surface is in sharp
contrast to clay coating with Si : Al ratio of 1 : 1 indicating halloysite or kaolin group min-
erals. Linear and lobate-shaped clay ridges indicate downward movement of termite mount
fluid on an overgrowth of possible crystalline, geopetal ornamentation.
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TABLE 3. ELEMENT CONCENTRATIONS IN WHOLE SOILS DETERMINED BY INAAa

Sample Al (%) Ba Ca (%) Ce Cl Co Cr Cs Eu Fe (%) Hf I K (%) Lu Mn Na Nd Rb Sc Sr Ta Tb Th V Yb

Mahale
1E 10.1 750 2.2 83 < 120 12.6 18 1.8 2.5 5.77 7.3 < 8 1.5 0.34 721 5050 53 72 19.6 260 0.4 0.83 10.3 135 3.2
1C 8.1 880 2.9 78 < 150 8.4 16 1.1 2.2 4.44 12.0 < 9 1.6 0.35 655 6360 39 58 23.0 360 1.1 0.65 16.2 144 3.0
7E 9.7 910 1.6 102 < 160 11.7 19 1.7 2.0 4.14 8.4 < 11 2.3 0.45 975 7360 44 113 15.9 270 1.0 0.76 14.2 95 3.7
8E 10.3 820 1.3 125 < 200 10.1 16 1.5 2.6 4.28 8.5 < 13 2.6 0.50 707 17500 69 110 13.6 320 0.8 1.01 14.5 83 4.1
9E 9.3 1280 1.4 98 < 200 10.2 14 1.1 2.3 3.58 8.6 < 10 2.5 0.49 798 17100 50 120 12.4 300 0.8 1.14 13.6 76 3.9
11E 11.6 580 0.5 112 < 100 6.2 16 2.1 2.0 3.69 6.9 < 8 2.9 0.72 438 5590 62 150 12.3 140 1.8 0.94 34.2 71 6.2
11C 7.9 510 0.6 80 < 90 3.6 11 1.5 1.1 2.37 8.9 < 4 3.4 0.40 362 7960 24 140 8.8 160 2.1 0.46 22.7 44 3.4
2E 9.6 680 0.4 92 < 80 7.6 15 1.7 1.6 3.54 11.0 < 8 2.6 0.36 617 2030 36 85 12.4 100 1.0 0.57 14.9 74 3.0
2C 9.0 680 0.4 77 < 70 5.6 13 1.4 1.7 3.18 7.7 < 7 2.7 0.34 519 2140 39 79 10.6 160 0.8 0.59 12.1 69 2.6
3E 10.9 700 0.5 114 < 90 5.8 16 2.4 2.3 3.17 7.2 < 8 2.8 0.52 464 1980 66 100 11.0 140 1.1 0.91 22.9 66 4.2
6E 12.0 680 0.1 108 < 60 6.6 19 1.6 2.1 4.17 7.6 21 2.2 0.44 411 730 51 74 13.5 95 1.1 0.81 16.7 86 3.7
6C 8.7 680 0.2 94 < 40 9.6 18 1.4 1.6 3.16 8.9 < 4 2.3 0.36 413 920 40 79 10.6 160 1.1 0.57 14.0 62 2.7
10E 13.5 570 0.1 97 < 60 5.8 20 2.4 1.6 5.64 7.9 22 1.5 0.37 254 700 37 65 17.5 51 1.0 0.63 17.4 121 3.3
10C 10.3 630 0.2 58 < 40 4.9 17 2.1 0.9 4.15 12.0 16 1.7 0.27 220 1020 18 68 14.0 < 45 1.0 0.30 13.9 92 2.2

Gombe
E 6.8 170 < 0.1 72 190 3.6 136 3.4 1.5 4.15 6.9 15 1.7 0.29 304 330 31 80 13.0 120 1.8 0.50 12.5 155 2.5
C 3.4 91 < 0.1 36 290 1.7 76 1.2 0.7 2.32 4.3 5 0.9 0.15 56 260 15 37 5.0 < 32 1.0 0.20 5.9 99 1.3

a All data are in mg/ g except those in marked %, as shown E c eaten; C c control.
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chromium are present at measurable levels: cobalt is found in amounts of 2–13
mg/ g and chromium at 10–20 mg/ g, except for the Gombe site where roughly
100 mg/ g was found. Several grams of soil are consumed daily.

Taking the north–south cline into consideration, calcium and manganese
concentrations decrease in the sites from north to south, as does sodium (with
some exceptions). Other chemical elements vary by up to a factor of 2 from
site to site, indicating that we cannot use the whole data set as a coherent
geochemical entity, but must restrict the geochemical evidence to a site-by-
site (or microregion-to-microregion) basis. Electrical conductivity measurements
(above) support this reservation.

In general, the levels of nutritionally important elements in these samples
were similar to those reported by Hunter (1973) for soils consumed by humans in
Africa. Hunter concluded they are a good source of mineral element supplementa-
tion. At Mahale, at each site for which we have both eaten and control material, the
concentrations of most elements are highest in the eaten material. Enrichment of
geophagy soils with essential elements has been noted previously. (Muller et al.,
1997; Heymann and Hartmann, 1991; Mahaney et al., 1990; Davies and Baillie,
1988), and suggests that geophagy can be a strategy for obtaining mineral nutri-
tional supplements. The presence of higher amounts of certain elements in soils is
not, however, sufficient evidence of their availability for uptake, as shown below.

Acid Extractions. Acid extracts of the soils were prepared in order to simu-
late the dissolution of soil elements by the gastrointestinal tract. Although extrac-
tion using hydrochloric acid would have been a more realistic simulation of con-
ditions in the stomach, the high chlorine levels thus produced would make anal-
ysis by INAA impossible for many elements. Thus, ammonium oxalate titrated
to a pH of 1.99 was used to extract the soils. The elemental levels determined
in these extracts are a measure of those available for absorption especially in
the stomach. Changes of pH in the intestines may affect the element concentra-
tions in solution at later points in passage of the soil through the digestive tract.
Overall, low amounts of elements were found in the extracts. These levels were
below those reported in a similar digestive experiment by Hunter (1973). The
nutritionally important elements Ca, Co, Mn, Na, K, and V were determined
in most of the samples analyzed. Cr, I, and Mg were below detection limits in
many samples, although they were measured at site 10 (Tables 4 and 5).

Iron, an important nutritional element, although high in whole soils, was not
detectable in extracts (Table 5). Aluminum, barium, and bromine, while gener-
ally not considered to be nutritionally important, may have some therapeutic
effects and were present in most of the extracts tested. The enrichment, relative
to control soils, of eaten samples with certain elements was not observed for
these extracts. On the whole, the extracts contain only very low levels of inor-
ganic nutrients, as shown by INAA. The results are not indicative of these soils
as good sources of such nutrients.
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TABLE 4. SHORT-LIVED ISOTOPE-PRODUCING ELEMENT CONTENT OF SOIL EXTRACTSa

Sample Al Ca Cl I Mg Mn Na V K

Blank 0.02 — 0.25 — — — 0.49 < 0.001 < 0.4
Mahale

1E 39 < 16 59 < 0.2 < 12 0.51 25 0.11 24
1C 32 < 17 71 < 0.2 < 10 0.18 35 0.07 110
7E 39 < 16 59 < 0.2 < 12 0.57 25 0.11 17
8E 58 47 53 < 0.2 < 13 0.26 22 0.16
9E 85 140 65 < 0.2 < 14 0.47 31 0.11
11E 350 95 80 < 0.4 < 34 0.37 < 26 < 0.12
11C 32 88 97 < 0.1 < 12 0.48 36 0.13 120
2E 26 95 76 < 0.2 < 11 0.27 34 0.09 88
2C 91 70 86 < 0.2 < 16 0.44 47 0.12
3E 17 14 66 < 0.1 < 10 0.12 35 0.07 35
6E 54 < 17 92 0.5 < 13 0.76 37 0.13 41
6C 87 5 64 < 0.2 < 13 1.23 < 13 0.15 65
10E 36 < 19 62 0.9 28 0.54 25 0.13 54
10C 63 46 51 0.7 21 0.26 22 0.22

Gombe
E 61 < 18 67 1.1 < 13 1.82 26 0.17 34
C 130 54 98 0.2 13 0.55 36 0.17 54

a All data are in mg element/ g dry soil extracted; blank values are in mg element/ ml ammonium
oxalate. E c eaten; C c control.

XPS Analyses. We hoped to obtain information on the surface character-
istics of the soil particles by assaying inorganic elements on the soil surfaces
using XPS analysis. These surfaces, the interface of soil particles and their envi-
ronment, would, when ingested, interact directly with the digestive tract and its
contents. The soil particles in these samples are likely to consist of mineral grains

TABLE 5. LONG-LIVED ISOTOPE-PRODUCING ELEMENT OF SOIL EXTRACTSa

Sample Ba Br Co Cr Fe

Mahale
7E 160 0.4 0.50 < 2.3 < 82
11C 350 3.1 0.75 < 3.4 < 92
10E < 50 < 0.3 0.56 5.8 < 65

Gombe
E 330 0.5 1.0 < 2.3 < 130
C < 50 0.9 1.3 < 2.0 < 69

a Values are mg/ g soil, determined in ammonium oxalate extracts of some geophagy. E c eaten; C
c control.
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TABLE 6. RESULTS OF ANALYSIS OF SOIL SAMPLES FROM MAHALE BY X-RAY

PHOTOELECTRON SPECTROSCOPY REPRESENTING COMPOSITION OF APPROXIMATELY 3
SURFACE ATOMS DEPTH OF SAMPLE (RELATIVE ATOMIC PERCENT)

Sample Fe O Ca Mg K C Si Al SiO2/ Al2O3

Mahale
1 1.12 61.1 0.42 1.31 0.44 7.2 17.8 10.6 2.0
1C 0.67 56.8 0.45 1.30 0.43 13.9 16.7 9.8 2.1
7E 0.55 60.6 0.38 0.95 0.32 6.5 19.2 11.4 2.0
8E 1.05 58.6 1.08 0.65 0.23 10.1 18.9 9.5 2.4
9E 1.97 24.5 1.45 2.41 0.63 19.1 33.3 16.7 2.4
11E 0.57 30.9 0.19 0.45 0.08 7.7 39.0 21.1 2.2
11C 0.45 50.6 0.26 0.85 0.41 23.7 15.2 8.4 2.2
2E 1.62 60.6 0.22 0.51 0.33 7.3 18.4 11.7 1.9
2C 0.45 54.8 0.23 0.68 0.46 15.6 17.3 10.5 1.9
3E 0.63 60.3 0.24 0.54 0.29 8.4 17.9 11.7 1.8
6E 0.69 61.7 0.10 0.31 0.21 5.8 18.8 12.4 1.8
6C 0.46 56.1 0.13 0.36 0.25 14.9 16.9 11.0 1.8
10E 0.75 60.3 0.11 0.24 0.15 9.3 17.4 11.7 1.8
10C 0.64 56.4 0.10 0.32 0.18 13.3 17.2 11.7 1.8

Gombea

E 0.87 61.2 0.52 0.51 0.85 5.9 18.6 11.2 2.0
C 0.41 48.5 0.13 0.41 0.42 28.9 14.0 7.3 2.3

a E c eaten; C c control.

coated to varying degrees with clay minerals. The surfaces may thus represent
the elemental composition of the clay minerals and molecules adsorbed onto the
clay matrix, as well as some contribution from sharp or scraped-clean edges of
hard mineral grain surfaces. The analytical technique allows for determination
of all elements above a detection limit of about 1%. The results (Table 6) show
that eight elements compose most of the soil particle surfaces.

Comparison with data from whole-soil analysis (Table 3) shows that Fe
values, although relatively high (0.4–1.6%) in the surfaces, are more elevated in
the interior of the particles. Although Fe is frequently found at high levels of
several percent in soils ingested by primates, these soils do not seem to be good
nutritional sources for the element, as Fe was not detectable in the extracts. How-
ever, without exception, the surfaces of the ingested soil particles were enriched
with Fe compared to the controls. Whether iron plays a role in any physiological
function of geophagy in this case is unknown, but charge relationships on the
clay lattices could be altered by its presence, and hence adsorption properties of
other molecules at these surfaces may be affected positively or negatively for
different adsorbents. Fe may be present in a variety of forms in soils and clays,
and further work would be useful to examine the form of iron in these soils
which renders it unavailable for release at low pH. The interactions of iron in
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aqueous media with clay surfaces are complex and alter the electrical properties
of the clays (Henry et al., 1990), and the form of iron in these soils may play a
role in their high adsorptive properties.

Magnesium was found to be enriched at the particle surfaces, relative to
data for whole soil composition, but Ca was found at comparable levels in both
the whole soils and at the soil particle surfaces, except in the Gombe samples,
which were surface-enriched for Ca. Potassium was lower in the surfaces rela-
tive to whole-soil values. Aluminum was often slightly enriched, supporting the
expectation that high-aluminum clay minerals coat the particles. Oxygen and sil-
icon, however, were only measured by XPS. At all but one site, where both eaten
and control samples were available, oxygen was found in higher concentrations
in the eaten sample. This may be an indication of a higher oxide content and
lower organic content in the eaten samples, as suggested by carbon concentration
data for the whole soils (Table 2).

For each pair of samples, the carbon content was considerably higher in the
controls, supporting the suggestion of Hladik and Gueguen (1974) that choosing
insect-sorted soil reduces the ingestion of detrital organic material, including
perhaps pathogens and parasites. The soil surfaces do not differ in carbon content
between eaten and control samples except for the sample from Gombe, where the
control soil is also enriched with carbon. Lower levels of carbon were found in
the soil particle surface layers, compared to the whole soils. The surface carbon
may include organic components or microorganisms peculiar to the chemistry
of these soils and potentially beneficial to the chimpanzees. Organogenic forms
on some surfaces were noted under SEM (see above).

Adsorption Capacity of Soils. Quinolizidine alkaloids (sparteine, lupanine),
tropane alkaloids (atropine), and quinoline alkaloids (quinine) were employed as
model compounds for toxic metabolites produced by plants (Wink, 1993a). The
results, expressed as means ± SD, of triplicate analyses show that all the soil
samples analyzed are capable of binding alkaloids, albeit to differing degrees
(Table 7). Alkaloids remained unchanged in chemical terms, i.e., no degrada-
tion or conversion products were observed by GLC and GLC-MS. Soils from
Mahale showed equally high adsorption rates for all four alkaloids. These bind-
ing properties are in general comparable to those of coal and charcoal, materials
that are also used therapeutically to adsorb dietary and microbially produced
toxins. However, usually the absolute capacities of soils were somewhat lower,
depending on their chemical compositions. No differences were found between
eaten and uneaten soils in most Mahale samples, an observation also made in
earlier studies (Mahaney et al., 1999). However, in the Gombe samples, and in
Mahale samples from sites 1 and 11, adsorption was lower in controls as com-
pared to the eaten soils.

The chimpanzees of Mahale and Gombe National Parks eat soil with char-
acteristic properties. Our results indicate certain features of the soils that should
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TABLE 7. ALKALOID ADSORPTION OF SOILS FROM MAHALE AND GOMBE, TANZANIAa

Alkaloid adsorption (%)

Sample Atropine Lupanene Quinine Sparteine

Mahale
1E 68.1 ± 0.1 49.6 ± 1.4 83.8 ± 0.6 54.7 ± 1.2
1C 26.7 ± 6.3 36.0 ± 2.5 60.3 ± 2.3 46.0 ± 1.8
7E 56.2 ± 4.8 32.5 ± 6.1 57.3 ± 1.1 34.4 ± 0.8
8E 84.4 ± 2.7 58.0 ± 1.1 88.8 ± 1.1 73.7 ± 3.1
9E 74.3 ± 0.0 445.9 ± 0.7 74.0 ± 1.0 60.8 ± 4.8
11E 59.6 ± 11.8 32.4 ± 2.9 74.4 ± 1.0 45.1 ± 2.8
11C 55.7 ± 12.3 22.3 ± 4.2 54.2 ± 1.3 43.1 ± 5.8
2E 56.8 ± 5.6 29.2 ± 2.3 54.1 ± 0.6 41.1 ± 6.9
2C 57.4 ± 6.3 38.1 ± 1.8 62.0 ± 3.2 47.5 ± 4.1
3E 65.2 ± 16.5 37.1 ± 0.0 76.9 ± 0.8 48.9 ± 2.9
6E 50.9 ± 2.8 21.4 ± 2.1 65.2 ± 2.8 34.9 ± 3.9
6C 54.1 ± 9.7 32.3 ± 2.9 50.3 ± 3.9 48.9 ± 3.7
10E 70.1 ± 0.2 39.3 ± 6.0 67.5 ± 5.5 46.6 ± 3.2
10C 63.1 ± 7.6 36.0 ± 3.1 54.3 ± 4.9 49.2 ± 1.1

Gombe
E 57.9 ± 2.5 44.0 ± 5.5 46.8 ± 0.6 65.8 ± 3.6
C 46.0 ± 8.9 20.0 ± 1.0 6.5 ± 7.0 42.8 ± 5.4

a E c eaten; C c control.

be investigated further. One benefit of the ingestion of highly adsorptive high-
clay soils has been considered to be the uptake by the soils of plant alkaloids
and antinutrients ingested with a wild plant diet, shown to occur in vivo in birds
(Wink et al., 1993; Gilardi et al., 1999), thereby preventing absorption of dele-
terious plant constituents via the gut. Such adsorptive properties are also known
to be useful in preventing the absorption of bacterial toxins and in immobilizing
and isolating pathogenic organisms in the gut by means of the adsorption of clay
particles to surround the harmful organisms, to be eliminated with the feces (Said
et al., 1980; Gardiner et al., 1993). Another possibility is the formation by clay
particles of a mucoprotective barrier against intestinal pathogens, as shown in the
lumen of E. coli-infected sections of rabbit ileum in vitro by Rateau et al. (1982).
Knezevich (1998) cited low levels of diarrhea in geophagous rhesus macaques
of Puerto Rico, in spite of high parasite loads, and thus geophagy may be a
technique for tolerating the presence of some pathogens in the intestinal tract by
blocking their action. Traditional human use of insect sorted soils in Zimbabwe
for digestive upsets may be a parallel behavior to the use of termite mound soils
by chimpanzees of Tanzania (Aufreiter et al., 1997). The mineral compositions
of the Zimbabwean soils were comparable to that used in the pharmaceutical
Kaopectate. However, such soils were reported to be recommended for collec-
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tion from areas of the mound that had recently been disturbed by the insects.
This suggests awareness of an influence on the soil resulting from insect contact,
which could be the release of a functional compound or of beneficial microor-
ganisms of insect origin applied as a remedy. Currie et al. (1999) demonstrated
a mutualism between fungus-growing ants and a filamentous bacterium (an acti-
nomycete) that produces antibiotics specific to a parasite of the insect-cultivated
fungus. The ants studied by Currie et al. (1999) carry the bacterium on their
ventral surfaces. The possibility that the chimpanzees ingesting termite mound
soil are exploiting a similar insect-microbial relationship of termites is intrigu-
ing. Possibly some geophagy soils may also be a source of symbiotic organisms:
Kortland (1984) pointed out the possible benefit to the health of zoo captives of
a ciliate first observed and recognized by Reichenau (1920) as a potential sym-
biont of higher primates. The cellulose-digesting ciliate organisms, Troglodytella
abrasarti and T. gorillae, were found attached to the mucous membranes of the
cecum and large intestine, and although abundant in just-captured chimpanzees
and gorillas, they disappeared soon from the gut of the captive animals, who also
developed diarrhea in captivity. The source of these ciliates was not determined,
and they were later dismissed as parasites, a conclusion disputed by Kortland
(1984). These examples suggest the possibility of a relationship between intesti-
nal microorganisms and the good health of higher primates that is maintained by
geophagy. The soil is a possible source of beneficial gut microflora as well as of
pathogens, and the gut flora of wild primates necessarily reflects their behavior
and environment.

The role of geophagy among humans affected by iron depletion and anemia
has long been a matter of debate. Geophagy in humans frequently has been asso-
ciated with anemia and increased parasite loads, but it remains unclear whether
geophagy of some soils is a causative factor or whether iron depletion or ane-
mia may lead to geophagy. Geissler et al. (1997, 1998) found soils eaten by
Kenyan children having a high prevalence of malnutrition to release iron at low
pH sufficient to supplement their diet with 4.7 mg iron per day. They found,
however, that there was more anemia and low serum ferritin among geophagous
children, relative to those who did not eat soil. The soil eaten by chimpanzees
of Tanzania did not release detectable iron at low pH. Iron depletion and ane-
mia were associated with geophagy in Kenyan children (Geissler et al., 1998),
whereas serum ferritin concentrations were found statistically to be dependent
on geophagy, although no inference could be made on causality.

The possible prevention of iron absorption by geophagy of soils containing
high iron concentrations may depend on the form of the iron. This has not been
adequately investigated in geophagy studies but may help to predict the effect of
iron on clay adsorptive and aggregation properties and on iron uptake or release
by the clays. These are likely to be important in determining the consequences
of geophagy. The effects of ingestion of several geophagy soils on iron uptake
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in humans was tested by Minnich et al. (1968), who found that some soils, high
in smectite, inhibited iron absorption while others, high in 1 : 1 clay minerals,
did not. Iron may be associated with clay minerals in several forms. Ferric iron
surface-complexed on mineral matter can be detrimental to health, in that it has
been shown to play a role in increased lung inflammation related to inhalation
of silicate dusts (Ghio et al., 1992), and silicate dusts can complex iron from
biological sources. Structural iron, if in the form of Fe(III) on the other hand,
may be reduced by soil bacteria to Fe(II). This reduction has also been shown
to alter the swelling properties of smectites and also to affect particle and pore
size (Gates et al., 1998). Acid may to some extent dissolve the edges of clay
lattices and release such iron. Ferrous iron salts [Fe(II)] are readily absorbable,
while ferric iron [Fe(III)], the rust-colored, oxidized form often found in reddish
tropical and semitropical soils, is not considered bioavailable as a salt. However,
it may be bioavailable but slowly released when complexed [for example, as in
a polymaltose complex, as discussed in Tuomainen et al. (1999)]. The propor-
tions of iron in different forms, the clay mineralogy of the soils, and the gut
contents likely interact to confer particular properties on different soils when
eaten. It is unknown if animals practicing geophagy can distinguish soils of dif-
ferent properties. The termite mound soils analyzed here, although shown to be
high in iron, with slightly lower concentrations on the particle surfaces than the
soil particle interiors (Tables 3 and 6) were found not to release detectable iron
at low pH. The iron in these samples may be surface-complexed iron, with a
limited availability for release from the clay, or it may be structural iron, since
it was in a lower concentration at the surface of the soils particles. More exten-
sive investigation would be necessary to clearly define the forms of iron present
and the conditions for its bioavailability.

Minnich et al. (1968) described that high clay soils rich in iron and in smec-
tites are habitually snacked on by women in Turkey, and they showed that their
ingestion prevents iron uptake by the gut. The practice was associated with the
occurrence of anemia among the women. The Turkish soils were also high in
smectite. The termite mound soils of western Tanzania, however, contain sig-
nificant amounts of illite and smectite–illite, 2 : 1 clay minerals comparable to
smectite. Although they are rich in iron, they do not release it as low pH. The
possible prevention of absorption of significant amounts of iron may have ben-
efits for higher primates afflicted with pathogens: a wide spectrum of bacteria
and fungi pathogenic to humans thrive in the presence of iron. Individuals with
hyperferremia are more susceptible to pathogens: children with sickle cell dis-
ease commonly die of bacterial infection related to iron overload (Weinberg,
1974). Release of iron by the destruction of red blood cells in sickle cell anemia
and thalassemia, and from the destruction of liver cells in malaria, increases sus-
ceptibility to pathogens as well as being damaging in its own right. Populations
of humans practicing geophagy overlap with populations suffering from these
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diseases, and it would be valuable to determine whether ingestion of high clay
soils may be helpful in this respect.

Episodes of rapid absorption of iron, such as may be obtained from modern
mineral supplements, may temporarily saturate the body’s system for trapping
free radical chemical species, leading to higher rates of lipid peroxidation (Tuo-
mainen et al., 1999). Clay slows the movement of food through the gut. If very
low levels of iron were continually released from some clays as they slowly
move through the gastrointestinal tract, some iron could be provided for absorp-
tion, but the occurrence of peaks of iron absorption could be prevented. The
already high concentration of iron in the soils may lend the soils particular, pos-
sibly useful aggregative and adsorptive properties, but, depending on its form,
may also be a safety factor in limiting the rate of iron uptake by the gut.

However, an increased oxidative capacity in red blood cells has also been
suggested to be beneficial in suppressing malarial infection. The Hausa of north-
ern Nigeria, among whom geophagy is common (Wiley and Katz, 1998), utilize a
variety of plants with antimalarial properties in their diet. The efficacy of these
plants is related to rendering erythrocytes more sensitive to oxidative damage
(Etkin and Ross, 1983). Excess oxidation is controlled by the erythrocyte by
catalase, an enzyme that uses ferric iron as a cofactor. Sufficient iron in this
case is therefore also necessary in controlling excessive oxidation.

In relation to the chimpanzees of Mahale and Gombe, the relationship
between pathogenicity of Entamoeba histolytica and serum iron in humans,
described by Meerovitch (1982), is particularly suggestive. Dysentery due to E.
histolytica is more severe on an iron-rich diet, while cultures such as the Masai
show a much lower incidence of this disease. Meerovitch (1982) related this
to their drinking of milk, which supplies lactoferrin and transferrin, to compete
with the bacteria for iron uptake in the gut. If adsorbent clay-rich soil also acts
to take up iron in the gut, thereby inhibiting the pathogenicity of such bacteria,
it would have considerable value in a semitropical environment.

Observations of ingestion of termite mound soils by chimpanzees appar-
ently suffering from intestinal parasites and gastrointestinal symptoms were the
impetus to this study (Mahaney et al., 1996, 1999), and ingestion of these soils
may represent for the chimpanzees a means to limit the virulence of dysen-
tery. Meerovitch (1982) noted that a high-starch diet, such as in herbivores, pro-
motes the encystment of E. histolytica, so that such individuals may have high
rates of infection, but high iron must be available for pathogenicity and viru-
lence to rise. A change to meat diets would therefore promote virulent dysen-
tery in such populations. Iron deficiency in human infants and young children
is, however, associated with (negative) changes in cognitive function (Pollitt,
1993), and maintenance by geophagy of low iron stores to control pathogens
may bring developmental risks. If humans use geophagy at a cost to cognitive
abilities in order obtain resistance to endemic pathogens, geophagy is less likely
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to have been part of the human behavioral repertoire throughout the course of
evolution. The survival of geophagy as a prevalent behavior among pregnant
women of nonindustrial cultures argues for its adaptive value (Geissler et al.,
1999). We suggest that an adaptive benefit of geophagy of some soils is restric-
tion or control of iron uptake, which helps to limit deleterious effects of some
pathogens present in semitropical environments. An important area of investiga-
tion in understanding the effects of geophagy would be the routine application
of methods that characterize iron chemistry and bioavailability in relation to clay
mineralogy in geophagy soils and determination of the effects of iron speciation
on clay aggregative behavior, on bioavailability of inorganics including iron, on
microbial populations in the soil and in the gastrointestinal tract of geophagous
creatures, and on adsorption of organic molecules onto the soils in physiological
conditions.

In this context, the results of our analyses of termite mound soils eaten by
wild chimpanzees of Mahale and Gombe are consistent with several mechanisms
by which ingestion of high-clay soils help in maintaining health in a semitropi-
cal environment. In general, geophagy can be described as use of specific soil
types, having particular clay components, which form in semitropical environ-
ments, as agents for the possible transfer of functional microorganisms and of
molecules between the environment and the animals of that environment. They
filter toxins and influence the movement of inorganic elements among plants,
microorganisms, intestinal parasites, and the digestive tracts of animals.

Some geophagy soils have been shown to release significant amounts of
nutrient elements at physiological pHs and are thought to contribute supplemen-
tary elements to the diet. It is unknown if geophagy soils with differing prop-
erties can be distinguished by sensory means. Although cultural memory may
help primates to choose a location for obtaining appropriate soils, the mineral-
ogy and possibly the compounds adsorbed by the clay minerals may also be a
basis for sensing which soils are suitable for ingestion among those available in
a complex environment. In relation to the particle surfaces, behavioral observa-
tions included that the chimpanzees often sucked on the soils, “like hard candy”
(M. A. Huffman, field observations) and thus they were wetted in the mouth with
saliva and likely broken down into small pieces before swallowing. Adsorbed
material on the surface could be released by this behavior, which could be due
to liking the taste of the soils, possibly because of the taste of kaolin materials or
the taste of organics left by termite activity or of microorganisms. Here, it may
be associated with chimpanzees monitoring the mounds for the presence of ter-
mites (Uehara, 1982). Occasionally, the chimps were observed to chew the soils,
which would expose fresh mineral surfaces to the gut environment. Kaolinite, a
1 : 1 mineral often in high abundance in geophagic soils, is said to have a charac-
teristic odor (and hence taste), and primates have been observed sniffing at soils
before ingestion or rejection (Bolton et al., 1998; Uehara, 1982). Local children
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at Mahale have said that they eat termite mound soil or clay from the walls of
their homes in the rainy season because of the good smell. Women of Kenya
distinguished between soils on the basis of taste (Geissler et al., 1999). Animals
experienced in geophagy may also recognize the smell and taste of appropriate
soils depending on their composition.

In summary, termite mound soils eaten by wild chimpanzees of the Mahale
Mountains are rich in clay, particularly 1 : 1 clay minerals, with significant
amounts of 2 : 1 clay minerals present. Soils selected for geophagy are rela-
tively high in pH as compared to surrounding (control) soils. They contain ele-
vated iron, which may affect binding affinities for other molecules. They release
markedly low levels of elements to solution at low pH, show a relatively high
capacity to adsorb alkaloids such as are found in the plants forming the diet of
wild chimpanzees, and have a lower organic content than surrounding surface
soils. We have described the health benefits of ingesting these soils that are con-
sistent with behavioral observations of the wild chimpanzees of Tanzania, which
may be relevant to human populations practicing geophagy.
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Abstract—Variation of phenylheptatriyne (PHT) in leaves of Bidens alba
(Linn.) var. radiata (Shultz-Bip.) was investigated across its Florida range,
throughout the year, and in response to the photoenvironment. A survey
of PHT in B. alba leaves was done at 13 sites in Florida and three sites
throughout the year. PHT concentrations differed among populations (P <
0.001), but little of the variation was explained by latitude (R2

c 0.024) or
longitude (R2

c 0.022). Leaf concentrations of PHT fluctuated throughout
the year (P < 0.001); they were highest in October and lowest in January
and April. Experimental manipulations of light quality and quantity caused
increased PHT accumulation when UV wavelengths were filtered out and
decreased accumulation under low R/ FR treatments. Low light levels did not
significantly influence the concentration of PHT on a dry weight basis, but did
decrease leaf biomass and PHT levels on a leaf area basis. The results suggest
that PHT in B. alba leaves varies in nature and that light quality affects PHT
biosynthesis in situ.

Key Words—Acetylenes, Asteraceae, Bidens, phenylheptatriyne, phytochem-
ical variation, geographic variation, seasonal variation, photoenvironment,
light, R/ FR, UV radiation.

INTRODUCTION

Secondary compounds vary within plant species. Some of the variation may be
genetic; however, Bryant et al. (1983) has proposed that much of the quanti-
tative phytochemical variation within a species may result from the availabil-
ity of resources for their production. For example, when carbon availability is

*To whom correspondence should be addressed.
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limited by low light, Bryant’s hypothesis suggests that carbon would be allo-
cated to growth (i.e., primary processes) rather than biosynthesis of secondary
compounds—resulting in decreased production of defensive allelochemicals.

In addition to light quantity, light quality (i.e., wavelengths available) can
also influence the levels of secondary compounds by activating enzymes (Tiet-
jen and Materns, 1983) or genes coding for biosynthetic enzymes (Chappel and
Hahlbrock, 1984; Lois et al., 1989; Schultze-Lefert et al., 1989). This is true for
coumarins and flavonoids, both products of the shikimate pathway with known
photomediated mechanisms (Beirer and Oertli, 1983; Hahlbrock and Scheel,
1989; Harborne, 1993).

Acetylenes are plant secondary metabolites derived from common fatty
acids. There are about 1000 acetylenic compounds known from 18 plant families
and the basidiomycetes (Bohlmann et al., 1973). They are common phytochemi-
cal constituents in such flowering plant families as the Asteraceae, Araliaceae,
Companulaceae, Santalaceae, and Apiaceae. In many Asteraceae, acetylenes are
characterized by conjugated systems of double and triple carbon bonds, often
with cyclic or heterocyclic structures. Some acetylenes are toxic toward a vari-
ety of organisms that are detrimental to plants; many are phototoxic and require
specific wavelengths of UV radiation for expression of their toxicity. Little is
known regarding how acetylenes vary in nature or how environmental factors
influence their biosynthesis or storage (Ichihara and Noda, 1977; Norton and
Towers, 1985; Towers, 1984).

Phenylheptatriyne (1-phenylhepta-1,3,5-triyne, PHT) (Figure 1) is one such
phototoxic acetylene that is activated by UV-A radiation (Wat et al., 1979,
1980; Weir et al., 1985). UV-excited PHT has been shown to degrade cellular
membranes, resulting in broad-spectrum toxicity against competing organisms,
including herbivorous insect larvae (Wat et al., 1981; Arnason et al., 1981), fungi
(Bourque et al., 1985; Arnason et al., 1980), bacteria (Geissberger and Sequin,
1991; Towers et al., 1979; Wat et al., 1980; Rabe and Van Studen, 1997; Towers
and Hudson, 1987), membrane-bound viruses (Hudson et al., 1986; Towers and
Hudson, 1987), and other plants (Campbell et al., 1982).

PHT is found throughout Bidens alba var. radiata (Asteraceae), although
the highest concentrations occur in leaves (Bourque et al., 1985). B. alba ranges

FIG. 1. Chemical structure of PHT.
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throughout Florida, the Caribbean islands, and the Gulf Coast of Mexico (Bal-
lard, 1986) and is part of the Bidens pilosa (L.) complex (Ballard, 1986). This
complex includes species that are invasive weeds in more than 40 countries
(Holm et al., 1977). B. alba is used extensively as a food and medicine (e.g.,
Wat et al., 1980; Ugarte, 1997); much of the research on this complex recog-
nizes PHT as a significant ecological and medicinal factor (Campbell et al., 1982;
Meissner et al., 1986; Geissberger and Sequin, 1991; Wat et al., 1980).

This paper investigates the natural variation of PHT in B. alba, and explores
the influence of photoenvironment on accumulation of this acetylenic compound
in B. alba leaves.

METHODS AND MATERIALS

Protocol for Geographic and Seasonal Studies. Thirty plants were ran-
domly sampled along a 50-m transect at 13 Florida sites between June 16 and
30, 1998 (Table 1). There was at least 150 km between sites to increase the like-
lihood of sampling from distinct populations. Plants growing in full sun envi-
ronments were selected at each sample site. Because B. alba grows in disturbed
habitats, sites were generally located along roadsides, parking lots, sidewalks, or
empty lots. Sampled leaves were restricted to the second leaf from the top of a
flowering shoot to minimize variation in PHT levels resulting from leaf position
and/ or developmental stage.

TABLE 1. PHT IN B. alba GROWING IN FLORIDAa

PHT (mean ± SE)
Habitat

Site description Latitude (N) Longitude (W) nmol/ mm2 mmol/ g−1

1 parking lot gully 87814.05′ 30826.77′ 1.00 ± 0.07 21.49 ± 1.69 b
2 roadside 86808.30′ 30844.22′ 0.76 ± 0.04 18.87 ± 1.02 a
3 edge of building 84834.60′ 30835.59′ 0.71 ± 0.05 13.64 ± 0.98 b
4 sidewalk cracks 82807.20′ 30816.61′ 0.86 ± 0.05 15.51 ± 1.04 b
5 open field 83823.70′ 29840.41′ 1.34 ± 0.11 25.38 ± 2.37 b
6 roadside 81840.27′ 28855.43′ 0.55 ± 0.08 11.43 ± 2.05 b
7 roadside 80850.83′ 28833.36′ 0.98 ± 0.07 16.31 ± 1.07 c
8 open field 82826.92′ 28806.84′ 1.07 ± 0.07 21.74 ± 1.19 b
9 parking lot edge 81829.51′ 27830.70′ 1.05 ± 0.10 19.04 ± 1.89 b

10 roadside 80822.93′ 27822.26′ 1.40 ± 0.08 30.40 ± 1.86 a
11 roadside 81854.13′ 26841.32′ 0.91 ± 0.05 19.85 ± 1.16 a
12 roadside 80828.62′ 25845.69′ 1.23 ± 0.07 24.29 ± 1.33 b
13 roadside 81802.71′ 24843.59′ 0.97 ± 0.05 18.74 ± 0.95 b

a Site number, habitat description and GPS coordinates for each sample site are listed. DW (±SE)
(g): a, 0.004 (0.0002); b, 0.005 (0.0002); c, 0.006 (0.0002).
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TABLE 2. PARTIAL FACTORIAL DESIGN OF PHOTOENVIRONMENT EXPERIMENT

+UV −UV

High light
R/ FR normal A, B C
R/ FR low

Low light
R/ FR normal D
R/ FR low E

Three leaf discs were removed from leaves on site by using a hole punch.
Individual discs measured 6.3 mm in diameter, resulting in a total area of 93.5
mm2/ 3 discs. PHT was extracted by immersing the three leaf discs into 6 ml of
methanol (MeOH) for 14 days. Preliminary studies to determine the stability of
extracted PHT in MeOH revealed that PHT concentration remained constant for
at least 60 days. Additional leaf discs (three per leaf) were collected and dried
for dry weight determination. Seasonal variation in PHT levels was determined
by sampling plants at three sites (sites 8, 9, and 12) in October, January, and
April. Extracts were analyzed for PHT by high-pressure liquid chromatography
(HPLC).

Photoenvironmental Experiments. Seeds were collected in Miami, Florida,
surface sterilized with 0.05% sodium hypochlorite (Reddy and Singh, 1992), and
germinated. Seedlings were randomly transplanted into 10.1 cm round pots after
six days.

The experiment was set up in a partial factorial design with two levels for
each of three light factors: quantity of total irradiation [high PPFD (photosyn-
thetic photon flux density) versus low PPFD]; UV radiation (normal UV versus
filtered UV), and R/ FR (normal R/ FR versus low R/ FR) (Table 2). There were
five treatments and five replications.

Five treatments were created by using energy films or plastics. Treatment A
was an open control and had no film or plastic. Treatment B used a transparent
plastic (4 mil thickness) that did not significantly alter transmitted light. This
treatment served as a control for the plastic and film effects. Treatment C used a
clear poly plastic (6 mil thickness) that filtered UV radiation without decreasing
PPFD. Treatments D and E used energy films (3M Corp.) that filtered UV radi-
ation and reduced PPFD by about 80%, but altered R/ FR differently. Treatment
D used a metal sputter-coated film (REAL20) that did not alter normal R/ FR.
Treatment E used a dye-impregnated film (NEARL20), which reduced R/ FR to
about 0.23 of normal. A LiCor LI-1800 spectroradiometer was used to quantify
light treatments at the start of the experiment (Table 3).

Twenty-five enclosures (59 × 75 × 54 cm) were made from PVC pipe (2.5
cm) and set up in a Latin-square design. Energy films or plastics were taped
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TABLE 3. LEVELS OF UV-A (320–400 nm), PAR (400–700 nm), AND R/ FR
(656–664/ 726–734 nm) FOR EACH LIGHT TREATMENTa

Light UV-A PAR
treatment (%) (%) R/ FR

A 100 (45.91 W/ m2) 100 (1700 mmol/ m2/ sec) 1.215
B 87.8 95.0 1.200
C 42.8 95.0 1.186
D 4.9 19.9 1.100
E 5.6 20.1 0.276

a Values are based on a single measurement (mean of three consecutive scans) made on October 15,
1998.

across the top of each enclosure with duct tape. The sides of the enclosures
were left open because preliminary studies revealed that B. alba seedlings did
not grow well when the enclosure sides were covered. Enclosures were tilted
about 5 cm towards the south to allow for rain runoff. Nine pots were placed
in 10.1-cm pot trays that rested on two cinder blocks underneath each treatment
enclosure. This set-up gave plants approximately 8 hr of treated light each day.

All treatment enclosures had a minimum of eight plants. After two weeks,
plants were treated with a soap spray (5 ml Dove liquid detergent in 896 g water)
to eliminate aphids. Nearly all plants were infected with leaf-minors by the third
week of the experiment. These insects were manually removed from affected
leaves.

After four weeks, three leaf discs from the topmost leaf and the second leaf
from the bottom (leaf 2) of each plant were extracted by soaking in 5 ml MeOH.
Three additional leaf discs were dried to determine dry weight. Extracts were
analyzed by HPLC after 14 days.

Quantification of PHT. PHT was extracted from fresh leaf material with
HPLC grade MeOH. Extracts were filtered through Whatman No. 1 filter paper,
diluted 1 : 1 with DI water, and partitioned against an equal volume of petroleum
ether (PE; bp 308C–608C). PE was removed by rotary evaporation at 408C, and
the residue was dissolved in HPLC grade MeOH and stored at 48C. Spectral anal-
ysis revealed that PHT was the predominant acetylenic component in B. alba,
and it was easily identified by its unique UV absorption spectrum (Bohlmann et
al., 1973).

PHT concentrations were determined by UV spectroscopy at 250 nm by
using dilutions of PHT standard (e c 148,000) (Bohlmann et al., 1973). Cali-
bration curves were created to standardize PHT concentrations with HPLC peak
area units. These were updated at the beginning and end of each study to ensure
accurate calculations and were based on curves with R2 ≥ 0.990.

In all experiments, PHT was quantified by reverse-phase HPLC on a
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Hewlett-Packard model 1090M chromatograph equipped with diode array detec-
tion. Separations were accomplished on Hypersil ODS microbore columns
(Hewlett-Packard, 5 mm, 100 × 2.1 mm) with a 0.5 ml/ min flow rate and a
408C column temperature. A water–acetonitrile (H2O/ MeCN) solvent system
was used to elute compounds from the column. The program was linear, increas-
ing from 0% to 100% MeCN over 6.5 min, and remained at 100% MeCN for
0.5 min. Compound elution was monitored at 250 nm. All extracts were filtered
through a 0.25-mm filter before HPLC injection. Injection volumes were 4 ml for
geographic extracts and 7 ml for photoexperiment extracts.

Statistical Analysis. One-way analysis of variance (ANOVA) with site as
main effect was used to compare leaf dry weight (DW) and two measures of PHT
concentration, based on leaf area (PHT per square millimeter) and DW (PHT per
gram). Means and standard errors for PHT per square millimeter, PHT per gram
and DW were calculated by using descriptive statistics. Sites were distinguished
into homogenous subsets with Tukey’s post-hoc analysis. Correlation of PHT
per square millimeter with DW for all sites combined, and for each site sepa-
rately, was tested with a one-way ANOVA. Patterns for geographic influence
were investigated with linear regression of PHT per gram by site location. Sea-
sonal patterns were tested by using two-way ANOVA with site and month as
the main effects.

Photoenvironmental data were separated into three subsets distinguished by
light factor and analyzed independently. The influence of light quantity on leaf
PHT was examined by using results from treatments C and D; UV and R/ FR
influence on leaf PHT levels were determined by using treatments B and C,
and D and E, respectively. PHT per square millimeter, PHT per gram, and DW
differences for light factor levels were tested with a one-way ANOVA, with light
factor as main effect. Correlation between PHT per square millimeter and DW
for each light factor was tested with one-way ANOVA. Statistical analyses were
performed with SPSS base 9.0 (SPSS Software, Chicago, Illinois).

RESULTS

Data Sets. Three data sets are referred to in the results. Two of the data sets
reflect different measures of PHT concentration—one based on leaf area (PHT
per square millimeter), the other on leaf biomass (PHT per gram). The third data
set, DW, refers to the dry weight of three leaf discs (grams per three discs) taken
from the same leaf.

Geographic Variation in PHT and Dry Weight. Sites were restricted to open
canopy locations, but they varied in geography and disturbed habitat type. Habi-
tat descriptions, means and standard errors of PHT per square millimeter, PHT
per gram, and DW for all sites are shown in Table 1.
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TABLE 4. TUKEY’S POST-HOC ANALYSIS USING PHT PER GRAM TO DISTINGUISH

HOMOGENEOUS SUBSETS OF SITESa

Subset

A B C D E

Site 6
3 3
4 4 4
7 7 7

13 13 13
2 2 2
9 9 9

11 11 11
1 1
8 8

12 12
5 5

10
P 0.522 0.151 0.147 0.089 0.170

a Uses harmonic mean sample size c 30.000; a c 0.05.

PHT per gram values differed between sites (P < 0.001). Post-hoc analysis
distinguished sites into five subsets (Table 4). PHT per square millimeter and
DW were also different between sites (P < 0.001). Longitude, from north to
south, and latitude, from east to west, were not strongly correlated with PHT per
gram (R2 < 0.024), PHT per square millimeter (R2 < 0.033), or DW (R2 < 0.029).

Dry weights of three leaf discs ranged from 0.002 to 0.008 g (data not
shown). The majority of samples were within 0.003–0.007 g, with sample sizes
for these weights between 11 and 141 for all sites combined; there were only two
samples for weights 0.002 g and 0.008 g. The correlation coefficient of DW and
PHT per square millimeter for all sites combined was small (R2

c 0.070). When
sites were analyzed separately, two sites, 6 and 13, showed a significant corre-
lation between PHT per square millimeter and DW (P < 0.05) with R2

c 0.382
and 0.386, respectively. When 0.002 g and 0.008 g weights were excluded from
analyses their significance was retracted. Other sites had a positive, negative, or
no relationship between DW and PHT per square millimeter.

Seasonal Variation in PHT and Dry Weight. There were differences
detected throughout the year for PHT per square millimeter (P < 0.001), DW
(P < 0.05), and PHT per gram (P < 0.001), but they did not follow the same
pattern. Variation across months is shown for PHT per square millimeter, PHT
per gram, and DW (Figure 2). Plants sampled in June had higher PHT per square
millimeter, PHT per gram, and DW than plants sampled in January and April.
Those sampled in January and April were not significantly different from each
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FIG. 2. Mean (± 95% CI) for PHT per gram (a), PHT per square millimeter (b), and DW
(c) across months.

other for all analyses. Plants had more PHT per gram in October than plants
from other months. DW was positively correlated with PHT per square mil-
limeter (P < 0.001; R2

c 0.103) throughout the year.
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TABLE 5. INFLUENCE OF PHOTOENVIRONMENT ON PHT AND DRY WEIGHT IN B. alba BY

LIGHT FACTOR AND LEAF POSITION

PHT
Light Factor Leaf DW

factor level position (nmol/ mm2) (mmol g) (g)

Quantity High Top 0.81 ± 0.05 23.85 ± 1.46 0.003 ± 0.0002
(intensity) Low 0.50 ± 0.03 26.14 ± 2.00 0.002 ± 0.0003

P c 0.000a P c 0.356 P c 0.012a

High Leaf 2 0.26 ± 0.02 8.68 ± 0.59 0.003 ± 0.0002
Low 0.15 ± 0.01 7.10 ± 0.59 0.002 ± 0.0000

P c 0.000a P c 0.061 P c 0.004a

UV High Top 0.70 ± 0.03 21.92 ± 1.07 0.003 ± 0.0000
Low 0.81 ± 0.05 23.85 ± 1.46 0.003 ± 0.0002

P c 0.038a P c 0.291 P c 0.347
High Leaf 2 0.23 ± 0.02 6.95 ± 0.55 0.003 ± 0.0002
Low 0.26 ± 0.02 8.68 ± 0.59 0.003 ± 0.0002

P c 0.318 P c 0.034a P c 0.195
R/ FR High Top 0.50 ± 0.03 26.14 ± 2.00 0.002 ± 0.0003

Low 0.47 ± 0.03 18.88 ± 1.40 0.002 ± 0.0002
P c 0.385 P c 0.004a P c 0.347

High Leaf 2 0.15 ± 0.01 7.99 ± 0.59 0.002 ± 0.0000
Low 0.15 ± 0.01 7.18 ± 0.56 0.002 ± 0.0000

P c 0.923 P c 0.923

a Denotes significance at P ≤ 0.05.

Effects of Photoenvironment on PHT and Dry Weight. Light quantity
affected PHT per square millimeter levels and dry weight. Low light decreased
PHT per square millimeter and DW but did not affect PHT per gram. Selective
removal of UV radiation resulted in significantly higher PHT per square mil-
limeter for the topmost leaf and PHT per gram for leaf 2. The level of PHT per
gram in the topmost leaf was lower under the low R/ FR treatment than PPFD
equivalent shade treatment (Table 5).

DW influenced PHT per square millimeter for leaves under the light quan-
tity treatments (P < 0.001), with R2

c 0.224 for the topmost leaf and R2
c 0.204

for leaf 2, but had an insignificant influence for other light factors. The topmost
leaf, the fourth or fifth leaf, had about three times more PHT per square millime-
ter than leaf 2 for plants included in the analyses, and about 1.5 times more for
plants in the open control. Plants from the open control were not used in analy-
ses because they grew differently from plants in the plastic and film treatments.
They were significantly shorter and had no lower node branching, unlike plants
from the other treatments. PHT levels from plants in the open control were not
different from plastic control (UV+) for the top leaf, yet significantly higher for
leaf 2.
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DISCUSSION

Although there is no evidence that B. alba plants from the different sites in
this study are reproductively isolated, the distances between sites (ca. 150 km)
suggest that this may be enough to restrict gene flow. In addition, B. alba flow-
ers do not self-pollinate (Ballard, 1986), increasing the possibility of divergent
populations with distance. For these reasons, plants at the different sites were
treated as distinct populations.

PHT per gram varied within and among populations throughout Florida.
Almost none of the interpopulational variation of PHT per gram could be
explained by latitude or longitude. Instead, concentrations were scattered
throughout the state in no particular order. Although we restricted populations
to open canopy locations, sites varied in soil type, water availability, and level
of disturbance. Other environmental factors (i.e., nutrients and water) also influ-
ence the biosynthesis of secondary compounds (Gershenzon, 1984), but were
not measured.

Foliar levels of PHT per square millimeter and leaf biomass (DW) also
varied within and between populations, but PHT per square millimeter was not
correlated with DW for most sites. This suggests that intra- and interpopulational
variation of PHT per gram in leaves could be due to differences in allocation of
resources to PHT biosynthesis over biomass.

Differences in PHT per gram from leaves sampled throughout the year were
noted. PHT per gram was high in October followed by June, and low in January
and April. Significantly higher PHT per gram in June and October may be a
result of greater defense requirements during these months because of stronger
herbivore pressure. An alternative hypothesis is that PHT per gram was high in
late June and October because there was more carbon available for PHT syn-
thesis (i.e., less was allocated to reproduction). Although B. alba flowers year
round, there is evidence that closely related B. pilosa plants require at least 9
hr of low-light (night) to induce flowering (Kirszenzaft and Felippe, 1978). Day
length is longest in late June and may have not been short enough by mid-Octo-
ber to stimulate intensive reproduction. In addition, B. alba appears to flower
more in South Florida in the winter and spring (personal observation).

PHT per square millimeter and DW differed in leaves over the year. They
were correlated in June, January and April, but not in October. October PHT per
square millimeter was similar to June levels, but DW decreased. This resulted in
the highest PHT per gram levels recorded in the study. The decrease in DW from
October leaves without influencing PHT per square millimeter may be a mech-
anism to increase PHT per gram in response to October pressures by allocating
carbon to PHT instead of biomass.

PHT per square millimeter levels were influenced by light quantity, but
there was no difference for PHT per gram between light quantity treatments.
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This was true in part because PHT per square millimeter and DW were corre-
lated with each other. Because of this relationship, it appears as though PHT per
square millimeter and DW were similarly influenced by low PPFD, suggesting
that carbon may not have been assimilated into growth significantly more than
PHT synthesis, which Bryant’s model proposes. The correlation between PHT
per square millimeter and DW suggests that PHT per square millimeter produc-
tion might be linked to leaf tissue biomass rather than restricted by limited light.

Low R/ FR decreased PHT per gram for the topmost leaf but did not affect
leaf 2. The lack of response from leaf 2 may be due to minimized R/ FR dif-
ferences among treatments since lower leaves were shaded by top leaves and
surrounding plants. The response of PHT per gram for the topmost leaf to low
R/ FR is similar to what has been shown for flavonoids. Flavonoid biosynthe-
sis is induced by R and reversed by FR, resulting in less flavonoid biosynthesis
when R/ FR is low (Piringer and Heinze, 1954; Siegelman and Hendricks, 1957;
Beggs and Wellmann, 1985). Therefore, low R/ FR may inhibit PHT biosynthe-
sis by a phytochrome-mediated mechanism similar to flavonoids. More research
is needed to answer this question.

Decreased levels of UV radiation significantly increased PHT per square
millimeter, for the topmost leaf and PHT per gram for leaf 2. UV apears to
influence PHT levels in leaves, most likely affecting cuticular PHT, since epi-
dermal leaf layers absorb most of the UV radiation reaching the leaf (Alenius et
al., 1995). There are three possible modes of action that might explain these data.
First, more PHT may have been photodegraded by higher levels of UV compared
to filtered UV treatments. Photodegradation of PHT occurs when PHT is excited
by UV (Marchant, 1987). Second, PHT accumulation may have increased in
leaves in response to low UV levels to maintain defensive potential. Downum
(1992) suggested that the high concentrations of acetylenes commonly found
in roots may be a response to low UV occurrence. Third, low UV might allow
plants to accumulate higher levels of PHT with less chance for autotoxicity (i.e.,
tissues might be able to store higher levels of these phototoxic components in
the absence of the activating wavelengths of light). Little is known about poly-
acetylene autotoxicity, but plant cells are susceptible to UV-activated toxicity by
PHT (Campbell et al., 1982). The last two hypotheses could be regulated by UV
mechanisms. Additional research is needed to address these complex questions.

Does the photoenvironment explain the natural variation seen in geographic
and seasonal studies? The variation detected within and among populations in
geographic studies does not appear to be caused by light differences across geo-
graphic range. This is not surprising since the sampled populations were not that
different in elevation or geography and probably did not vary a great deal in light
quantity or quality. Some of the PHT per gram variation may be due to R/ FR
or UV effects from vegetative shading by neighbor plants.

PHT per square millimeter and DW detected in plants throughout the year
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can be explained in part by seasonal fluctuations in light quantity for all months
except for October. PPFD is highest in the summer and lowest in the winter (Lee
and Downum, 1991). Plants in June, January, and April appear to respond to this
variation much like the light quantity experiment—low PHT per square millime-
ter and DW when PPFD is low, and high PHT per square millimeter and DW
when PPFD is high. However, plants sampled in October did not respond like
plants from the other months suggesting that an alternative factor (i.e., increased
herbivore pressures or flowering stage) may be a more likely explanation.

CONCLUSION

PHT concentrations in B. alba leaves are variable. There are significant con-
centration differences among populations, but the geographic location of sites
does not explain much of the observed variation. Geographic variation, due to
genetic or environmental differences, was not measured in this study. PHT con-
centrations in leaves were highest in the fall, and this suggests that the plants
may need to defend themselves to the greatest extent during this season. Light
quantity did not influence PHT concentrations in leaves, but did affect PHT lev-
els and leaf biomass. Light quality influenced PHT concentrations in leaves and
may be a regulatory factor in the biosynthesis of PHT. More research is neces-
sary to demonstrate the effects of light quality factors on PHT biosynthesis.
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Abstract—Phytohormones play critical roles in regulating plant responses
to stress. We investigated the effects of salinity on abscisic acid (ABA),
indole-3-acetic acid (IAA), salicylic acid (SA), and jasmonic acid (JA) in
leaves, stalks, fruits, and seeds of Iris hexagona, a native wetland species.
Using gas chromatography–mass spectroscopy with selected ion monitoring,
our experiments demonstrated significant and different short- and long-term
changes in iris phytohormones. ABA and JA generally increased and IAA and
SA declined in response to salinity. We conclude that these phytohormones
may have separate and interactive effects on how plants respond and adapt to
stress in natural environments.

Key Words—Abscisic acid, Iris hexagona, jasmonic acid, indole-3-acetic
acid, phytohormones, salicylic acid, salinity, stress.

INTRODUCTION

Increasing salinity from human disturbance and climate change is a critical prob-
lem worldwide because it has dramatic effects on plant physiology and perfor-
mance (Levitt, 1980; Abbas et al., 1991; Brugnoli and Bjorkman, 1992; Morgan,
1984; Delesalle and Mazer, 1996; Morales et al., 1998). Salinity changes nutrient
and water availability, lowers the quality of arable lands, and alters the struc-
ture of ecological communities. Salinity-induced osmotic stress, the physiologi-
cal equivalent of drought stress, typically reduces growth and photosynthesis in
plants (Pasternak, 1987). Stress can also arise from competition of sodium with
nutritive ions, toxicity, and injury of cellular structures (Levitt, 1980). Because
most studies have been performed with crop plants, we know little about salin-
ity stress in natural plant populations, and we do not yet understand the role of
salinity in the evolution of salt tolerance and plant speciation. Here we present
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our research on plant growth regulators in a noncrop, glycophytic plant (Iris
hexagona) exposed to salinity stress.

Plants produce proteins in response to abiotic (salinity, drought, temper-
ature) and biotic (pathogens, herbivores) stress. Many of these proteins are
induced by phytohormones such as abscisic acid (ABA) (Shinozaki et al., 1998;
El-Enany, 2000; Jin et al., 2000), salicylic acid (SA) (Thaler et al., 1999; Hoyos
and Zhang, 2000) and jasmonates (Chao et al., 1999; Thaler, 1999). The generic
stress hormone ABA is up-regulated by salinity and induces genes involved in
salt and osmotic alleviation (Serrano and Gaxiola, 1994). In cucumber leaves,
salinity raised ABA levels, which subsequently increased cold and heat resis-
tance of seedlings (Talanova and Titov, 1994). In the halophyte Suaeda maritima,
ABA concentrations fluctuated in response to salinity (Clipson et al., 1988).
ABA delayed the deleterious effect of NaCl and improved tolerance to ionic
stress in tobacco callus culture (Eberhardt and Wegman, 1989) and in sorghum
(Amzallag et al., 1990).

The observation that ABA accelerated adaptation of cultured tobacco
cells to salt, but not to equivalent osmotic concentrations of sorbitol and
polyethyleneglycol (LaRosa et al., 1985), suggests that ABA levels change more
in response to salt than osmotic stress. Salt-induced ABA mediated the inhibition
of leaf expansion and limited the accumulation of Na+ and Cl− in leaves, thus
protecting bush beans from salt stress (Montero et al., 1997).

Jasmonic acid (JA) and its methyl ester, methyl jasmonate (JAMe), are nat-
urally occurring regulators of plant development (Sembdner and Parthier, 1993).
Elevated levels of JA can induce pathogen defense genes in soybean (Farmer et
al., 1992; Creelman et al., 1992; Chao et al., 1999), reduce leaf abscission (Curtis,
1984), control the opening of rice florets (Zeng et al., 1999), and modulate salinity
(Moons et al., 1997) and osmotic stress (Creelman and Mullet, 1995; Finch-Savage
et al., 1996). Herbivory can increase JA production (Agrawal et al., 1999), which
induces proteinase inhibitors (Farmer et al., 1992; Thaler et al., 1996; Thaler, 1999)
and secondary compounds such as nicotine, a highly effective insecticide (Bald-
win, 1994; Thaler et al., 1996; McCloud and Baldwin, 1997).

The induction of JA by wounding or pathogens is attributed to the release
of fatty acids, by damaged cell membranes which then metabolize via lipoxy-
genase to JA (Sembdner and Parthier, 1993). Jasmonic acid and its derivatives
also respond to salinity. For example, JAMe levels in rice roots increased signifi-
cantly in 200 mM NaCl (Moons et al., 1997). Furthermore, pretreatment with JA
diminished the inhibitory effect of high salt concentration on growth and pho-
tosynthesis of barley (Tsonev et al., 1998). Although JA has been linked with
crop plant stress responses (Moons et al., 1997; Creelman and Mullet, 1995;
Finch-Savage et al., 1996), there is no information about how salinity affects
endogenous JA levels in natural plant populations.

Salicylic acid (SA) belongs to a diverse group of plant phenolics and is
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associated with the chemical defense of plants against microbes and herbivores
(Raskin, 1992; Thaler et al., 1999). It is widely distributed in monocot and dicot
plants (Cleland and Ajami, 1974; Swain et al., 1985; Raskin et al., 1990). Plants
are most likely to synthesize SA from cinnamic acid (Chadha and Brown, 1974),
via phenylalanine–ammonialyase (PAL) activity. Increased endogenous SA lev-
els coincide with accumulation of pathogen-induced proteins and elevated virus
resistance in tobacco (Yalpani et al., 1993). Ethylene and various biotic and
abiotic stresses such as salinity, chilling injury, and high temperature are known
to increase PAL activity (Enyedi et al., 1992; Martinez-Tellez and Lafuente,
1997; Tomas-Barberan et al., 1997; Dunn et al., 1998), possibly contributing
to enhanced SA levels.

SA has antagonistic effects on JA by preventing its accumulation in
response to wounding. In flax SA inhibits transcription of allene oxide syn-
thase (AOS), which mediates the conversion of lipoxygenase-derived fatty acid
hydroperoxides to unstable allene epoxides and then to JA precursors (Harms
et al., 1998). The wound-induced increase of leucine aminopeptidase (LapA)
RNAs, which is up-regulated by ABA, JA, salinity, and water deficit, was inhib-
ited by SA (Chao et al., 1999). SA also induces acidic pathogen-related (PR)
genes and inhibits basic PR genes, whereas JA does the opposite (Niki et al.,
1998). SA also reduced the synthesis of tomato proteinase inhibitors (Doares et
al., 1995). Antagonistic interactions between SA and jasmonic acid affect the
expression of PR protein genes in tomato (Thaler et al., 1999). Two drought-
inducible genes in the drought-tolerant cowpea (Vigna unguiculata) were identi-
fied after treatment with high salinity and exogenous ABA. One of these genes
was also expressed in response to heat stress, methyl jasmonate, and SA (Iuchi
et al., 1996), suggesting that SA affects plant resistance to stress.

Indole-3-acetic acid (IAA) plays a major role on regulating plant growth.
For example, it controls vascular tissue development, cell elongation, and apical
dominance. IAA also responds to salinity in crop plants. There was a significant
reduction in IAA levels in rice five days after exposure to NaCl (Nilsen and
Orcutt, 1996) and salinity reduced IAA levels 75% in tomato roots (Dunlap and
Binzel, 1996).

To our knowledge, this is the first investigation to link ecological responses
and phytohormonal induction in natural plant populations under environmental
salinity stress. The research is important because it can reveal the endogenous
mechanisms that impart stress resistance and provide insight into the potential
for native plants to adapt to environmental change.

METHODS AND MATERIALS

Plant Material. Iris hexagona Walter (Iridaceae) is a long-lived perennial
that inhabits freshwater wetlands. Plants reproduce clonally via rhizomes and
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sexually by fruits that contain up to 60 seeds. Although irises typically occur in
fresh-water habitats, our populations are located in the saline soils (4–15 g/ liter)
of Marsh Island, a 33,000-ha salt marsh located off the coast of Louisiana, USA
(928W 29.58N).

In March 1997, we collected a total of 300 rhizomes from 10 Marsh Island
I. hexagona populations and planted them in a common garden in 30 Rubber-
maid tubs (220 liters) filled with topsoil. The common garden was located at the
Center for Ecology and Environmental Technology at the University of Louisi-
ana at Lafayette. To investigate long-term effects of salinity stress, we randomly
assigned tubs to low (LS, 15 mM), medium (MS, 50 mM), and high (HS, 100
mM) salinity treatments, consistent with levels in the natural I. hexagona habitat,
and maintained the garden for 19 months. In this paper we report on the effects
of the low and high salinity treatments.

Salinity Treatment. We established and sustained salinity levels in the com-
mon garden with Instant Ocean (Aquarium Systems, Inc., Mentor, Ohio), and
monitored tubs weekly with an Orion 125 conductivity meter (Orion Research
Inc., Beverly, Massachusetts). ABA, IAA, JA, and SA levels in leaves, seeds,
seed pods, and flower stalks were determined at monthly intervals in 1998 and
1999. To investigate short-term responses to salinity we conducted a laboratory
experiment and measured iris phytohormones 24 and 48 hr after exposure to 0,
100, 200, and 400 mM NaCl.

Extraction, Purification and Methylation of ABA, IAA, JA and SA. We col-
lected samples on ice and either stored them in a −708C freezer or extracted
them immediately. About 1–2 g of tissue was weighed and ground into powder
under liquid N2. Then 200 ng of internal standards (D2-ABA, [13C] IAA, D2-
JA) and radioactive tracers—50,000 cpm of [3H] ABA (53 Ci/ mmol, Amersham
Life Science), [3H] IAA (27 Ci/ mmol, Amersham Phamacia Biotech), [3H] JA,
50 Ci/ mmol, American Radiolabeled Chemicals Inc.) and 25,000 cpm of [14C]
SA (11.7 mCi/ mmol, Sigma #S8644, carboxyl group labeled SA) were added
and the samples extracted in 10 ml isopropanol overnight at 48C. The super-
natant was centrifuged (2500g for 5 min, 48C), and collected in a 25-ml flask.
Three additional extractions with 2 ml of 100% isopropanol were combined and
reduced to the aqueous phase in a rotary evaporator and then diluted to ca. 20
ml with water and 0.5 ml of 0.1 M imidazole buffer (pH 8.0). The four compo-
nents were prepurified using NH2 columns (Alltech #211150). After priming the
columns with methanol, 5% acetic acid, and water, the samples were applied,
washed with hexane and methanol, and eluted with 75% methanol containing
0.3 N HCl, dried in a rotary evaporator, and taken up in 3 × 45 ml 36% MeOH.
Then 100 ml of each sample was purified by HPLC (Dionex 500 equipped with
a 50 × 4.6 mm ODS column, Phenomenex 00B-0351-E0) and eluted with 1%
acetic acid in 36% MeOH (1 ml/ min) for 19 min. The MeOH concentration was
raised linearly to 50% within 7 min, and the column was isocratically eluted for
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another 9 min. Under these conditions, the retention times for IAA, SA, ABA,
and JA were 11, 16, 24, and 30 min, respectively. The two or three 1-ml fractions
with the highest radioactivity of each compound were combined, dried in vacuo,
methylated with 0.5 ml ethereal diazomethane, dried, and taken up in 50 ml of
ethyl acetate. Since no deuterated standard was available for SA, 100 ml of ethyl
acetate was used, and losses were determined by measuring the radioactivity of
half of that amount. The cumulative losses during the purification resulted in effi-
ciencies of 52–58% for ABA, 59–65% for IAA, 50–52% for JA, and 70–76%
for SA.

Determination of ABA, IAA, JA and SA. Aliquots (1–2 ml) of the methylated
ABA, IAA, JA, or SA samples were analyzed with an HP 6890 GC equipped
with a HP 5973 mass selective detector using selected ion monitoring. Chro-
matography was carried out on a capillary column (15 m × 0.25 mm × 0.25
mm, J&W DB-1701) with helium as carrier gas (1.5 ml/ min). For ABA and IAA
the oven temperature started at 1608C and after 1 min was ramped to 2808C at
208C/ min. For JA analysis the initial temperature was 1208C, and it was raised
at 208C/ min after 1 min. SA analysis started at 608C for 1 min with a ramp
of 208C/ min to 1308C and then 408C/ min to 2808C. Under these conditions,
the retention times were 5.25, 4.0, 4.5, and 4.3 min for ABA, IAA, JA, and
SA, respectively. The relative abundance of representative fragments for ABA
(m/ z 190/ 193), IAA (m/ z 130/ 136), JA (m/ z 151/ 153), and SA (m/ z 120) was
used for quantification. All analyses were performed in triplicate. The data were
calculated as mean ± SE in micrograms per gram of dry weight (DW).

Statistical Analysis. We used full-factorial and repeated-measure analysis
of variance to test the effects of salinity, time, and tissue type on ABA, IAA,
JA, and SA concentrations [SAS PROC GLM Version 6 (SAS) Institute, 1994).
Data were transformed when necessary to meet assumptions of normality and
homogeneity of variance. To determine differences between individual groups,
we conducted paired comparisons using Tukey-adjusted least-square means.

RESULTS

Short-Term Effects of Salinity on ABA, JA, IAA, and SA

In laboratory experiments, salinity had short-term effects on all four phy-
tohormones examined (Figure 1). After about eight days, the leaves of plants
exposed to 400 mM salt wilted and eventually died but lower salinities were
tolerated. ABA content in leaves varied from 0.2 to 1.2 mg/ g DW and increased
in response to salinity concentration (F3,16 c 24.41, P c 0.0001) and duration of
exposure (F1,16 c 4.69, P c 0.046). In paired comparisons, ABA significantly
increased after 48 hr of exposure to 400 mM NaCl (P c 0.0143). Although
100–200 mM NaCl had a weaker short-term effect on ABA levels, there were
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FIG. 1. Effect of 100, 200, and 400 mM NaCl on levels of ABA (A), JA (B), IAA (C)
and SA (D) of Iris hexagona immature leaves after exposure for 24 (>) and 48 (R) hours.
The bars represent standard errors. *P < 0.05 as compared with controls (no added NaCl).

significant effects after long-term exposure in the field experiment.
In young leaves, JA content increased in response to salinity concentration

(F3,16 c 14.0, P c 0.0001) and duration of exposure (F1,16 c 77.6 P c 0.0001) and
ranged from 0.2 to almost 2 mg/ g DW (Figure 1B). NaCl at 200 (P c 0.0026)
and 400 (P c 0.0008) mM caused significant increases in JA content within
48 hr.

In contrast to ABA and JA, IAA content rapidly declined in young leaves
exposed to salinity (Figure 1C) and was the most sensitive of all four phytohor-
mones to the NaCl treatment (F3,16 c 28.5, P c 0.0001). Within 24 h of exposure
to 100 mM NaCl, IAA levels fell from about 0.6 to <0.2 mg/ g DW (P c 0.0001).
The 24-hr IAA reductions were statistically similar to IAA levels after 48 hr of
exposure.

Similar to IAA, SA levels in young leaves declined significantly in response
to salinity (F3,16 c 17.9, P c 0.0001, Figure 1D). Within 24 hr after treatment
with 200 mM NaCl, SA dropped from 2.8 to <1.7 mg/ g DW (P c 0.0001). The
SA reduction was strongest after 24 hr of exposure to 200 (P c 0.0001) and 400
mM NaCl (P c 0.0002).

Long-Term Effects of Salinity on Phytohormones

Abscisic Acid. In the common garden experiments, leaf ABA levels were
greater in high salinity (HS, 100 mM) than low salinity (LS, 15 mM) plants over
a six-month time period (F1,4 c 37.7, P c 0.004, Figure 2A). In both salinity
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FIG. 2. Temporal change of ABA (squares) and JA (circles) levels in Iris hexagona leaves
(A) and apex of flower stalks (B) exposed to 100 mM (HS, solid symbols) and ∼15 mM
(LS, open symbols) salinity. *P < 0.05 in pairwise comparison between salinity treatment
at the same time.

treatments, ABA levels decreased significantly from May through August, (F1,5
c 37.1, P c 0.0001), then rose significantly in the HS group in September (P c

0.013).
After anthesis (early April), the apical parts of HS stalks (Figure 2B) main-

tained significantly higher ABA levels than LS stalks in every month except
June and July (F1,4 c 209.5, P c 0.0001). Towards the end of the growth season
(August) ABA levels increased significantly in both LS and HS flower stalks,
but the increase was much stronger in HS plants (P c 0.004), possibly due to
impending abscission.

The ABA concentrations in developing immature flower stalks ranged from
<1 to almost 2 mg/ g DW (Figure 3A) and were significantly greater under high
salinity (F1,36 c 8.22, P c 0.0069). The site of ABA production shifted during
stalk development from the basal to the apical region (F4,36 c 2.79, P c 0.041),
with the highest concentrations appearing in the central portion of 60-cm stalks
(P c 0.027) and the apical portion of 90-cm stalks (P c 0.037).

The concentration of ABA was higher in developing seeds than pods (Fig-
ure 4A), regardless of salinity treatment (F1,4 c 350.6, P c 0.0001). ABA peaked
between 20 and 40 days after anthesis (F1,8 c 63.4, P c 0.002) with concentra-
tions of 10–17 mg/ g DW. High-salinity seeds had higher ABA levels than low-
salinity seeds (F1,8 c 11.3, P c 0.01). By day 60, seeds were fully developed
and ABA concentrations had returned to their initial levels in both salinity treat-
ments. The ABA in pods was low throughout seed development (<2 mg/ g DW)
and was not affected by salinity.

Jasmonic Acid. Salinity had no significant long-term effect on JA levels in
the leaves of HS and LS plants (Figure 2A). Similar to the ABA profile, the JA
levels decreased significantly early in the growth season from about 0.6 mg/ g
DW, to <0.1 mg/ g DW (F5,15 c 25.0, P c 0.001) and then remained low. After
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FIG. 3. Distribution of ABA (A), JA (B), IAA (C), and SA (D) in the flower stalks of
Iris hexagona at different growth stages in the presence of 100 mM (HS, stippled) and
∼15 mM (LS, open) salinity. The data are given for the base (B), center (C) and Apex
(A) of young (30 cm), medium (60 cm) and mature (90 cm) stalks. *P < 0.05 in pairwise
comparison between salinity treatment at the same time.

anthesis (Figure 2B), salinity significantly increased JA content in the apical
parts of flower stalks (F1,4 c 10.8, P c 0.02). Similar to ABA, JA concentrations
rose significantly in HS stalks in August (P c 0.004).

Salinity had a significant positive effect on JA in developing stalks (Figure
3B). A higher JA content was measured in HS flower stalks than in LS stalks
(F1,36 c 9.43, P c 0.004). In contrast, the JA levels did not vary significantly
among the stages of development. On average, slightly more JA was produced
in the basal stalk regions (P c 0.048), but 90-cm-long stalks showed a higher
JA concentration in HS stalks.

There were significant differences between seeds and pods in JA production
(F1,8 c 11.1, P c 0.01, Figure 4B) and the pattern of production reversed over
time. For example, seeds produced more JA than seed pods in the earliest time
period (P c 0.002), but significantly less than seed pods in all but the final stage
(P c 0.0001, 0.0004, 0.02, and 0.76, respectively). In further contrast with ABA,
JA levels were highest on average in LS than HS tissue (F1,8 c 7.3, P c 0.027,
Figure 4B). Time also affected JA production (F5,4 c 58.2, P c 0.0008). After 40
days, JA concentrations decreased from >1.0 to <0.15 mg/ g DW in both salinity
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FIG. 4. Temporal change in ABA (A), JA (B), IAA (C), and SA (D) levels of seeds
(squares) and pods (circles) of Iris hexagona growing in high (HS, 100 mM, solid sym-
bols) and low (LS, ∼15 mM, open symbols) salinity following anthesis. *P < 0.05 in
pairwise comparison between salinity treatment at the same time.

treatments and remained flat for the rest of the growth period, except for a small
but significant late-season rise in LS pods (F1,4 c 33.4, P c 0.0004).

Indole-3-acetic Acid. Salinity caused a slight reduction of IAA in devel-
oping flower stalks (F1,44 c 3.61, P c 0.064), but tissue type (F2,44 c 30.4, P
c 0.0001) and stalk height (F2,44 c 5.31, P c 0.009) had much stronger effects
(Figure 3C). The IAA content of growing stalks ranged from <0.1 to 0.35 mg/ g
DW, and there was an increasing basipetal gradient in the 60-cm and 90-cm
stalks of both LS and HS treatments.

Seeds produced significantly more IAA than pods (F1,8 c 163.0, P c 0.0001)
and initial seed development was characterized by an increase in IAA (F1,8 c

94.4, P c 0.0001, Figure 4C). HS seeds produced significantly less IAA than
LS seeds at 20 days after anthesis (P c 0.018) but did not differ thereafter. The
IAA content of pods was low throughout seed development and unaffected by
salinity.

The weak effect of salinity on IAA levels (Figure 3C) corresponds to the
similarity in growth rates of HS and LS flower stalks (Figure 5). Growth rates
varied from 3 to 6 cm/ day and were most strongly affected by time (F23,272 c

17.4, P c 0.0001) and temperature (R2
c 0.4, P c 0.0001).
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FIG. 5. The effect of salinity on the length and daily growth rate of Iris hexagona flower
stalks prior to anthesis. Iris were grown in low (∼15 mM) and high (100 mM) salinity.
For the sake of comparison, the daily mean temperature during this time period is shown
as well.

Salicylic Acid. SA ranged from 0.2 to 0.6 mg/ g DW (Figure 3D) and salin-
ity had no effect on the production of SA in developing flower stalks. There was
a significant effect of stalk height on SA, with 30-cm and 90-cm stalks produc-
ing more SA on average than the 60-cm stalks (F2,35 c 6.3, P c 0.005). The SA
levels did not develop into a consistent gradient within the stalks.

Salinity had an overall negative effect on SA production in seeds and pods
(F1,8 c 8.9, P c 0.02, Figure 4D), and it was most pronounced 60 days after
anthesis (P c 0.006). Similar to JA, there was a significant interaction between
tissue type and time (F3,8 c 7.5, P c 0.02). The SA concentration in LS pods
increased over time while that of the HS pods decreased. This interaction was
caused primarily by a reversal in the pattern of SA production by seeds and pods
20 days after anthesis (F1,8 c 14.9, P c 0.005).

DISCUSSION

The response of plants to stress involves complex physiological and bio-
chemical responses, including changes in the concentration and ratios of endoge-
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nous phytohormones. This is the first study that examines the spatial and tem-
poral fluctuations of four growth regulators in a noncrop plant in response to
salinity. The data indicate that salinity has significant and differential effects on
the four growth regulators: ABA and JA increase and IAA and SA decline in
response to plant salinity stress.

ABA is a generic stress hormone that has multiple functions, including the
induction of genes involved in osmotic stress protection (Serrano and Gaxiola,
1994). Our results showed that salinity increased ABA contents in both young
and mature I. hexagona leaves (Figures 1 and 2). This is consistent with other
plant species that increase ABA production in response to salinity (Talanova
and Titov, 1994; Clipson et al., 1988; Moons et al., 1997; Montero et al., 1997).
ABA concentrations fluctuated among different segments of the flower stalks
and during different developmental stages (Figures 2–4), therefore no specific
tissue or ontogenetic state can be identified as most responsive to salinity-ele-
vated ABA levels. Generally, the central and apical portions of mature flower
stalks contained the highest ABA levels (Figure 3), establishing a basipetal gra-
dient. Therefore, these areas are likely sites of ABA biosynthesis.

The ABA content of seeds is especially important because it influences
seed dormancy patterns (Baskin and Baskin, 1998; Skriver and Mundy, 1990).
Our determination that the highest ABA concentrations occurred in immature
seeds and declined with seed maturation (Figure 4) supports evidence that ABA
inhibits germination (Skriver and Mundy, 1990; Baskin and Baskin, 1998).
Therefore, the higher level of ABA in HS plants may result in delayed seed
germination relative to LS plants.

There are several mechanisms by which elevated ABA could increase plant
resistance to stress. ABA can improve water permeability (Glinka and Reinhold,
1971), and it induces late-embryogenesis abundant proteins (LEA), osmoprotec-
tants, and osmolyte biosynthesis genes (Thomas and Bohnert, 1993; Zhu et al.,
1997). An ABA-inducible group of proteins (e.g., dehydrins, LEA) are thought
to protect cells from water deficit and freezing by stabilizing other proteins and
membranes (Thomashow, 1999).

Salinity-induced ABA may affect the reproductive success of iris by influ-
encing embryonic development and the duration of seed dormancy. This notion
is supported by the observation that in iris, seed number and germination rate
increased in seeds derived from salinity-stressed plants (unpublished data). In
contrast to seeds, ABA levels in iris seed pods did not change in response to
salinity (Figure 4), indicating that seeds are a major target and possibly site of
ABA synthesis.

JA is a fundamental signaling molecule in all plants and has been identi-
fied in over 160 plant families (Sembdner and Parthier, 1993). The level of JA
in plant tissues varies as a function of tissue type, development, and external
stimuli. The highest levels of JA are typically found in flowers and reproduc-
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tive tissues (Creelman and Mullet, 1995). JA is known to increase in response
to mechanical wounding and water deficit (Creelman and Mullet, 1997), her-
bivory (Thaler et al., 1996, McCloud and Baldwin, 1997; Thaler et al., 1999),
microbial cell wall elicitors (Blechert et al., 1995), the plant signaling peptide
systemin (Bergey et al., 1996), and salinity (Tsonev et al., 1998).

Our analysis revealed significant effects of salinity on JA levels. The
response is stronger in young leaves and flower stalks than in later stages of
development (Figures 1 and 3). Because JA and ABA levels increase in vege-
tative structures (Figure 2A and B), these hormones may act synergistically in
raising salinity tolerance. However, JA levels decline during seed development
and were generally reduced in HS plants (Figure 4B). Alternatively, salinity-
enhanced ABA levels may inhibit JA production in seeds by reducing the amount
of linolenic acid, a precursor of JA biosynthesis (Creelman and Mullet, 1997).

Exogenous JA inhibits seed germination in Brassica napus and flax
(Staswick and Lehman, 1999). Although we have no evidence that JA inhibits
germination of iris seeds, immature LS seeds contain higher concentrations of JA
(Figure 4B), and LS seeds germinate at a slower rate than seeds from HS plants
(unpublished data). This hypothesis could be tested by external application of
JA to seeds.

Salinity significantly reduced IAA levels in leaves and seeds (Figures 1C
and 4C), consistent with observations in rice (Nilsen and Orcutt, 1996) and in
tomato (Dunlap and Binzel, 1996). Reduced IAA levels may contribute to the
reduced above-ground biomass observed in HS-grown iris (unpublished data).
Lower IAA contents could also explain the greater number of aborted seeds
in HS plants that was noticed during sample prparation. However, this may be
compensated for by the increase in the total number of seeds in the HS plants
(data not shown).

Significantly higher levels of IAA and zeatin riboside occurred in response
to stress in Rosmarinus officinalis L., a Mediterranean shrub that does not accu-
mulate ABA when subjected to water stress (Lopez-Carbonell et al., 1996).
Iris accumulated ABA and therefore the combined effect of elevated ABA and
reduced IAA levels are likely to diminish growth. The similarity in growth rate
and final length of Iris flower stalks from both salinity regimes (Figure 5), and the
identical IAA content in developing stalks (Figure 3C) suggests that the transi-
tion to the generative growth phase (formation and development of flower stalks)
is the most carefully controlled stage of iris ontogeny. The fluctuations of ABA
and IAA in the generative tissue (Figure 4A and C) may be an important process
for seed development in salinity-stressed plants. The salinity-reduced IAA lev-
els could cause delayed acquisition of resources necessary for generative growth
and seed development.

SA and its methyl acetate can inhibit the biosynthesis and activity of JA
(Pena-Cortes et al., 1993; Harms et al., 1998), which is supported by the oppo-
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site responses of Sa and JA in iris leaves, seeds, and pods (Figures 1B and D, 4B
and D). A similar inverse relationship between SA and JA has been reported in
Arabidopsis (Gupta et al., 2000), suggesting that the ratio of SA and JA may also
indicate salinity stress. In our experiments, salinity caused a significant reduc-
tion of SA in young iris leaves, seeds, and pods (Figures 1D and 4D). However,
there was no difference in SA levels in the LS and HS flower stalks (Figure 3D).
Low-salinity seeds and pods had higher SA levels than HS reproductive tissues,
and the difference increased with time (Figure 4D). The significant decrease in
SA content in young iris leaves (Figure 1) and changed content in seeds and pods
(Figure 4D) could have implications for the sensitivity to pathogens. Pathogens
increase SA levels (Yalpani et al., 1993; Thaler et al., 1999), and a combined
effect of salinity and pathogens would lead to a stronger defense response, osten-
sibly leading to greater resistance against pathogen attack of stressed plants. The
same synergistic effects between salinity and SA possibly account for the induc-
tion of drought-inducible genes in cowpea (Iuchi et al., 1996).

We have demonstrated that salinity at levels experienced by natural popula-
tions profoundly affects four important iris growth regulators. The reduction of
SA and IAA and the increase of ABA and JA in salinity-exposed plants suggest
interactive phytohormone effects on plant growth and reproduction. Although
iris vegetative biomass is substantially reduced by salinity, the seed number and
germination success increased significantly (unpublished data). Our experiments
indicate that phytohormones play critical roles in plant responses to salinity. Our
data are consistent with the concept that hormonal responses in plants control the
allocation to generative and vegetative performance, thereby increasing survival
in and adaptation to stressful environments.
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Abstract—The growth–differentiation balance hypothesis (GDB), which
postulates a physiological trade-off between growth and differentiation
(morphological and chemical), has been tested almost exclusively for
carbon-based secondary metabolites. Little attention has been paid to N-based
compounds. In this study we aimed to test the predictions of the GDB
hypothesis under field conditions for growth and pyrrolizidine alkaloid
(PA) formation in Senecio vulgaris. We conducted a reciprocal transplant
experiment at two sites differing widely in their nutrient supply. These
included a conventionally managed vineyard (V) and a strip of local wild
flowers between crop fields, which was established to promote species
diversity in agroecosystems (C). No fertilizer or pesticides are allowed in such
ecological compensation areas. In C, we expected lower growth but higher
PA formation than in V. Due to differentiated selection regimes in the two
habitat types with regard to nutrient (nitrogen) availability in the soil, we also
expected different N-allocation patterns for the genotypes of the two collection
sites. Plants of V produced more biomass and were taller than the plants of C.
The relatively poor nitrogen conditions in C favored an earlier differentiation
towards generative organs. In plants of C, higher concentrations of PAs were
found than in plants of V. There exists a close negative correlation between
growth and PA formation, indicating a trade-off. The origin of the plant
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material had only a little effect on PA formation. The observed phenotypic
reaction of PA formation in S. vulgaris in the two habitats fits quite well the
predictions of GDB theory. It is shown that this general response is overlaid
by physiological factors leading to a pattern of PA accumulation, which is not
readily predictable by nonmechanistic theories.

Key Words—Environment, growth, growth–differentiation balance hypoth-
esis, phenotypic plasticity, pyrrolizidine alkaloids, secondary metabolism,
Senecio vulgaris.

INTRODUCTION

It is widely accepted that phytochemicals play an important role in ecological
interactions by, for example, protecting plants against herbivores and pathogens,
providing specialized herbivores with ecological niches, or by modulating lit-
ter decomposition (for reviews see Rosenthal and Berenbaum, 1992; Harborne,
1993). Inversely, plant secondary metabolism is known to be influenced by envi-
ronmental parameters. Since these are increasingly changed by human activities,
it is important to understand the related phenotypic reactions or adjustments of
secondary metabolism. Specifically, the increase of both CO2 and nitrogen forms
available to plants is a new and relevant issue to be investigated in this context
(Heyworth et al., 1998).

Two basic concepts dealing with the phenotypic response of secondary
metabolism to the above-mentioned parameters have been proposed. The
carbon–nutrient balance hypothesis (CNB) (Bryant et al., 1983) postulates lim-
ited growth and reduced N-based phytochemicals, but favored accumulation of
carbon-based secondary metabolites such as phenolics, terpenoids, and tannins
when carbons dominate over nutrients (primarily nitrogen). An excess of nitro-
gen (over carbon) results in preferential allocation of nitrogen-based compounds
such as alkaloids or cyanogens. Due to such imbalances, growth may remain
suboptimal.

The growth–differentiation balance hypothesis (GDB) (Loomis, 1953;
Herms and Mattson, 1992) centers on a physiological trade-off between growth
and differentiation. Plant tissue grows either by division or expansion of cells,
or differentiates chemically and/ or morphologically. As both growth and dif-
ferentiation are dependent on photosynthetic products, they are, in terms of
metabolism, negatively correlated with each other, whereby differentiation is
thought to include secondary metabolism. The hypothesis states that: when
resource availability is low, both growth and differentiation are reduced; at inter-
mediate resource levels differentiation is favored; and at high resource levels
growth prevails.

Unfortunately the CNB and GDB hypotheses have been tested almost exclu-
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sively for carbon-based secondary metabolites and little attention has been paid
to N-based compounds. Nevertheless, the formation pattern of phenolics appears
to be in accordance with both hypotheses. Elevated CO2 led to an increase in
the concentration of phenolic compounds, and their concentration was found to
decrease after fertilization (e.g., Muzika, 1993; Gebauer et al., 1998; Peñuelas
and Estiarte, 1998).

The majority of studies do not support either theory with regard to nitrogen-
based secondary metabolites. For instance, Nicotiana attenuata is homeostatic
in its patterns of nitrogen allocation to nicotine and to growth. Under labora-
tory conditions, an eightfold nitrogen supply had no effect on either the con-
stitutive or methyljasmonate-induced nicotine accumulation when allometrically
related to growth (Lynds and Baldwin, 1998). In N. sylvestris, nicotine accu-
mulation continues during nitrogen stress (Baldwin et al., 1993). It was con-
cluded that nitrogen allocation to nicotine is not dependent on nitrogen in excess
of growth requirements (Baldwin et al., 1993; Ohnmeiss and Baldwin, 1994).
For pyrrolizidine alkaloids (PAs) in Senecio jacobaeae, no negative relation-
ship between growth and differentiation could be found (Vrieling and van Wijk,
1994). Deficiencies of mineral nutrients including N did not significantly alter
PA concentrations in flower heads of Senecio vulgaris under growth chamber
conditions (Brown and Molyneux, 1996). GDB theory is supported by the work
of Höft et al. (1996) who found that nitrogen supply resulted in enhanced alka-
loid accumulation in Tabernaemontana pachysiphon under greenhouse condi-
tions. Moderate fertilization was more effective than abundant nitrogen supply.

The above-mentioned studies testing CNB and GDB hypotheses in view
of nitrogen-based secondary metabolites were carried out under greenhouse or
laboratory conditions and were not conclusive. It is essential to investigate these
models under field conditions so that the plants are exposed to the entire array
of physical factors. Clarifying the validity of these hypotheses also is impor-
tant from a nature conservation view. The fulfilment of the GDB predictions
in heavily fertilized soil, for instance, suggests a decrease of the allelochemi-
cal concentration in the plant body. This will influence not only plant survival
but also the fitness of associated specialist insect herbivores (for reviews see
Rosenthal and Berenbaum, 1992; Harborne, 1993).

In an agroecosystem of northern Switzerland, we examined GDB in Senecio
vulgaris by choosing two habitats differing widely in their nutrient supply.
These were a conventionally managed vineyard and a strip of local wild flow-
ers between crop fields, which was established to promote species diversity in
agroecosystems. No fertilizer or pesticides are allowed in such ecological com-
pensation areas. The Swiss government financially subsidizes farmers for setting
aside arable land for ecological purposes.

PA formation in the predominantly inbreeding S. vulgaris provides an
excellent model to study phenotypic plasticity of PA formation and possible
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effects on specialized herbivores. PAs are feeding deterrents for most herbi-
vores (Hartmann, 1999) and are hepatotoxic to vertebrate (Mattocks, 1986) and
mutagenic to insects (Frei et al., 1992). The use of PA by specialist insects is
well documented (Boppré, 1995; Hartmann, 1999). Specialized insect herbivores
such as Arctia caja and Thyria jacobaea (Lepidoptera: Arctiidae) (Hartmann and
Witte, 1995), which were, among other species, associated with S. vulgaris, were
favored. Both species are recorded in the study area and are on the red list of
endangered species (Bundesamt für Naturschutz, 1998).

Sites of PA biosynthesis are the roots, where the key compound senecionine
N-oxide is produced (Sander and Hartmann, 1989) and its formation is quantita-
tively controlled. Senecionine N-oxide is translocated to the above-ground plant
parts (Hartmann et al., 1989) and subsequently subjected to chemical diversi-
fication specific to species and populations (von Borstel et al., 1989; Witte et
al., 1992). The total amount of alkaloids is not changed by this diversification.
Senecionine N-oxide and the transformation products are spatially mobile but
do not underlie degradation (Hartmann and Dierich, 1998).

A reciprocal transplant experiment was carried out with seed material origi-
nating from a vineyard and an ecological compensation area, which were closely
located and ecologically similar to the experimental sites. The first aim was to
test the predictions of the GDB hypothesis under field conditions. In the com-
pensation area we expected lower growth but higher PA formation than in the
vineyard. Secondly, due to differential selection regimes in the two habitat types
with regard to nitrogen availability in the soil, we also expected different N-
allocation patterns among the genotypes of the two collection sites. Thirdly, we
aimed to clarify whether plants growing in compensation areas with low N input
may allocate higher levels of PAs and benefit specialized insect herbivores.

METHODS AND MATERIALS

Plant Material and Design of Field Trials. Achenes of S. vulgaris were
randomly sampled in 1997 in the Klettgau region of northern Switzerland (Can-
ton of Schaffhausen) in both a vineyard and an ecological compensation area
ca. 5 km apart. Achenes from 10 individual plants per site were grown for one
generation in the greenhouse at the University of Fribourg to reduce possible
maternal effects. In April 1998, achenes from five individuals (maternal seed
families) from each site were sown in seed trays containing nutrient-poor soil
in the greenhouse. After 19 days, seedlings were planted into two field plots
(1 × 3.5 m) located in an ecological compensation area (C) and in a vineyard
(V), respectively. All vegetation was removed in these plots before planting the
seedlings. Field plots were in close (200 m) to each other and located near where
the original material had been collected. In each habitat, 10 individuals from each
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seed family and from both origins (C and V) were randomly assigned to plant
positions in a regular grid of 15 × 15 cm, resulting in 100 plants per site. In
the vineyard trial it was necessary to replant, since all seedlings suffered from
herbivory (most probably slugs) during the first night. Replanting resulted in a
delay of 14 days for the whole experiment.

Harvesting and Determination of Growth Parameters. Above-ground
biomass from each of three randomly selected plants from each family was har-
vested around midday at 18 and 37 days after planting, i.e., 37 days and 56
days after sowing. After determination of plant height, leaf numbers, and fresh
weight, the material was dried at 708C to measure the dry weight. At the second
harvest, plants were dissected into vegetative (stem and leaves) and generative
parts (flower heads).

Soil Nitrogen Analysis. At the second harvest, five soil samples were ran-
domly collected from the upper 30 cm of soil and pooled to determine total
mineralized nitrogen (Nmin, NO3, and NH4). The analysis was carried out pho-
tometrically by Schweizer AG, (Laboratory of Soil Analytics and Environmen-
tal Technologies, Thun, Switzerland), according to the Nmin method of Scharf
(1977).

Extraction of PA. The method of Hartmann and Toppel (1987) was slightly
modified: the dried and finely powdered plant material was extracted with 0.05 M
H2SO4 (ca. 25–50 mg/ ml) at room temperature for 1 hr by sonication. An aliquot
of the extract was transferred into a 2-ml Eppendorf tube and centrifuged. Then,
500 ml of the supernatant was mixed with 300 mg freshly reground (in a mortar)
zinc dust and vigorously shaken for 5 hr in order to reduce the PA N-oxides.
After centrifugation, 400 ml of the extract was removed and the pH adjusted
with concentrated ammonia to ca. 8.0, as estimated by dotting on an indica-
tor stripe. The extract was applied onto a Kieselgur column (Extrelut, Merck,
Darmstadt, Germany) in a Pasteur pipet, and after 5 min, elution was carried out
with 6 ml CH2Cl2. After passive evaporation of the solvent at room temperature,
the residue was dissolved in 400 ml methanol. In a few cases, where the plant
sample weight was below the standard extraction measure, the volume parame-
ters were adjusted. The purification procedure resulted in a loss of 16, 31, and
27% of retrorsine, seneciphylline, and senecionine, respectively, as determined
by reference compounds. The presented values were adjusted accordingly.

HPLC. Separation of PA was performed on a Nucleosil 100-5 ODS (Sta-
groma) column (5 mm; 4.6 × 250 mm; precolumn 4 × 20 mm) with 50 mM KPi
buffer (with 1% THF), pH 2.5 (buffer A) and MeOH (with 1% THF) (buffer B)
at a total flow rate of 1 ml/ min and by the following gradient (% B over A):
0 min (5), 0–14 min (10), 14–25 min (50), 25–26 min (5); and 26–35 min (5).
Parameters were controlled by a Hewlett Packard liquid chromatography (model
HP 1090) equipped with a diode array detector set at 216 nm. Peak identification
was achieved by comparing UV spectrum and Rt of authentic standards (library
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established under separating conditions). Quantification was made by standard
curves (external standards). The Rts (minutes) were as follows: retrorsine (20.5);
seneciphylline (23.6); senecionine (26.6). The latter includes the E isomer inte-
gerrimine.

Statistical Analysis. A nested ANOVA design was adopted as a model with
origin (site where mother plants had been collected), genotype (original seed
family, individual plant) and environment (experimental site) as main factors.
The effect of origin was tested against the genotype within origin, the origin ×
environment interaction against the genotype × environment interaction, and all
other factors and interactions against the residual term.

RESULTS

Genetic Effects. Nested analysis of variance showed no significant effect
of origin and origin × environment on both the plant growth and PA formation
(Tables 1 and 2). Significant genotype effects on growth were detected for plant
fresh and dry weight, plant height, and fruit fresh weight (Table 1). With regard
to PA formation, the effects were low and, with the exception of PA concen-
tration related to dry weight, not significant (Table 2). Genotype × environment
effects were only found for plant height and for dry weight of flowers at the
second harvest (Table 1) but not for PA formation (Table 2).

Environment Effects on Growth Parameters. After 37 days of development,
no environmental effect could be observed on plant height, but dry weight dif-
fered significantly (Table 1). Plants of C had 51% higher dry weight than plants
of V. At this developmental stage no reproductive organs were visible.

After 56 days of development, plants in V were significantly taller than
plants in C and the fresh weight of plants of V was 70% higher than those of
C (Figure 1). Generally, differences in dry weight were more prominent at the
first harvest and differences in fresh weight at the second harvest (Table 1).

Fresh weight and dry weight of flower heads were significantly different
(Table 1). Flowers of C had 60% more fresh weight (Figure 1) and 135% more
dry weight than the flowers of V due to an advanced stage of differentiation
at the same age in C. More than twice as many flower heads had developed
in plants of C compared to plants of V (results not shown). The fresh and dry
weights of an individual flower head, however, was higher in plants of V.

Plants of V were more succulent at both sampling dates. The dry–fresh
weight ratios were higher in plants of C than of V.

Environment Effects on Alkaloid Formation. A highly significant environ-
menal effect on PA concentration was found when referred to the fresh weight
(Table 2). At both harvest times, PA concentrations were about twice as high
in plants of C than in plants of V (Figure 2). On a dry weight basis the PA
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TABLE 1. RESULTS FOR NESTED ANALYSIS OF VARIANCE: GROWTH AND DEVELOPMENTAL PARAMETERSa

First harvest time (37 days) Second harvest time (56 days)

Source of variation df SS F P df SS F P

Fresh weight
Origin 1 0.11 0.28 NS 1 0.32 0.01 NS
Genotype within origin 8 3.09 2.37 < 0.05 8 347.60 2.60 < 0.05
Environment 1 0.40 2.48 NS 1 344.87 20.60 < 0.001
Origin × environment 1 0.26 1.00 NS 1 1.28 0.05 NS
Genotype × environment 6 1.58 1.62 NS 8 190.31 1.42 NS
Residual 36 5.87 40 669.72

Dry weight
Origin 1 0.00 0.00 NS 1 0.07 0.10 NS
Genotype within origin 8 0.07 3.66 < 0.01 8 5.57 2.93 < 0.05
Environment 1 0.03 15.03 < 0.001 1 0.11 0.46 NS
Origin × environment 1 0.00 0.00 NS 1 0.20 0.07 NS
Genotype × environment 6 0.03 2.27 NS 8 2.54 1.34 NS
Residual 36 0.08 40 9.50

Plant height
Origin 1 1.68 0.21 NS 1 101.40 1.36 NS
Genotype within origin 8 63.27 3.05 < 0.05 8 597.41 6.48 < 0.001
Environment 1 1.30 0.50 NS 1 1026.72 89.06 < 0.001
Origin × environment 1 0.95 0.21 NS 1 1.35 0.02 NS
Genotype × environment 6 27.34 1.75 NS 8 602.80 6.54 < 0.001
Residual 36 93.49 40 461.15

a NS c not significant.
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TABLE 1. CONTINUED

First harvest time (37 days) Second harvest time (56 days)

Source of variation df SS F P df SS F P

Dry wt/ fr. wt ratio
Origin 1 0.00 1.06 NS 1 0.00 1.18 NS
Genotype within origin 8 0.01 2.01 NS 8 0.00 2.05 NS
Environment 1 0.05 169.18 < 0.001 1 0.07 238.67 < 0.001
Origin × environment 1 0.00 0.10 NS 1 0.00 0.02 NS
Genotype × environment 6 0.00 0.32 NS 8 0.00 0.77 NS
Residual 36 0.01 40 0.01

Fr. wt flowers
Origin 1 0.43 0.18 NS
Genotype within origin 8 19.41 2.41 < 0.05
Environment 1 5.40 5.36 < 0.05
Origin × environment 1 0.12 0.08 NS
Genotype × environment 8 12.88 1.60 NS
Residual 40 40.28

Dry wt flowers
Origin 1 0.00 0.01 NS
Genotype within origin 8 0.39 2.01 NS
Environment 1 0.83 33.79 < 0.001
Origin × environment 1 0.00 0.00 NS
Genotype × environment 8 0.58 2.97 < 0.05
Residual 40 0.98
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TABLE 2. RESULTS FOR NESTED ANALYSIS OF VARIANCE: PA FORMATIONa

First harvest time (37 days) Second harvest time (56 days)

Source of variation df SS F P df SS F P

PA concentration (% dry wt)
Origin 1 8.52 3.90 NS 1 2.91 3.87 NS
Genotype within origin 8 17.5 1.53 NS 8 6.03 2.28 < 0.05
Environment 1 4.62 3.24 NS 1 3.96 11.97 < 0.01
Origin × environment 1 1.75 0.90 NS 1 0.64 1.63 NS
Genotype × environment 6 11.72 1.37 NS 8 3.14 1.19 NS
Residual 36 51.42 40 13.23

PA concentration (% fr. wt)
Origin 1 0.02 0.44 NS 1 0.05 2.28 NS
Genotype within origin 8 0.39 2.01 NS 8 0.18 1.93 NS
Environment 1 2.53 104.28 < 0.001 1 0.82 68.72 < 0.001
Origin × environment 1 0.03 0.61 NS 1 0.03 2.26 NS
Genotype × environment 6 0.31 2.10 NS 8 0.09 0.95 NS
Residual 36 0.87 40 0.48

PA total
Origin 1 1.22 2.12 NS 1 0.13 0.07 NS
Genotype within origin 8 4.61 1.26 NS 8 15.01 1.71 NS
Environment 1 2.18 4.79 < 0.05 1 1.46 1.33 NS
Origin × environment 1 0.6 0.44 NS 1 0.10 0.13 NS
Genotype × environment 6 0.84 0.31 NS 8 6.22 0.71 NS
Residual 36 16.4 40 43.78

a NS c not significant.
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TABLE 2. CONTINUED

First harvest time (37 days) Second harvest time (56 days)

Source of variation df SS F P df SS F P

PA concentration (% fr. wt)
flowers

Origin 1 0.26 1.60 NS
Genotype within origin 8 1.29 1.52 NS
Environment 1 0.02 0.22 NS
Origin × environment 1 0.04 0.48 NS
Genotype × environment 8 0.68 0.80 NS
Residual 39 4.14

PA concentration (% dry wt)
flowers

Origin 1 41.79 1.65 NS
Genotype within origin 8 202.67 2.03 NS
Environment 1 1.59 0.13 NS
Origin × environment 1 11.39 0.59 NS
Genotype × environment 8 155.05 1.55 NS
Residual 39 486.62
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FIG. 1. Biomass (g fr. wt) of Senecio vulgaris at 37 days and 56 days of development.

concentrations were 15% and 24% (first and second harvest times, respectively)
higher in plants of C than in plants of V. The effect was significant only after
56 days. Total PA content was higher in plants of C than in plants of V (about
70% after 37 days and about 12% after 56 days). The effect was significant only
at the first harvest time.

At both sites, PA concentration decreased from the first to the second har-
vest by a factor of almost 2 (from 0.90 to 0.48 mg/ g fresh wt in C and from
0.44 to 0.24 mg/ g fresh wt. in V; Figure 2). No environmental effect on PA
formation could be found in fruits (Table 2).

The main alkaloid compounds were seneciphylline and senecionine (includ-
ing the E isomer integerrimine) in varying proportions. The portion of retrorsine
was below 10%. Correlating with the habitat, no significant alkaloid pattern was
found.

Soil Nitrogen. Mineral nitrogen of V was twice as high as of C (33 kg
Nmin/ ha and 16 kg/ Nmin/ ha, respectively). Compared to sites in the neighbor-
hood, the soil nitrogen content of V was relatively low, because no fertilization
was carried out during the experiment. The nitrogen content of C is within the
range of sites nearby (Serena Rigamonti, personal communication).
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FIG. 2. Alkaloid concentration (mg PA/ g fr. wt) in Senecio vulgaris at 37 days and 56
days of development.

DISCUSSION

In general, the observed results fit the GDB hypothesis (Loomis, 1953; Herms
and Mattson, 1992) quite well. Plants of V with a larger soil nitrogen supply were
oriented to growth whereas plants of C were oriented to differentiation. After 56
days, plants of V had a higher fresh weight, were taller, and had more leaves (result
not shown) than plants of C. The number of flower heads, however, was twice
as high in plants of C than in those of V. The relatively poor nitrogen conditions
favored an earlier differentiation towards generative organs. After 37 days, the
measured growth parameters (fresh and dry weight, height) did not yet demonstrate
higher growth of V and dry weight was even lower in V.

PA formation also followed the GDB hypothesis: higher concentrations were
found in plants of C than of V (Figure 2). In accordance with growth development,
the difference is more pronounced after 56 days than after 37 days. There exists
a significant negative correlation between log biomass and milligrams of PA per
gram of biomass (R2

c 0.52, P < 0.001 for fresh weight; R2
c 0.31, P < 0.001 for

dry weight) indicating a trade-off between growth and differentiation (Figure 3).
Such a significant negative correlation was also found within each site (for fresh
weight: V: R2

c 0.43, P < 0.001; C: R2
c 0.23, P c 0.007).
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FIG. 3. Correlation between of log fresh weight and alkaloid formation at 56 days of
development (R2

c 0.52, P < 0.001).

The CNB hypothesis (Bryant et al., 1983) was not supported. Higher avail-
ability of nitrogen did not lead to an increased accumulation of PAs.

The fact that seed origin had no significant effect on the various growth
and PA parameters assessed is not surprising. A recent plant molecular study
carried out on these S. vulgaris populations suggests that ecological compensa-
tion areas were only recently colonized from adjacent corn fields, with a nitro-
gen status similar to the vineyard sites (Müller-Schärer and Fischer 2000). The
significant genotype effects observed for some of the growth and PA variates
indicate, however, genetic variation for these traits and, therefore, the potential
for local adaptation.

PAs are synthesized in the roots. In organ cultures their formation is strictly
linked to root growth and ceases when root growth stops (Hartmann et al., 1988;
Sander and Hartmann, 1989). The shoot–root ratio in S. vulgaris correlates posi-
tively with the availability of soil nitrogen (Van der Kooij et al., 1998); therefore,
plants of C might have a relatively better developed root system than plants of
V. If the postulated link between root growth and PA formation exists under
field conditions, increased PA formation in C could be an indirect consequence
of a morphophysiological adaptation to low mineral nutrient conditions and not
a reaction in the sense of the GDB hypothesis. A significant negative correla-
tion between shoot–root ratio and PA concentration could be detected in exper-
iments with seedlings of S. vulgaris. A similar trend, although not significant,
was found in seedlings of S. jacobaea. In both species, a significant positive cor-
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relation was found between root biomass and total PAs per seedling (Schaffner
et al., unpublished manuscript). The relationship between root growth and PA
formation should be further studied under field conditions.

Physiological and biochemical (Hartmann, 1999; Hartmann and Dierich,
1998; Hartmann and Zimmer, 1986) as well as genetic studies (Vrieling et al.,
1993) indicate that two different sections of PA formation exist. The root, where
biosynthesis of the key compound, senecionine N-oxide, occurs under highly
constrained conditions, and the above-ground parts, where a large number of sub-
sequent biosynthetic transformations and tissue- and development-specific accu-
mulations take place. This study supports the model of Hartmann and Dierich
(1998) also for an ecological factor. Nitrogen supply is a high constraint for the
production of the total amount of PAs (relative to biomass) in the roots. The
flexible translocation and allocation of PAs in the above-ground plant parts is
independent of the production in the roots. Although alkaloid production relative
to biomass was lower in V than in C, alkaloid content in the generative plant
parts is equal in V and in C. In an ecological sense, it is reasonable that alkaloid
accumulation in vulnerable and valuable plant organs as flowers and fruits are,
within a certain range, independent of the supply. Therefore, although the phe-
notypic reaction of PA formation in S. vulgaris in the two sites fits quite well the
predictions of GDB theory, the response in detail is overlaid by physiological
factors leading to a pattern of PA accumulation, which in its details is hardly
predictable by nonmechanistic theories.

The hypothesis that ecological compensation areas with low soil nitrogen
may be beneficial to endangered insect specialists that sequester PAs has to be
tested further. The results clearly show that PA concentration is higher in plants
of C than V, which is in agreement with this hypothesis. The internal allocation
pattern may compensate for this reduced production as the level of PA concen-
tration in flowers was found to be independent of the soil nitrogen conditions.
Therefore, only specialized insects consuming vegetative plant parts would be
able to benefit from increased PA concentrations of ecological compensation
sites.
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Abstract—Effects of 2-b-D-glucopyranosyloxy-4-hydroxy-7-methoxy-1,4-
benzoxazin-3-one (DIMBOA-Glc) and DIMBOA-Glc N-O-methylated
(HDMBOA-Glc), two compounds present in high concentration in maize,
were tested on the aphid Metopolophium dirhodum reared on artificial diet.
HDMBOA-Glc and DIMBOA-Glc decrease survival of adults with an LD50

of 1 mM and 5.6 mM, respectively, after 72 hr of feeding. These compounds
also decrease the fecundity of the aphids at concentrations of 2 mM and
1 mM, respectively. At concentrations of 2 mM HDMBOA-Glc and 8 mM
DIMBOA-Glc in the diet, the average lifetime fecundity of 10 females is near
zero. Offspring mortality on diet with 2 mM DIMBOA-Glc is significantly
higher than with the control diet. In contrast, HDMBOA-Glc has no effect on
the survival of offspring. The possibility that these compounds protect Poaceae
against aphids is discussed.

Key Words—Poaceae, maize, 1,4-benzoxazin-3-ones, hydroxamic acids,
DIMBOA, aphids, Metopolophium dirhodum, artificial diet, plant resistance.

INTRODUCTION

Poaceae such as maize contain 1,4-benzoxazin-3-one derivatives in high quantity
(0.2% fresh weight). These compounds belong to three classes—hydroxamates,
lactams, and N-O-methylated derivatives—and are present in noninjured plants

*To whom correspondence should be addressed.
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only as b-glucosides (Cambier et al., 1999). When plants are crushed, b-glucosi-
dases transform glucosides into corresponding aglycones (Wahlroos and Virta-
nen, 1959).

Aglycone hydroxamic acids and mainly DIMBOA (2,4-dihydroxy-7-
methoxy-1,4-benzoxazin-3-one) have been associated with resistance to insects
such as Ostrinia nubilalis (Hübner) (Lepidoptera: Pyralidae) (Houseman et al.,
1992) and Diabrotica virgifera virgifera (Leconte) (Coleoptera: Chrysomelidae)
(Xie et al., 1990) and to several aphid species: Rhopalosiphum maidis (Fitch)
(Long et al., 1977), Metopolophium dirhodum (Walker) (Argandona et al., 1980),
Schizaphis graminum (Rondoni) (Corcuera et al., 1985), Sitobion avenae (Fabri-
cius) (Thackray et al., 1990), Rhopalosiphum padi (L.) (Thackray et al., 1990),
and Diuraphis noxia (Kurdjumov) (Mayoral et al., 1996). Argandona et al. (1980,
1981) found negative correlations between hydroxamic acid concentration in
the plant and aphid infestation and distribution. The decrease of growth rate
and intrinsic rate of increase (rm) of the aphid populations with the increase of
hydroxamic acid concentration also has been shown (Argandona et al., 1980;
Thackray et al., 1990). Experiments with artificial diet have shown that DIM-
BOA is toxic and deterrent to aphids (Argandona et al., 1983). Givovich and
Niemeyer (1995) have confirmed the feeding deterrent effect of this compound
by electronic monitoring of aphid feeding.

A compound present in the phloem sap, the main nutrition site of aphids,
can be both antixenotic (deterrent) and antibiotic. A compound present in the
path followed by the aphid stylet during penetration of the plant can act only as
a feeding deterrent.

DIMBOA is not detected in the phloem sap (Molyneux et al., 1990;
Givovich et al., 1992, 1994; Caillaud and Niemeyer, 1996). Thus, this compound
can not act as an antibiotic. Furthermore, we recently found that DIMBOA is
not present in maize seedlings during an aphid attack (unpublished data). Indeed,
DIMBOA-Glc and DIMBOA b-glucosidase are stored in different compartments
(extravacuolar and vacuolar spaces, respectively) (Massardo et al., 1994). So, it
is possible that during aphid nutrition, the b-glucosidase is not released from the
vacuolar space (Dreyer and Campbell, 1987), and consequently, DIMBOA-Glc
is not transformed into DIMBOA. However, this transformation undoubtedly
occurs when a plant is crushed by insects such as Ostrinia nubilalis or Dia-
brotica virgifera virgifera. Therefore, we believe that DIMBOA is not the main
resistance factor to aphids in maize seedlings.

On the contrary, the glucoside of DIMBOA and/ or other compounds
related to DIMBOA could potentially protect maize plants against aphids.
Indeed, we have detected in the honeydew produced by Metopolophium
dirhodum several glucosides of 1,4-benzoxazin-3-one derivatives, such as
DIMBOA-Glc and HDMBOA-Glc (2-b-D-glucopyranosyloxy-4-hydroxy-4,7-
dimethoxy-1,4-benzoxazin-3-one). These results suggest that DIMBOA-Glc and
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HDMBOA-Glc are present in the phloem sap and are ingested by aphids. Fur-
thermore, we have previously shown that these compounds are present in high
concentrations in plants (Cambier et al., 2000). Finally, we have observed that
plant resistance to M. dirhodum decreases when DIMBOA-Glc and HDMBOA-
Glc concentrations decrease in aerial parts.

Some authors previously have reported the potential effects of DIMBOA-
Glc on aphids reared on artificial diets. According to Corcuera et al. (1985), this
compound at concentrations as low as 0.25 mM decreases the reproduction rate
of Schizaphis graminum, and at a concentration of 4 mM causes the death of 50%
of the nymphs after only 24 hr. Givovich and Niemeyer (1995) monitored the
feeding behavior of five cereal aphids (Rhopalosiphum maidis, Rhopalosiphum
padi, Metopolophium dirhodum, Schizaphis graminum, and Sitobion avenae) on
artificial diet via electrical penetration graphs (EPG) and showed that all species
were equally sensitive to the feeding deterrent effect of DIMBOA-Glc. Concern-
ing HDMBOA-Glc, its effects on aphids reared on artificial diet have never been
reported.

The purpose of our work is to determine effects of DIMBOA-Glc and
HDMBOA-Glc on survival and fecundity of aphids Metopolophium dirhodum
by using an artificial diet. The results will give us information on the potential
roles of these compounds in the plant resistance to aphids.

MATERIALS AND METHODS

Isolation of Compounds. HDMBOA-Glc and DIMBOA-Glc were isolated
from maize (Magda, Sesnord, and Aztec varieties) aged 3–5 days. Aerial parts
of 500 plants were cut and placed immediately in 500 ml of boiling methanol for
30 min. After filtration, the green extract was evaporated under vacuum at 358C
to a volume of 50 ml. The extract was placed in a refrigerator for several days,
filtered, and evaporated to dryness under vacuum at 358C. The dried residue
was dissolved in 15 ml water. Each sample was prepurified on a Sep-Pack C18
cartridge (Waters, Milford, Massachusetts).

The purification was accomplished by preparative HPLC. Samples were
chromatographed with a Spectra System AS 3000 on a 10-mm × 25-cm micro-
bore reverse phase C18 preparative column (10 mm, econosphere). A two-sol-
vent system was used to generate the mobile phase: solvent A was 100% water,
and solvent B was 100% methanol. Solvents were degassed and filtered. The
flow rate was 4.7 ml/ min. The mobile phase at the initiation of each run was an
8 : 2 ratio (A to B). After injection of 500 ml of sample, a 4-min linear gradient
from 8 : 2 to 5 : 5 A/ B was applied and held for another 16 min. Elution was
monitored at 280 nm with a Spectra System UV 1000 wavelength detector. The
mobile phase flow was connected to a fraction collector.
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DIMBOA-Glc and HDMBOA-Glc were identified and quantified from their
UV spectra. Purity was verified by mass spectrometry.

Feeding and Diet Composition. Aphids were fed from artificial diet placed
between two layers of Parafilm M stretched over Petri dishes. The diet was a
mixture of sucrose, amino acids, vitamins, and mineral salts, derived from that
described by Auclair (1965).

Effects of DIMBOA-Glc and HDMBOA-Glc on Aphids. Individuals of
Metopolophium dirhodum (Walker) were collected from naturally infested maize
and wheat in Belgium and were reared on wheat seedlings grown in the labo-
ratory at 22 ± 28C with a 16L : 8D regime. Adults of unknown age were placed
on the diets. One day later, nymphs 0–24 hr old were collected and placed
on Triticum aestivum (Torfirda variety). After eight days in these conditions,
nymphs had reached the adult stage. These apterous adults aged 0 ± 1 day were
used in the experiments.

Four concentrations of DIMBOA-Glc (1, 2, 4, and 8 mM) and four con-
centrations of HDMBOA-Glc (0.25, 0.5, 1, and 2 mM) were separately added
to the diet to give a range of concentrations similar to those found in aerial parts
of maize seedlings. Control diets did not contain DIMBOA-Glc and HDMBOA-
Glc. Ten Petri dishes were used with each concentration, and ten apterous adults
of M. dirhodum aged 0 ± 1 day were placed in each dish. Every day, during
a six-day period, survival and fecundity were noted, diet was renewed, and
the offspring were discarded, except on the second day. On the second day,
nymphs were collected in the order to determine effects of DIMBOA-Glc and
HDMBOA-Glc on the offspring originating from these adults.

Impacts of DIMBOA-Glc and HDMBOA-Glc were determined as follows.
One hundred nymphs aged 0 to 24 hr laid by adults in 10 Petri dishes containing
0, 1, and 2 mM of DIMBOA-Glc and 0, 0.25, 0.5, and 1 mM of HDMBOA-Glc
were placed in other dishes and fed the same diet as the mother. Every day, for
four days of experiments with HDMBOA-Glc and for five days with DIMBOA-
Glc, survival of nymphs was determined and diet was renewed. Artificial diets
containing 4 and 8 mM of DIMBOA-Glc and 2 mM of HDMBOA-Glc were
not tested on the offspring because fecundity of adults was too low at these
concentrations.

Statistical Analysis. On the third day of the experiment, concentration–
mortality regressions were estimated by Probit analysis (Finney, 1971). Data
from all bioassays were corrected for control mortality with Abbott’s (1925)
formula.

On the sixth day of the experiment, one-way analyses of variance
(ANOVA) were performed on all aphid survival data (10 per concentration × 5
concentrations). Then, a Scheffé test allowed us to rank the means of the differ-
ent concentrations and control. These analyses were performed on SAS software
(SAS, 1985) for each compound.
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Cumulative fecundity curves for each HDMBOA-Glc or DIMBOA-Glc
concentration were established. Because of its logistical shape, a fitting by the
DUD method (Doesn’t Use Derivatives) (SAS, 1985) was performed according
to the following equation:

y c c/ 1 + ez

where z c − (x − a)/ b, y represents the value of the cumulative fecundity at age x,
a is the inflexion point, b is the inverse of the slope, and c is the plateau value.
The equation represents the total number of offspring produced in one generation
by an adult female. The DUD method allowed the calculation of a confidence
interval for each parameter. We assumed that values were significantly different
when confidence intervals did not overlap (Van Impe and Hance, 1993; Kennedy
and Hance, 1995).

The number of nymphs laid by the 10 adult females present in each dish
during one generation was also determined by this method. Nevertheless, in this
case, the number depends on fecundity and survival of the females.

RESULTS

Effects of HDMBOA-Glc on Aphids. With diets containing HDMBOA-Glc,
adult aphid survival was always lower (a c 0.05) than with the control diet
(Figure 1). Survival decreased with the increase in concentration. After six days,
97% of aphids fed on the diet containing 2 mM of HDMBOA-Glc were dead
compared to only 18% on the control diet. Mortality seemed particularly high
during the second and third days of the experiment and is similar to that observed
when aphids are not fed.

LD50 and LD95 of HDMBOA-Glc on aphids after three days of feeding
were 1 mM (limits: 0.8 to 1.1) and 3.8 mM, (limits: 3 to 5.5), respectively.

Concerning the cumulative fecundity per female (Figure 2), no significant
difference was observed between the control and concentrations of 0.25, 0.5,
and 1 mM of HDMBOA-Glc. A sharp decrease in fecundity was, nevertheless,
observed for the 2 mM concentration. However, if we consider the global fecun-
dity per replication (combining survival of the adult females and fecundity), and
if we plot the plateau value in relation to HDMBOA-Glc concentration (Figure
3), we observe a strong linear relationship, y c −52.7x + 114.1 (r2

c −0.99),
stressing the importance of the combined effect (adult survival + fecundity) on
the development of the next generation.

Surprisingly, nymphs laid by adult females reared on the artificial diet con-
taining concentrations of HDMBOA-Glc at 0.25, 0.5, and 1 mM did not show
any difference in mortality over the 4 days of their rearing.
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FIG. 1. Survival of M. dirhodum adults at different concentrations of HDMBOA-Glc.
Numbers represent concentration (mM) in the diet. NF c not fed. On the sixth day of the
experiment, significant differences of adult survival are indicated with different letters
(Scheffé test; a c 0.05).

Effects of DIMBOA-Glc on Aphids. On the sixth day, adult survival (Fig-
ure 4) on diets containing 0, 1, and 2 mM of DIMBOA-Glc is not significantly
different from controls. Incorporation of higher concentrations of DIMBOA-Glc
in the diet, 4 and 8 mM, decreased survival significantly (a c 0.05). The LD50

and LD95 of DIMBOA-Glc on aphids after three days of feeding are 5.6 mM
(limits: 5 to 6.5) and 18.6 mM, (limits 14 to 28.5), respectively.

Maxima of logistical curves representing the cumulative fecundity per
female (Figure 5) are always significantly different (a c 0.05) from control
diets. However, no difference appears at concentrations of 1, 2, and 4 mM. At 8
mM concentration, fecundity is near zero. As with HDMBOA-Glc, we observed
a linear relationship between the maximum of the logistical equation, c, and
DIMBOA-Glc concentration (Figure 6). The equation is y c −8.1x + 69.8 (r2

c

−0.98).
Mortality of the offspring reared for five days on artificial diet with increas-

ing concentrations of DIMBOA-Glc at 0, 1, and 2 mM was 3, 12, and 24%,
respectively. Only the last concentration gave significantly higher mortality (a
c 0.05).
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FIG. 2. Curves of cumulative fecundity per M. dirhodum female feeding on diets con-
taining different concentrations of HDMBOA-Glc. Experimental points are adjusted to a
logistical curve by the DUD method (see Materials and Methods). Number on the curve
represents concentration (mM) in the diet. Different letters mean that plateau values, c,
are significantly different.

DISCUSSION

Our results show that DIMBOA-Glc and HDMBOA-Glc have an important
negative effect on survival and fecundity of M. dirhodum adults fed on artifi-
cial diet at concentrations similar to those found in maize aerial parts (Cambier
et al., 2000). Global fecundity is low when DIMBOA-Glc and HDMBOA-Glc
concentration in the diet is 8 mM and 2 mM, respectively. HDMBOA-Glc is
more active than DIMBOA-Glc on aphid survival. Indeed, after three days of
feeding, the LD50 and LD95 are, respectively, 5.6 and 4.9 times lower that these
of DIMBOA-Glc.

Recently, Escobar et al. (1999) tested antifeeding and antibiotic effects of 25
compounds, including benzoxazinones, benzoxazolinones, and N-glyoxylamide
derivatives towards the aphid Sitobion avenae in diet bioassays. Their results
showed that these compounds increased the mortality at a concentration of 2 mM
in the diet. Nevertheless, no glucosylated derivatives were tested. In this paper,
we show that glucosides present in maize plants, such as HDMBOA-Glc, have
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FIG. 3. Average fecundity of 10 M. dirhodum females during their life (maximum of
the cumulative fecundity curve) that fed on diets containing different concentrations of
HDMBOA-Glc. Vertical lines at data points show standard errors.

FIG. 4. Survival of M. dirhodum adults in the presence of different concentrations of
DIMBOA-Glc. Numbers on the line represent concentration (mM) in the diet. On the
sixth day of the experiment, significant differences of adult survival are indicated with
different letters (Scheffé test; a c 0.05).
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FIG. 5. Curves of cumulative fecundity per M. dirhodum female feeding on diets with
different concentrations of DIMBOA-Glc. Experimental points are adjusted to a logistical
curve by the DUD method (see Materials and Methods). Numbers on the curve repre-
sents concentration (mM) in the diet. Different letters mean that plateau values, c, are
significantly different.

FIG. 6. Average fecundity of 10 M. dirhodum females during their life (maximum of
the cumulative fecundity curve) that fed on diets containing different concentrations of
DIMBOA-Glc. Vertical lines at data points show standard errors.
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negative effects on aphids fed on artificial diets. Thus, in future investigations,
it seems essential to study their roles in the plant resistance to aphids.

DIMBOA-Glc and HDMBOA-Glc appeared to act as strong feeding deter-
rents. Indeed, during the first three days, when aphids are fed on a diet containing
these compounds, adult survival decreases so that it follows the same pattern as
that observed when they are not fed. Furthermore, when concentrations of these
compounds are high in the diet, fecundity of the adults is near zero, the quantity
of honeydew released is low, and the number of wandering aphids is increased.

The survival of offspring laid by females fed on artificial diets containing
HDMBOA-Glc seems not to be affected. The major reason is probably that the
HDMBOA-Glc concentrations (0.25, 0.5, and 1 mM) were too low. A DIMBOA-
Glc concentration of 2 mM weakly but significantly decreased survival of the
offspring laid.

We have never been able to establish a M. dirhodum population on maize
plants less than 15 days old. On these young plants, aphids wandered and starved
after several days. Thus, maize seems to have developed an important defense
mechanism against aphids at the more sensitive stage.

Concentrations of DIMBOA-Glc and HDMBOA-Glc are high in aerial parts
of maize one day after seed germination. These concentrations are 13 mM and
1.5 mM, respectively (Cambier et al., 2000). Fourteen days later, they drop to
1.5 mM and 0.25 mM, respectively. Thus, concentrations decrease rapidly with
plant age, and, we observe that populations of aphids begin to develop. Finally,
as DIMBOA-Glc and HDMBOA-Glc are present in the phloem sap and probably
in the vascular and mesophyll tissues (Argandona and Corcuera, 1985; Massardo
et al., 1994), we suggest that the defense mechanism of the maize seedlings is
due to the deterrent effect of these compounds.
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Abstract—A role for inhibitors as regulators of seed dormancy in
fire-dependent annuals and their nondormant (fire-independent) congeners was
examined in the family Hydrophyllaceae. From seeds of the fire-dependent
species, Emmenanthe penduliflora, Phacelia minor, P. brachyloba, and
P. grandiflora, extracts were obtained that were found to be largely
self-inhibitory and potent inhibitors of seed germination in nondormant
congeners. Lower activity was detected in the fire-independent species, P.
tanacetifolia and P. campanularia. The inhibitory activity was associated with
the new sucrose ester, 6-O-linoleyl-a-D-glucopyranosyl-b-D-fructofuranoside.

Key Words—Chaparral, fire, germination inhibition, sucrose esters, Hydrophyl-
laceae, Emmenanthe penduliflora, Phacelia brachyloba, Phacelia campanularia,
Phacelia grandiflora, Phacelia minor, Phacelia tanacetifolia.

INTRODUCTION

Fire is a dominant force in the ecology and evolution of plant communities in
the California chaparral (Axelrod, 1958). The chaparral postfire environment
is notable for the diversity of adaptive flora (Sweeney, 1956; Christensen and
Muller, 1975) and in particular the rich complex of annual and short-lived woody
species that are cued for germination by charred wood or smoke (e.g., Wicklow,

*To whom correspondence should be addressed.
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1977; Keeley and Keeley, 1987). The life history of these “fire-recruiters” is one
characterized by prolonged, deep seed dormancy in a soil seed bank, reliance on
smoke for germination, and establishment and seed set in the first spring after
a fire. In turn, these seeds recharge the persistent soil seed bank until the next
fire and ensure the maintenance of the population over time.

Despite our understanding of the effects of fire on seed ecology and controls
on germination behavior (Wicklow, 1977; Keeley et al., 1985; Keeley and Kee-
ley, 1987; Keeley, 1992), considerably less is known about the mechanisms that
maintain or enforce the prolonged, deep seed dormancy. Sweeney (1956) sug-
gested that physical mechanisms controlled dormancy and germination in fire-
recruiters. Structures adjacent to the embryo (Phacelia, Allophyllum, Eucrypta)
or seed coat (Camissonia), or the selective permeability of the seed coat to water
and solutes (Emmenanthe, Antirrhinum, Chaenactis) and the changes therein fol-
lowing exposure to smoke confirm a role for (morpho-) physiological dormancy
(Quick, 1943, 1947; Egerton-Warburton, 1998, and unpublished data). However,
physiological dormancy is often linked to the presence of germination inhibitors
(Baskin and Baskin, 1998), and embryo coverings can either contain or prevent
the leaching of inhibitors (Bewley and Black, 1982). To date, a role for endoge-
nous inhibitors in maintaining seed dormancy in fire-recruiters is unknown. In
this paper, we report for the first time the nature and chemical identity of a bio-
logically active compound, the sucrose ester 6-O-linoleyl-a-D-glucopyranosyl-
b-D-fructofuranoside, in seeds of the fire-recruiters, Emmenanthe penduliflora,
Phacelia minor, and P. brachyloba (family Hydrophyllaceae), and its potential
role in the regulation of dormancy and germination.

METHODS AND MATERIALS

Seed Materials. We assayed for inhibitors in seed of the fire-dependent
species, Emmenanthe penduliflora Benth., Phacelia minor (Harvey) Thell., P.
brachyloba (Benth.) A. Gray, and P. grandiflora (Benth.) A. Gray. All these
species display a requirement for smoke-stimulated germination: dormant seed
demonstrates 0–2% germination in comparison to >75% germination following
exposure to smoke. Comparisons of inhibitory activity were made with seed
of nondormant (fire-independent) congeners, P. tanacetifolia Benth. and P. cam-
panularia A. Gray. Seeds of these species germinated readily in deionized water
(mean germination >95%). Seeds of each species were collected from recently
burned sites in southern California (fresh), obtained from the Rancho Santa Ana
Botanic Garden (RSABG) Seed Collection (stored), or from commercial sources
as follows: E. penduliflora (N c 3 accessions from recently burned sites and
RSABG accession 19174), P. minor (N c 4, RSABG 16375, 16268), P. brachy-
loba (N c 3, RSABG 19141, 15943), and P. grandiflora (N c 2, RSABG 16851),
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P. tanacetifolia (S&S Seeds, CA), and P. campanularia (Seeds of the Southwest,
NM, RSABG 17578).

Extraction of Germination Inhibitors. Aliquots of seed of an individual
species, each 0.5 g, were ground under liquid nitrogen to a fine powder and
then steeped in 5 ml 90% EtOH for 24 hr at 188C. The resultant slurry was
pulse centrifuged to pellet the solids, after which the supernatant was removed
and evaporated to complete dryness under a stream of compressed N2. The pel-
let was resuspended in 5 ml of deionized water and steeped for a further 24
hr. The slurry was again centrifuged and then the aqueous portion removed and
dried under N2. Dry extracts were stored at −208C until required for analysis
and bioassays. All species and accessions were extracted in triplicate on at least
three different occasions.

Analytical Methods. For TLC, precoated AL SIL G/ UV (Whatman) plates
were used and the compounds were detected by spraying with 0.5% thymol in
5% H2SO4–ethanol. 1H and 13C NMR spectra were obtained for d4-MeOH solu-
tions by using a Bruker ARX-500 instrument operating at 500.1 (1H) and 125.8
MHz (13C). Mass spectrometry was carried out with a VG Autospec Mass Spec-
trometer (70 eV) in the Fast Atom Bombardment mode with m-nitrobenzylalco-
hol as the matrix.

Seed Germination Bioassays Conditions. Individual extracts were used in
bioassays without further purification since 1H and 13C NMR analyses demon-
strated that extracts were fundamentally composed of a single sucrose ester (e.g.,
P. brachyloba), and all efforts to purify the extracts resulted in rapid hydrolysis
of them. Dried extracts for testing were dissolved in 200 mM KH2PO4 buffer
(pH 7.1) and pipetted into 6-cm-diameter Petri dishes containing two Whatman
No. 1 filter papers. Filter papers were prerinsed with methanol, then rinsed in
deionized water and air dried to remove any substances that could influence ger-
mination (Peterson and Harrison, 1991). Each species and sample was tested by
using a final concentration of 25 mg dry weight seed per milliliter of buffer.
Clean, intact bioassay seed of P. tanacetifolia or smoke-treated E. penduliflora
(described below) were then placed in the prepared dishes and incubated for 48
hr at 18–208C under a photoperiod of 14L : 10D. Petri dishes containing buffer
only were used as controls. Each species and extract was tested at least three
times. On each occasion, three replicates containing 50 seeds per dish were used
to test the inhibition response. Germination was scored as positive if the length
of the radicle was at least as long as the seed. Differences in the number of seeds
germinating following incubation in ethanolic or aqueous extracts were analyzed
with a t test (Zar, 1984). Germination of the bioassay species after incubation
was analyzed first by using a x2 test among extracts and then between bioassay
species (E. penduliflora, P. tanacetifolia) for each test species extract by using a t
test. Germination data were also converted to a response index (RI) (Williamson
and Richardson, 1988), where RI was calculated as: if T > C, then RI c 1 − C/ T
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and if T < C, then RI c T/ C − 1. The term T is the germination response follow-
ing incubation in the extract, and C is the percentage germination in the control
(buffer). RI ranges from −1 to +1, where −1 indicates complete inhibition and
+1 indicates stimulation of germination.

Concentration Effects. The degree of germination inhibition and ID50 (the
inhibitory dose for 50% of the seeds tested) were evaluated by using a graded
concentration curve with extracts ranging from 0 to 10 mg/ ml of the bioactive
compound, a sucrose ester. The relationship between the amount of sucrose ester
in solution and germination inhibition or radicle length was analyzed with cor-
relation and regression of the line of best fit (Zar, 1984).

Leaching Versus Deactivation of Inhibitors. The potency of endogenous
inhibitors during germination and the potential for leaching of compounds dur-
ing this period was evaluated in E. penduliflora. Batches of E. penduliflora seed
(RSABG 19174) were soaked for 24 hr in Regen 2000 (dilution 1 : 1000 in deion-
ized water), a commercially available smoke extract. Half of the seed batch was
dry blotted on KimWipes, placed in Petri dishes containing Whatman No. 1 filter
papers moistened with deionized water, and germinated at 188C and a photope-
riod of 14L : 10D. Up to 88% of smoke-water treated E. penduliflora germinated
within 10 days of commencing imbibition. For that reason, we sampled seeds
and germinants every two days for their inhibitor status during this period. The
remaining seeds were soaked in deionized water (1 : 2, seeds–water), and sub-
samples of leachate were removed for bioassay every second day to coincide
with the germination profile. Data were analyzed with a two-way analysis of
variance for time (days) and extract source (leachate, germinant).

RESULTS

Aqueous and ethanolic extracts of seeds from all fire-dependent species
were equally efficacious inhibitors of germination. We detected no significant
difference (P > 0.05) in germination of P. tanacetifolia seed incubated in either
extract; both sources consistently resulted in no germination. For that reason,
the data reported here represent the results of combined germination responses
to both extractions.

Seeds of nondormant (fire-independent) species, P. tanacetifolia and P. cam-
panularia, exhibited little inhibitory activity (Table 1). In contrast, extracts from
seeds of the fire-dependent species, E. penduliflora, P. minor, P. brachyloba, and
P. grandiflora, were potent inhibitors of germination on both fire-dependent (E.
penduliflora) and -independent bioassay species (P. tanacetifolia) (x2, P < 0.05).
In both test species, extracts from all Phacelia species resulted in total inhibition
of germination. The strongly negative RI values also reflect inhibition of germi-
nation. Extracts of E. penduliflora also inhibited the germination of P. tanaceti-
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TABLE 1. PERCENTAGE GERMINATION AND RESPONSE INDEX (RI) OF BIOASSAY SPECIES,
Phacelia tanacetifolia AND Emmenanthe penduliflora, FOLLOWING INCUBATION IN

EXTRACTS OF FIRE-DEPENDENT AND -INDEPENDENT SPECIES

Bioassay species

Phacelia Emmenanthe
tanacetifolia penduliflora Significance

Source of extract (fire-independent) (fire-dependent) (t test)a

Fire-dependent
Emmenanthe penduliflora

% germination 0 2.8 ns
RI −1 −0.96

Phacelia minor
% germination 0 0 ns
RI −1 −1

Phacelia brachyloba
% germination 0 0 ns
RI −1 −1

Phacelia grandiflora
% germination 0 0 ns
RI −1 −1

Fire-independent
Phacelia campanularia

% germination 90 78 ns
RI −0.1 −0.06

Phacelia tanacetifolia
% germination 80 73 ns
RI −0.2 −0.12

Buffer only (control)
% germination 100 83 n/ a

a n/ a, statistical analysis not applicable; ns, not significant (P > 0.05).

folia. However, a small proportion of the E. penduliflora bioassay seedlot ger-
minated in the presence of the E. penduliflora extract. Such findings indicate
that bioactive compounds are not totally self-inhibitory and, possibly, that the
embryo is less sensitive to its own inhibitors than those of other species. The
inhibitory effect was also readily reversible; the transfer of seeds of bioassay
species to dishes containing deionized water resulted in 80–100% germination.

The degree of germination inhibition was directly correlated with the
amount of bioactive compound in solution (line of best fit, polynomial r c 0.964,
P < 0.05; Figure 1). Sucrose linoleate was identified as a bioactive compound
in seed extracts (see below), and the sucrose ester demonstrated an ID50 of 3.4
mg/ ml solution (Figure 1). An increasing concentration of sucrose ester in solu-
tion also resulted in a proportionate reduction in the elongation of the radicle
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FIG. 1. Percentage germination of P. tanacetifolia seeds in response to increasing con-
centrations of sucrose linoleate extracted from seed of E. penduliflora.

(linear r c 0.979, P < 0.05; Figure 2), brown discoloration and curling of the
radicle, and the loss of root hairs.

Inhibitory compounds were not leached from E. penduliflora seeds dur-
ing germination (Figure 3), as bioassay of leachates gave 98–100% germination
throughout the germination period. In contrast, inhibitors were detected within
E. penduliflora seeds until germinants emerged, as indicated by the significant

FIG. 2. Mean radicle length of P. tanacetifolia germinants following incubation in increas-
ing concentrations of sucrose linoleate from E. penduliflora seed.
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FIG. 3. Percentage germination of P. tanacetifolia seed following incubation in leachate
or extracts of germinating seed of E. penduliflora during the germination period.

increase (P < 0.05) in bioassay germination at 10 days postimbibition (to 74%).
These data indicate that release from inhibition was associated with deactiva-
tion, and not leaching, of the inhibitory compound(s). In addition, the absence
of bioactive compounds in leachate reduces the potential for their role in allelo-
pathic activity.

The extract from P. brachyloba appeared from thin-layer chromatography
(TLC) to contain essentially a single compound as an amorphous solid. The pro-
ton and carbon NMR spectra indicated the presence of an unsaturated fatty acid
residue that was identified as a linoleyl group by comparison with the spectra of
linoleic acid (Pouchert and Behnke, 1976). However, a signal at dC 174.7 in the
13C NMR spectrum indicated the presence of an ester, the free acid showed a
signal for the carboxylic acid carbon at dC 180.1. The other signals in the NMR
spectra of the compound suggested that the remainder of the molecule was a di-
saccharide (signals for 12 carbons in the region dC 61–106 (Table 2). Support for
this conclusion came from FAB/ MS measurements. The mass spectrum showed
peaks at m/ z 603 ([M−H]+; 13%), 758 ([M+matrix+H]+; 17%) and 263 (linoleyl
ion, 18%) (see, for example, FAB mass spectra of sucrose esters) (de Koster et
al., 1993). Detailed analysis of the NMR spectra provided evidence for the nature
of the disaccharide unit as sucrose. Importantly, signals for three methyleneoxy
carbons (dC 64.1, 63.4, 62.2, all triplets) and two acetal carbons (dC 105.3, 93.6,
singlets) were of diagnostic significance. The location of the fatty acid residue
at C-6 of the glucose unit was deduced as follows. The chemical shift and multi-
plicity (d 4.35, J 3.9, 12.0 Hz; 4.17, J 6.0, 12.0 Hz) of the methyleneoxy protons
of the esterifying alcohol indicated that the ester group was at C-6 or C-6′. It
has been noted that the presence of an ester group at C-6′ results in shield-
ing of the C-5′ from d 82–84 to d 78–79 (Matzusaki et al., 1992; Miyase et al.,
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TABLE 2. NMR DATA FOR SUCROSE UNIT OF SUCROSE LINOLEATE (1) AND MODEL

COMPOUND SIBIRICOSE A3 (2)

dH (J, Hz) dC

Atom 1 2 1 2

1 5.38 d (3.7) 5.42 d (4) 93.6 93.6
2 3.41 dd (9.7, 3.8) 3.46 dd (9.5, 3.5) 73.2 73.2
3 3.70 m 3.76 m 74.7 74.6
4 3.35 dd (9.5, 9.5) 3.45 dd (9.5, 9.5) 71.3 71.7
5 4.10 m 4.14 m 74.4 72.2

4.17 dd (12.0, 6.0) 4.44 dd (12.0, 4.5)
6 64.1 64.2

4.35 dd (12.0, 3.9) 4.55 dd (12.0, 3.0)
3.59 d (12.3) 3.61 d (12.0)

1′ 63.4 64.7
3.63 d (12.3) 3.64 d (12.0)

2′ 105.3 105.3
3′ 4.09 d (8.3) 4.10 d (8.0) 79.3 79.5
4′ 4.10 dd (8.3, 8.3) 4.01 dd (8.0, 8.0) 75.7 76.0
5′ 3.70 m 3.67 m 83.8 83.8

3.75 m 3.74 m
6′ 62.2 63.9

3.80 m 3.76 m

1999; Ohya et al., 1994). Since 1 shows C-5′ at d 83.8, the ester group must
be located at C-6. Finally, comparison of the NMR spectra of sucrose linoleate
(1) with those of the model compound sibiricose A3 (2) (Miyase et al., 1999)
shows close correspondence, supporting the structure proposed.

Similar examination of the extracts from P. minor and E. penduliflora
revealed the presence of 1 as the major compound, although traces of other
sucrose esters varying in the nature of the fatty acid could be detected.

Given the structure of the compound (1; Figure 4) and the observation that
inhibition was readily reversible by transferring seed to deionized water, it is
tempting to suggest that the most likely mechanism of deactivation is hydrolysis
of the ester resulting in the formation of free sucrose and fatty acid in solution.

DISCUSSION

Sucrose esters have been shown to be inhibitors of seed germination in
the Solanaceae, (Matsuzaki et al., 1988) and Caryophyllaceae (Peterson et al.,
1998). We have now shown that sucrose linoleate constitutes a potent inhibitor to
seed germination in Phacelia and Emmenanthe of the family Hydrophyllaceae.
Notably, we detected significant differences in the yield of the sucrose ester
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FIG. 4. Structure of sucrose linoleate (1) and the model compound, sibiricose A3 (2).

among species based on life history traits (fire-dependent versus -independent).
These findings denote, firstly, a familial similarity in the underlying biochemical
pathways in these, and possibly other members, of the family Hydrophyllaceae,
and secondly, that the sucrose ester concentration was a causal factor in main-
taining dormancy or inhibiting germination in fire-recruiters. We infer that the
sucrose ester regulates seed germination since other inhibitors, such as abscisic
acid, benzoic acid, coumarin, lactones, or cinnamic acids, were not detected in
extracts of Emmenanthe or Phacelia seed (Bewley and Black, 1982; Hillhorst,
1995).

Differences in germination strategies, in this instance sucrose ester yield,
among related species may arise either on the basis of genetic differentiation or
adaptation to environmental effects. Because sucrose linoleate occurred among
phylogenetically related species, it is possible that the biosynthetic cascade for
sucrose ester synthesis already exists. Accordingly, the up-scaling of this prox-
imate signal and the production of sucrose esters in fire-recruiters may repre-
sent adaptation to the environment, including the maternal environment during
development, because they contribute to the regulation of germination (Westoby,
1981).

Apart from the direct inhibition of germination, there are two mecha-
nisms by which sucrose linoleate may contribute to the control of dormancy in
Hydrophyllaceae and, in turn, prolong longevity of the soil seed bank. Sucrose
esters may exhibit selective insecticidal properties (Puterka and Severson, 1995;
Neal et al., 1994; Chortyk et al., 1996, 1997) and antibacterial and antimicrobial
properties (Marshall and Bullerman, 1986; Holley et al., 1987; Chortyk et al.,
1993). Such properties may limit seed herbivory or the deterioration of seed via
the action of soil microbes, respectively.

Sucrose linoleate also may be closely associated with biochemical processes
within the seed. Both the hydrophilic (sucrose) and lipophilic (fatty acid) nature
of sucrose esters may control seed and cellular moisture; the sucrose moiety
retains inherent seed moisture, while the lipophilic group repels the uptake of
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water and, in turn, limits imbibition. Sucrose esters also slow cellular respiration
and delay ripening, thus prolonging longevity (Bauchot et al., 1995). In addition,
sucrose esters have strong emulsifying properties and have been associated with
the prevention of thermal decomposition of proteins during either heating or
cooling (Jandacek and Webb, 1978; Katsuragi, 1997); these properties are rele-
vant to seed survival during fire, hot summers, and cool winters in the cismontane
chaparral. Such mechanistic and functional traits may explain, at least in part,
seed dormancy and seed bank persistence in fire-dependent Hydrophyllaceae.

Whether sucrose esters are explicitly linked to dormancy is a key ques-
tion. Selection rarely acts on specific individual traits in isolation, but instead
often on suites of traits in a correlated manner (Roff, 1992). In this context,
dormancy in fire-recruiters may be a two-step process that comprises (morpho-)
physiological and biochemical mechanisms operating in concert. Firstly, seed
coat impermeability may regulate water and gas exchange (Egerton-Warbur-
ton, 1998), and secondly, sucrose esters (biochemical) may inhibit germination,
reduce respiration, limit total seed moisture, and possibly enhance viability in
the dormant phase (this study). Accordingly, we suggest that seed germination
involves breaking both (morpho-) physiological and biochemical barriers in a
temporal sequence. The exposure of seeds to smoke results in an increase in
seed coat permeability and the uptake of water (Egerton-Warburton, 1998); in
turn, imbibition may promote hydrolysis of the sucrose ester.
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PHYTOTOXICITY OF VULPIA RESIDUES:
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Abstract—Twenty compounds identified in vulpia (Vulpia myuros) residues
as allelochemicals were individually and collectively tested for biological
activity. Each exhibited characteristic allelochemical behavior toward the test
plant, i.e., inhibition at high concentrations and stimulation or no effect at low
concentrations, but individual activities varied. Allelopathins present in large
quantities, such as syringic, vanillic, and succinic acids, possessed low activity,
while those present in small quantities, such as catechol and hydrocinnamic
acid, possessed strong inhibitory activity. The concept of a phytotoxic
strength index was developed for quantifying the biological properties of each
individual allelopathin in a concise, comprehensive, and meaningful format.
The individual contribution of each allelopathin, assessed by comparing the
phytotoxic strength index to the overall toxicity of vulpia residues, was
variable according to structure and was influenced by its relative proportion in
the residue. The majority of compounds possessed low or medium biological
activity and contributed most of the vulpia phytotoxicity, while compounds
with high biological activity were in the minority and only present at low
concentration. Artificial mixtures of these pure allelochemicals also produced
phytotoxicity. There were additive/ synergistic effects evident in the properties
of these mixtures. One such mixture, formulated from allelochemicals found in
the same proportions as occur in vulpia extract, produced stronger activity than
another formulated from the same set of compounds but in equal proportions.
These results suggest that the exploration of the relative composition of a
cluster of allelopathins may be more important than simply focusing on the
identification of one or two compounds with strong biological activity and that
synergism is fundamental to the understanding of allelopathy.

*To whom correspondence should be addressed. e-mail address: man@csu.edu.au
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INTRODUCTION

To identify and quantify compounds contained in plant residues is part of the
process of discovering agents of allelopathy. Plants contain thousands of natural
products, but not all are implicated as being allelopathic (Bell and Charlwood,
1980; Rice, 1984). Plant allelopathins may be released, either as metabolites or
derivatives, into the environment by such processes as volatilization, root exuda-
tion, leaching, or residue decomposition and are thereby available to exert their
allelopathic effect upon other plants (Putnam and Tang, 1986).

Conclusive establishment of an allelopathic interaction is often a compli-
cated issue, as the biological activities of putative allelopathins are governed
by a number of different factors. Such matters as individual chemical structure
(Williams and Hoagland, 1982; Einhellig, 1989); antagonistic, additive, sequen-
tial, or synergistic effects (Inderjit and Mallik, 1997; Blum et al., 1999); and var-
ious biotic factors (Grime, 1979; Blum, 1995; Harborne, 1997) all impact upon
observed activity. While various criteria have been proposed for the demonstra-
tion of allelopathy (Fuerst and Putnam, 1983; Willis, 1985; Blum et al., 1999),
the full implementation of these criteria is in reality extremely difficult to achieve
and may perhaps be unrealizable (Blum et al., 1999). Although it is expected that
donor-plant allelopathins carried through soil will undergo various abiotic and
biotic processes before making contact with the roots of receptor plants, their
ultimate effect is to inhibit the growth or functions of that receptor. In this study,
we have adopted an achievable demonstration of allelopathy that first identifies
the compounds released from V. myuros residues, and then follows with bioassay
tests of individual compound activity, determination of activity threshold con-
centrations, and the testing of various compound combinations for additive or
synergistic effects (Rice, 1985; Putnam and Tang, 1986).

The weed Vulpia myuros is known to have characteristics that make it
unattractive to livestock, as well as competitive against crop and pasture plants,
so that our investigation was conducted not only to obtain a better understanding
of its allelopathic fundamentals, but also to help develop strategies to better man-
age the vulpia weed problem of southern Australia at a practical ecosystem level.
In our second publication on vulpia allelopathy (An et al., 2000), the main com-
pounds released from vulpia residues were identified and quantified. The specific
aims of this study were to test the biological activities of the previously isolated
compounds (both individually and collectively) and to quantify their individual
activities as well as the specific contributions of each to the overall phytotoxicity
of their mixture.
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METHODS AND MATERIALS

Of the 21 compounds previously identified in residues of vulpia (An et al.,
2000), only 20 were used in this study, as hydroferulic acid was not available.

Bioassay Procedure

Preparation of Authentic Compound Solutions. A concentration series of
1, 10, 100, 250, 500, 750, and 1000 ppm was made for each of the 20 identified
compounds (Table 1) by using commercially obtained authentic substances. 250

TABLE 1. PHYTOTOXIC STRENGTH OF IDENTIFIED ALLELOCHEMICALS AS MEASURED BY

WHEAT (cv. VULCAN) SEEDLING BIOASSAY

Threshold concentration
Inhibition index (ppm) I50 (ppm)

Chemical name Coleoptile Root Coleoptile Root Coleoptile Root

Coniferyl alcohol 0.68 2.60 500 500 >1000 775
Protocatechuic acid 1.01 2.95 500 250 >1000 712
Succinic acid 1.08 4.48 500 100 >1000 631
3,4-Dimethoxyphenol 1.86 3.85 250 250 >1000 585
Hydrocaffeic acid 1.93 4.25 250 100 941 576
Syringic acid 1.96 4.25 500 10 932 602
Hydroquinone 1.96 4.52 500 250 924 542
p-Hydroxybenzoic 2.60 4.81 250 500 886 463

acid
Vanillic acid 2.68 5.98 500 100 800 373
p-Hydroxy- 2.75 6.65 10 1 886 97

phenylacetic acid
3-(4-Hydroxyphenyl) 2.79 5.29 1 1 729 458

propanoic acid
Gentisic acid 2.97 5.61 1 100 712 441
Mix 1a 3.21 5.69 250 100 669 407
p-Coumaric acid 3.35 6.02 100 250 678 373
Pyrogallol 3.38 6.55 100 100 729 275
Ferulic acid 3.69 6.24 250 1 534 352
Catechol 3.84 6.87 100 1 644 200
Mix 2b 3.96 6.66 250 1 492 326
2-Hydroxy-3-phenyl 4.18 6.75 10 250 483 246

propanoic acid
Hydrocinnamic acid 6.16 8.43 100 1 288 85
Salicylic acid 6.41 7.90 10 100 273 169
Benzoic acid 6.46 7.61 100 100 309 200

a Mix 1: 20 compounds mixed in equal proportions.
b Mix 2: 20 compounds mixed in the proportions found in vulpia ether fraction.
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ml of 1000 ppm stock solution was first prepared for each compound by dissolv-
ing 0.25 g standard in a minimal volume of methanol and adding the remainder
as distilled water to 250 ml. Each stock solution was then diluted to the required
concentrations in 100-ml volumetric flasks. The same concentration series was
also prepared for mixtures of these 20 compounds. Two kinds of 20-compound
mixtures were prepared for the bioassay. The first was made by combining each
of the compounds in equal proportions (mix 1). The second (mix 2 in Table 1)
was made by combining each compound in a proportion equal to that determined
to be present in the vulpia ether fraction (An et al., 2000).

Bioassay. The bioassay procedures developed previously (An et al., 1997a)
were employed to test the biological activity of identified compounds using wheat
as the indicator species. Fifteen pregerminated wheat (Triticum aestivum L. cv.
Vulcan) seeds were placed in each Petri dish lined with filter paper. Five milliliters
of compound solution was added. Control treatments received 5 ml of distilled
water instead of compound solution. After 48 hr, the lengths (millimeters) of
the longest seminal root and coleoptile were measured. The average length of
radicle/ coleoptile per Petri dish was used for statistical analysis. The bioassay was
arranged in a randomized complete block design with three replicates.

Data Analyses

Seedling Elongation. The average radicle/ coleoptile length per Petri dish
was used for statistical analyses. The method of whole-range assessment devel-
oped by An et al. (1997b) was employed. The approach was to calculate the
inhibition area between test plant response of the control (i.e., 100%) over the
whole range of compound concentrations on the x axis, and the phytotoxicity
curve on the test plant, as generated by these compound concentrations (Figure
1). Thus:

inhibition area c ∫
1000

CT

[100 − f (C )]dC

where C is the compound concentration in ppm, and CT is the threshold con-
centration for inhibition in the test plant. The computation of the area was done
with MicroOrigin software. Biological activity across the whole range of con-
centrations was then calculated based on “inhibition index,” which was defined
as the percentage of the maximum area inhibited. Thus:

inhibition index c (inhibition area/ total area) × 100,

where the total area is defined as ∫
1000
0 100 dC

I50 Value and Threshold Concentrations. In addition to the inhibition index
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FIG. 1. Diagrammatic representation of seedling response to compound concentrations.
The shaded section represents the inhibition area of the test plant by compound concen-
trations. CT—the threshold concentration for causing inhibition; I50—the concentration
causing 50% of inhibition in the test plant.

values, the I50 value and the threshold concentrations at which a compound
started to cause inhibition were also considered as important components for
comprehensive assessment of a compound’s biological activity. The I50 values
(concentration required to cause 50% inhibition in the test plant) for coleoptile
and root inhibition, respectively, were determined for each compound from the
equation of best fit, the criterion for best fit being r > 0.95, which was significant
at P c 0.01. Some compounds did not cause 50% inhibition over the range of
compound concentrations tested. The I50 for those compounds was recorded as
>1000 ppm. The inhibition threshold concentrations were those concentrations
of the compound treatments at which coleoptile and root inhibition of the test
plant were just recordable.

Overall Assessment. All parameters described, including inhibition index
values of radicle/ coleoptile lengths, threshold concentrations, and I50 values,
were combined into a concise format to evaluate the overall biological activ-
ity of the compounds identified. All data were transformed to reduce the effect
of differences in units and values among groups and to provide a homogeneous
form for further analysis. Data from the threshold concentrations of inhibition
were first transformed by subtraction from 500, while data from I50 were trans-
formed by subtraction from 1000. Other group data remained intact. The stan-
dard deviation within each group was calculated. All data within each group were
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divided by the standard deviation value for that group. All data in the six groups
underwent an analysis of variance with MicroStat software, and the outcomes,
as an average of six values for each compound, were displayed as a columnar
list of integrated compound biological activity values from small to large. This
concise-format value was defined as the phytotoxic strength index and gave a
relative indication of biological activity for a given compound. A large index
value means that a compound has strong biological activity, while a small value
implies weak or no activity. Subsequently, all compounds were partitioned into
groups based on the LSD value determined, that is, the value of the first com-
pound in one group was significantly different from that of the first one in the
group below (Table 2). Compounds in two adjacent groups are not necessarily
all significantly different from each other, as overlap may occur.

TABLE 2. PHYTOTOXIC STRENGTH OF IDENTIFIED ALLELOCHEMICALS AS MEASURED BY

OVERALL ASSESSMENT

Average inhibition
Phytotoxic (% control)

strength Biological

Chemical name index activity Coleoptile Root

Coniferyl alcohol
Protocatechuic acid
Succinic acid
Hydroquinone
3,4-Dimethoxyphenol
p-Hydroxybenzoic acid
Syringic acid
Hydrocaffeic acid

0.54
0.94
1.35
1.41
1.46
1.55
1.59
1.72

























Weak 86.9 69.3

Vanillic acid
Mix 1
p-Coumaric acid
Gentisic acid
3-(4-Hydroxyphenyl)propanoic

acid
Pyrogallol
Ferulic acid
p-Hydroxyphenylacetic acid

2.04
2.34
2.38
2.47
2.50

2.66
2.70
2.84





























Medium 77.7 58.6

Mix 2
Catechol
2-Hydroxy-3-phenylpropanoic

acid
Benzoic acid
Salicylic acid
Hydrocinnamic acid

3.04
3.05
3.14

3.44
3.60
3.72





















Strong 67.0 50.3
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RESULTS

Individual Compounds

All 20 compounds tested exerted significant biological activities over the
range of test concentrations (Figure 2). Typical allelochemical behavior was
observed on the test plant, i.e., inhibition at high concentrations, stimulation or
no effect at low concentrations. In terms of seedling inhibition, all compounds
caused greater inhibition on root elongation than on coleoptile length. Threshold
concentrations for both root and coleoptile inhibition were between 1 and 500
ppm. I50 levels for root inhibition were lower than for coleoptile inhibition. This
indicated that the compounds had a greater effect upon plant roots than upon
coleoptiles. The biological activities among compounds were not equal. Large
differences in biological activity were evident among these 20 compounds, the
active extent being dependent on the individual structure rather than on the com-
pound class (Table 2). Generally, measured parameters (Table 1) were consistent
with the strength of biological activities, even though some exceptions occurred.
By combining all parameters considered, the compounds were partitioned into
three groups in terms of the strength of their biological activity: strong, medium,
and weak (Table 2). Since the phytotoxic strength for a specific compound is
not a constant, but is related to the test plant species, the plant process, and the
environmental conditions (Einhellig, 1986), only a relative concept was adopted
here.

Most of the compounds tested fell either within the weak (40% of total) or
medium (35% of total) classification, with only 25% being considered as strong.
The amounts of compounds contained in the vulpia residue were not positively

FIG. 2. Representative biological activities of identified allelochemicals as measured by
wheat seedling growth.
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TABLE 3. RELATIVE CONTRIBUTION OF EACH ALLELOCHEMICAL TO OVERALL ROOT

PHYTOTOXICITY AS MEASURED IN MIX 2

Relative Phytotoxic
contribution to strength

Allelochemical phytotoxicitya indexb

Catechol 0.14 3.05
Hydroquinone 0.30 1.41
Coniferyl alcohol 0.31 0.54
Hydrocinnamic acid 0.32 3.72
3,4-Dimethoxyphenol 0.40 1.46
Hydrocaffeic acid 0.86 1.72
p-Coumaric acid 1.45 2.38
Protocatechuic acid 2.01 0.94
Pyrogallol 2.23 2.66
Ferulic acid 2.53 2.70
p-Hydroxyphenylacetic acid 2.63 2.84
Gentisic acid 3.11 2.47
p-Hydroxybenzoic acid 3.21 1.55
Benzoic acid 5.14 3.44
2-Hydroxy-3-phenyl-propanoic acid 6.17 3.14
Syringic acid 11.75 1.59
Salicylic acid 12.65 3.60
Succinic acid 12.77 1.35
3-(4-Hydroxyphenyl) propanoic acid 12.87 2.50
Vanillic acid 19.51 2.04

a Calculation c (Ci/ ∑ Ci) × 100, i c catechol, . . . , vannilic acid; C c phytotoxic strength index of
individual compound multiplied by the mass of each compound in mix 2.

b As computed for Table 2.

correlated with their phytotoxic strength. Hydrocinnamic acid and catechol were
found only in trace levels in the vulpia residue, but both exhibited strong phy-
totoxic activity. The quantity-dominant compounds such as vanillic, succinic,
syringic, and the 3-(4-hydroxyphenyl)propanoic acids (but not salicylic acid)
were found in weak and medium strength groups. This later led to the use of
the phytotoxic strength index (Table 3) to evaluate the relative contribution of
each compound to plant growth inhibition.

Combinations of Compounds

The combination of 20 compounds, whether mixed in equal portions by
weight (mix 1) or in proportions reflecting the composition in vulpia residues
(mix 2), exhibited appreciable biological activity. The general behavior of the
mixtures was similar to that of individual compounds, i.e., inhibition occurred at
high concentration and stimulation at low concentration, but there were additive
and synergistic effects.
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Those mixture concentrations at which each compound had a concentra-
tion below its own inhibition threshold still caused significant inhibition (Table
1, Figure 2). Mix 1 concentrations of 669 ppm and 407 ppm suppressed 50% of
coleoptile and radicle lengths, respectively. Each compound was represented at
a level of 33.5 ppm and 20.4 ppm, respectively, at which none of the compounds
caused 50% inhibition on its own. Average I50 values for coleoptile inhibition
were 960.4 ppm for the weak strength group, 724.0 ppm for the medium group,
and 399.4 ppm for the strong group. Average I50 values for root inhibition were
610, 338, and 180 ppm for the above three groups, respectively. The thresh-
old concentrations for mix 1 were 250 and 100 ppm for coleoptile and root
inhibition, respectively. The concentrations of each compound contained in those
two particular formulations of mix 1 were 12.5 ppm and 5.0 ppm, respectively,
far below the inhibition threshold concentration for individuals in the majority
of cases.

The significant inhibition of both root and coleoptile by the 750 ppm mix 1,
containing 37.5 ppm of each compound, was equivalent to the average effects of
the single compounds in the weak and medium strength groups at 1000 ppm and
equaled the average for the individual compounds of the strong group at the 750
ppm level. None of the individual compounds exhibited significant inhibition at
a concentration near 37.5 ppm.

The combination of these 20 allelochemicals in their natural weight pro-
portions (i.e., mix 2) had biological activity similar to mix 1, except that it was
stronger. In Table 2, mix 2 was classed within the strong group, while mix 1
was in the medium group. The stronger biological activity of mix 2 than of mix
1 indicated an enhanced effect among the compounds. No attempt was made to
separate additive from synergistic effects. Mix 2 reflected a composition of com-
pounds more likely to occur in the field. An attempt, by using the phytotoxic
strength index, was made to evaluate the relative contribution of each allelo-
chemical in mix 2 to the root phytotoxicity it caused (Table 3). Like their biologi-
cal activities and levels present in the vulpia residues, the relative contributions
of individual compounds to the overall phytotoxicity varied greatly. Vanillic, sal-
icylic, succinic, syringic, and 3-(4-hydroxyphenyl)propanoic acids contributed
most to the vulpia toxicity (more than 60% of total contributions), while hydro-
quinone, coniferyl alcohol, catechol, 3,4-dimethoxyphenol, and hydrocinnamic
acid contributed little (Table 3).

DISCUSSION

All identified compounds exerted biological activity. Their phytotoxic
strength was influenced by their concentrations as well as individual struc-
ture. The compounds were not equally inhibitory, and an overall assessment of
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six significant parameters measured for each divided the 20 compounds into
three groups: strong, medium, and weak phytotoxicity. Hydrocinnamic, sali-
cylic, benzoic, 2-hydroxy-3-phenylpropanoic acids, and catechol possessed the
greatest phytotoxicity; and coniferyl alcohol, protocatechuic, hydroquinone, 3,4-
dimethoxyphenol, p-hydroxybenzoic, syringic, hydrocaffeic, and succinic acids
the weakest; the rest were of an intermediate level.

Williams and Hoagland (1982) separated 12 phenolic compounds into four
groups: very active, active, slightly active, and nonactive, based upon visual
observations. Five of these chemicals appear in the list of 21 compounds found
in the vulpia residue. The activity order reported for these five is consistent with
the data presented here. Salicylic acid was reported as having markedly higher
toxicity, while protocatechuic acid exhibited minimal activity (Einhellig, 1989).

The combination of the 20 allelochemicals resulted in an additive or syn-
ergistic effect. The inhibition threshold of mixtures was below most individual
inhibition thresholds. It has been accepted in the literature that allelopathic inter-
ference often results from the combined effects of several different compounds
(Rasmussen and Einhellig, 1977; Blum et al., 1985; Einhellig, 1987; Inderjit
and Mallik, 1997). In a field situation where the amount of an allelochemical is
often found to be well below the concentration for inhibition in a bioassay, such
a concurrent interaction of allelochemicals may well be the explanation for the
observed allelopathic phenomenon. The inhibition produced by the mixture of
20 allelochemicals combined in the same proportion found in the vulpia residue
(mix 2) was compared with the inhibition produced by the crude ether fraction
(An et al., 2000) by using as comparator the root inhibition area. The range of
concentrations of 0–180 ppm for mix 2 was equivalent to the range of 0–1000
ppm for the crude ether fraction.

The result showed that the inhibition by mix 2 accounted for about 65%
of the original inhibition produced by the whole ether fraction. Although the
two bioassays were not conducted at the same time, they provide an indication
that some compounds other than the chosen 20 allelochemicals identified are
involved in the allelopathic interference by the vulpia residue. Indeed, GC-MS
methylation analysis (An, 1995) identified about 25 compounds. If considering
those additional compounds and the fact that syringic and hydroferulic acids
were quantity-dominant compounds in the vulpia residue composition, the fur-
ther inclusion of hydroferulic acid, with or without those additional compounds,
in the mixtures for biological activity tests, would certainly increase the account-
ability of the allelochemical mixture for overall vulpia toxicity.

The concept of a phytotoxic strength index was developed for character-
izing biological properties of allelochemicals and for quantifying their individ-
ual behaviors in a concise, comprehensive, and meaningful format. With such a
single value index, the biological characteristics of 20 compounds were clearly
distinguished. Even though the index was only adopted here for relative pur-
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poses, its application went beyond the original context. For example, the index
was used for assessing the relative contributions of each individual compound
to the overall vulpia phytotoxicity. It was revealed that the relative phytotoxic
contribution of an individual compound is largely correlated with its concen-
tration. Even though hydrocinnamic acid and catechol had high phytotoxicity,
their effects were greatly diminished by their trace levels in the vulpia residues;
whereas the weak or medium toxicities of vanillic, syringic, and succinic acids
were compensated for by their higher concentrations. The composition of alle-
lochemicals in vulpia residues was dominated by the compounds that have only
a low or medium phytotoxic strength but contribute most to the overall phyto-
toxicity, while a minority of compounds have high phytotoxic strength but are
present only at trace levels. The more that allelochemicals are assessed for their
phytotoxic strength index in a collective context, the more useful and meaningful
the index will become, and contribute more to the understanding and application
of allelopathy.

The combination of allelochemicals in equal proportions (mix 1) yielded
less inhibition than the combination of allelochemicals in their natural propor-
tions, even though the contribution to the mix of some compounds with high
phytotoxicity had increased. This indicates that the composition of a natural alle-
lochemical mixture is a more complex matter than the simple additive effect
of 20 compounds. The synergistic effect is often far more profound than the
mere additive effect. The contribution of each individual compound to the whole
matrix of allelochemicals would be affected not only by its individual phytotoxic
strength and the concentration present, but also most likely by the mixture’s natu-
ral composition. This suggests that exploration of the composition of a cluster of
allelochemicals may be more important than concentrating on the identification
of one or two allelochemicals with strong biological activity. The relative com-
position of allelopathic mixtures in nature is fundamental to our understanding
of allelopathy.
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Abstract—The behavior and dynamics of 20 identified allelochemicals in
vulpia residues were both collectively and individually monitored, and
their kinetic phytotoxicity was assessed. The total content of the identified
allelochemicals in decaying vulpia residues increased from 0.31 to 1.24
mg/ g dry residue over a 21-day decomposition period, while the total
phenolic content increased from 1.86 to 2.16 mg/ g dry residue. This
corresponded to a phytotoxicity increase from 42% to 82% of radical
inhibition. Allelochemicals changed in composition and quantity over the
duration of the residue decomposition. Addition of soil to the residues reduced
the total allelochemical contents extracted and altered the dynamic pattern. In
the same period, the total content of allelochemicals declined from 0.061 to
0.046 mg/ g residue + soil, with the total phenolics reduced from 0.20 to 0.11
mg/ g residue + soil, corresponding to a radical length increase from 53% to
109% of control. Only 14 of the identified allelochemicals were detected in
the mix of soil and residues, in contrast to 20 present in the residues alone.
The implications of these findings are discussed.

Key Words—Phytotoxicity, allelopathy, allelochemical(s), vulpia, phenolic
compounds, dynamics, plant residues.

INTRODUCTION

The monitoring of allelochemical dynamics in the environment is one necessary
step for establishing conclusive proof of allelopathy (Putnam and Tang, 1986;
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Dalton, 1999). Once allelochemicals are released into the environment, they are
immediately subject to various physicochemical and biological processes, and
they may be detoxified or toxified by soil organisms and/ or may serve as a car-
bon skeleton for the production of new toxins by organisms in the soil (Blum et
al., 1999). The composition and quantity of allelochemicals may vary substan-
tially over time or with changed environmental conditions (Shindo and Kuwat-
suka, 1977; Wójcik-Wojtkowiak et al., 1990; Dalton, 1999; Okumura et al., 1999).
Phenolic acids, well-known potential allelochemicals, are readily converted from
one structure to another with different phytotoxicities (e.g., ferulic acid to vanil-
lic acid) by soil-borne microbes (Blum, 1998). For example, the content of p-hy-
droxybenzoic acid increased simultaneously with a rapid decrease in p-coumaric
acid during the incubation of rice straw (Shindo and Kuwatsuka, 1975a,b). Phy-
totoxicity dynamics during residue decomposition has been well documented
(Patrick et al., 1963; Chou and Lin, 1976; Mason-Sedun and Jessop, 1988). In gen-
eral, decaying plant residues exhibit the most severe inhibition at the early stages of
decomposition. As decomposition proceeds, the phytotoxicity declines. Only stim-
ulation is evident at the later stages of decomposition (Mason-Sedun and Jessop,
1988; An et al., 1996a). Concentration changes of allelochemicals from decompos-
ing plant residues have been shown to be related to phytotoxicity dynamics (Chou
and Patrick, 1976; Tang and Waiss, 1978). An et al. (1996a) also theoretically
demonstrated such a correlation from the viewpoint of mathematical modeling.
However, little information is available on allelochemical dynamics during residue
decomposition, either individually or collectively. Such matters as peak concentra-
tion, background concentration levels, shifts in composition, and the duration of
peak concentration are largely unknown.

We have shown that the phytotoxicity of an aqueous extract of vulpia residues
increased as decomposition proceeded, reached a maximum after 60 days of
decomposition, and gradually diminished thereafter (An et al., 1997). Addition of
soil to vulpia residues alleviated its allelopathic potential (An et al., 1993). Twenty-
one compounds were identified and quantified in those vulpia residues (An et al.,
2000), and their biological activity, characteristics, and individual contributions to
overall phytotoxicity were subsequently assessed (An et al., 2001).

The objectives of this study were to elucidate the behavior of the identified
allelochemicals during the decaying process of vulpia residues under various
conditions, to monitor their quantity changes both collectively and individually,
to gain insight into the allelochemical kinetics, and to clarify the correlation
between phytotoxicity and allelochemical dynamics.

METHODS AND MATERIALS

Vulpia Residues and Soil. Material was obtained from pure mature stands
of V. myuros. The residue material was cut 1.0 cm above the soil surface by hand,
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oven dried at 408C for 72 hr, and stored in dry conditions until commencement
of the analysis.

About 1000 g soil was obtained from the top 10 cm layer of a vulpia-free
field from the Charles Sturt University farm in Wagga Wagga, Australia. The
soil was dried at 408C, crushed, and passed through a 2-mm sieve.

Experimental Design and Decomposition Samples. Three treatment series
were undertaken: residue alone, soil alone, and a mixture of residue with soil
(residue + soil). Six decomposition periods, 1, 3, 7, 10, 14, and 21 days, for each
treatment were used. For the residue alone treatment, 25 g dried vulpia residues,
ground in a Wiley mill (1-mm mesh), were placed in a 500-ml glass jar with
a lid, and 75 ml distilled water were added and mixed well. For the soil alone
treatment, 25 g soil was placed in a 500-ml glass jar, and 7.5 ml distilled water
was added to reach the field capacity of the soil. All samples were incubated
in the dark at 208C and allowed to decompose for the time period mentioned
above. The air in the jar was exchanged through three 2-mm-diameter holes in
the lid. The moisture content of the samples was kept constant by daily weighing
the jars and supplementing the evaporated water loss.

Preparation of Aqueous Extracts. Aqueous extracts were obtained by
adding 340, 290, and 350 ml distilled water to each sample of residue alone,
soil alone, and residue + soil treatments, respectively, stirring for 10 min, and
allowing them to settle for 5 min. The mixtures were decanted, filtered, squeezed
through one layer of cheesecloth, centrifuged for 40 min at 3900 rpm, and then
filtered through one layer of Whatman No. 1 filter paper. The volume of aque-
ous extract recovered from each of the three treatments was similar, about 270
ml. Each extract was partitioned into two lots and subjected to bioassay and
chemical analysis, respectively.

Bioassay for Testing Phytotoxicity. The bioassay was carried out in 9-cm
plastic Petri dishes lined with one piece of Whatman No. 1 filter paper. Fifteen
germinated wheat (Triticum aestivum cv. Vulcan) seeds, radical length 3–5 mm,
were transplanted in each dish, and 5 ml of sample extract was added. Control
treatments received 5 ml of distilled water. The dishes were placed in an incu-
bator, in the dark, at 248C. After 48 hr, the lengths (millimeters) of the longest
seminal root and coleoptile were measured. The average length per Petri dish
was used for statistical analysis. The bioassay was arranged in a randomized
complete block design with three replicates.

Extraction and Separation of Allelochemicals. Acetone (750 ml) was added
to 250 ml of the aqueous extract from each treatment. The mixture was stirred
at slow speed overnight at room temperature. Proteins and lipids in the super-
natant were precipitated and filtered by vacuum filtration through two layers of
Whatman Nos. 4, 1, and 42 filter papers. The precipitate was discarded. The
acetone was removed from the extract by rotary evaporation below 408C. The
clear aqueous extract was sequentially partitioned twice with 500 ml hexane,
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then five times with 300 ml diethyl ether. The hexane fraction was discarded,
and the diethyl ether fraction was dried with Na2SO4, concentrated to dryness
and weighed.

Determination of Total Phenolics. After evaporation of acetone from the
above aqueous extracts, 30 ml sample extract was taken for estimating total
phenolic contents by colorimetric procedures that used Folin-Ciocalteau phenol
reagent (Sigma-Aldrich Australia) (Lowe, 1993).

For the soil alone treatment, 10 ml of extract were placed in test tubes,
and then 3 ml 20% Na2CO3 solution (w/ v) was added to each tube, followed
by 1 ml Folin-Ciocalteau reagent. The solutions were mixed well and allowed
to stand for 1 hr at room temperature (20–258C); the absorbance was read at
750 nm in a spectrophotometer against a distilled water blank. For the residue
alone, the sample was replaced by 0.5 ml extract and 9.5 ml distilled water. For
residue + soil, the sample comprised 5 ml extract and 5 ml distilled water. The
total phenolic substances in aqueous extracts were calculated from the calibration
curve prepared from solutions of 1, 2.5, 5, 7.5, and 10 mg/ ml vanillic acid and
were reported as micrograms vanillic acid equivalents per milliliter of extract.

Qualitative and Quantitative Determination of Allelochemicals. The 21
allelochemicals identified before (An et al., 2000) were targeted in three exper-
imental treatments through the decomposition period. The sample preparation
and GC-MS analyses were the same as previously described (An et al., 2000).
All samples were first subject to silylation and then analyzed by using a Hewlett-
Packard 5890 series II gas chromatograph coupled with a VG Trio-2 mass spec-
trometer. Target compounds in samples were identified by comparison with GC
retention times and MS of reference compounds. Quantitation was done by an
internal standard method with multiple-point calibration curves. All samples
were run in triplicate.

RESULTS

Phytotoxicity of Decomposing Vulpia Residues

With treatment of residue alone, all aqueous extracts exerted a strong
inhibition on the test plant, with 42–82% radical length being inhibited (Figure
1a). The decomposition of residue accelerated the development of phytotoxic-
ity. After one day of decomposition, the residue extract caused 42% inhibition
of root length, and 11% of coleoptile length. As decomposition proceeded, phy-
totoxicity steadily increased and reached its maximum at day 21, and inhibition
on root and coleoptile length of wheat increased to 82% and 72%, respectively
(Figure 1a and b).

Addition of soil to residue altered the residue phytotoxicity pattern (Fig-
ure 1). The aqueous extracts from the mixture of residue + soil only exhibited
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FIG. 1. Phytotoxicity dynamics of three experimental treatments as measured by seedling
length of test plants (wheat cv. Vulcan): (a) measured by radicle length; (b) measured by
coleoptile length.

severe phytotoxic effects on root length of wheat at an early stage of decompo-
sition, i.e., at day 1 it inhibited up to 45% of radical length. As decomposition
time increased, phytotoxicity rapidly decreased. By day 14 of decomposition,
the phytotoxicity completely disappeared. At day 21, radical growth was actu-
ally stimulated. The coleoptile responses were no different from the control over
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the whole decomposition period. The treatment of soil alone showed no effects
on wheat growth, and only fluctuated around the control responses.

Total Phenolic Contents and Phytotoxicity

Total phenolic contents in residue alone were the highest among the three
treatments, and steadily increased as the decomposition proceeded (Figure 2).
Over a 21-day period, the total phenolics in aqueous extracts increased from
137 to 159 ppm, which accounted for 0.19% and 0.22% residue dry weight,
respectively. The soil alone had the lowest phenolic contents. Its concentrations
fluctuated between 1.2 and 6.1 ppm, which only accounted for 0.001 and 0.007%
soil dry weight. The dynamics of total phenolics in residue + soil was different
from both the residue-alone and soil-alone treatments. Addition of soil to residue
reduced total phenolics, as well as changed their pattern compared to the residue
alone. The total phenolic contents of residue + soil ranged from 15.0 to 44.3 ppm,
about 10-fold decrease compared to the residue alone.

The phytotoxicity of all treatments was closely related to their correspond-
ing total phenolic contents (Figures 3 and 4). The 42% radical inhibition in
residue alone corresponded to a 137 ppm total phenolic content, while 15 ppm
total phenolic content in residue + soil corresponded to a radical length increase
of 110% control. Total phenolics in soil alone varied between 1.0 and 6.0
ppm, while the corresponding phytotoxicity only fluctuated around the control

FIG. 2. Dynamics of total phenolic contents in three experimental treatments.
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FIG. 3. Phytotoxicity dynamics of three experimental treatments with the corresponding
dynamics of their total phenolic contents.

responses. In general, high total phenolic contents in aqueous extracts corre-
sponded to severe inhibition, while low contents were associated with much less
inhibition or no inhibition, even stimulation.
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FIG. 4. The correlation between phytotoxicity of aqueous extracts of three treatments and
their total phenolic contents.

Dynamics of Composition and Quantity of Allelochemicals

Residue. Among the 21 allelochemicals monitored, all except pyrogallol
were detected. However, their presence and quantities were varied consider-
ably, depending on individual compounds as well as the decomposition pro-
cess (Table 1). Hydrocaffeic and p-hydroxybenzenepropanoic acids appeared
as the decomposition proceeded, whereas the appearance of hydroquinone, sal-
icylic, and gentisic acids fluctuated over the course of decomposition. The
quantities of compounds, such as benzoic acid, succinic acid, catechol, 3,4-
dimethoxyphenol, salicylic acid, a-hydroxybenzenepropanoic acid, p-hydroxy-
benzenepropanoic, syringic, and hydroferulic acids, were generally increased
in the course of decomposition. With compounds such as p-hydroxybenzoic,
vanillic, p-coumaric, and ferulic acids, their quantities were initially high, but
decreased from day 7 to day 14 of decomposition, then increased at day 21.
Other compounds, such as hydroquinone, coniferyl alcohol, hydrocinnamic, p-
hydroxyphenylacetic, gentisic, protocatechuic, and hydrocaffeic acids remained
relatively constant over the decomposition period.

The sum of the allelochemicals generally increased over the decomposition
period, from 306 to 1236 mg/ g residue, which accounted for 0.03% and 0.12%
residue weight, respectively, and accounted for 16% and 57% total phenolic con-
tents. The dynamic pattern was similar to that of total phenolics.

Resiue + Soil. Compared to the 20 allelochemicals detected in the residue-
alone treatment, only 14 were detected in the residue + soil. The appearance of
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TABLE 1. DYNAMICS OF ALLELOCHEMICALS IN COMPOSITION AND QUANTITY IN

RESIDUE-ALONE TREATMENT

Quantity dynamics of allelochemicals (mg/ g residue)

Decomposition time (days)
Chemical name 1 3 7 10 14 21

Benzoic acid 7.27 11.22 14.75 21.08 21.83 40.29
Succinic acid 30.08 32.37 29.13 32.17 75.60 158.37
Catechol 0.50 0.55 8.64 7.05 15.09 14.07
Hydroquinone 2.12 2.87
Hydrocinnamic acid 0.64 0.62 0.86 1.70 1.23 2.55
3,4-Dimethoxyphenol 3.90 3.64 6.26 4.99 6.44 9.82
Salicylic acid 9.86 4.25 2.53 22.34
a-Hydroxybenzenepropanoic acid 13.38 14.08 14.40 16.15 33.76 28.28
p-Hydroxybenzoic acid 28.02 33.71 14.98 19.40 17.21 35.09
p-Hydroxyphenylacetic acid 14.60 15.05 14.54 16.54 19.17 17.81
p-Hydroxybenzenepropanoic acid 14.76 22.77 34.03 27.93 60.03
Vanillic acid 51.30 64.69 30.69 40.60 32.44 85.39
Gentisic acid 15.25 16.13 13.69 17.78 16.55
Protocatechuic acid 19.63 24.65 17.57 17.74 22.33 29.72
Syringic acid

+ Hydroferulic acid 21.34 25.87 135.68 130.79 286.39 628.69
Coniferyl alcohol 7.72 8.09 7.67 9.00 10.26 8.83
p-Coumaric acid 25.53 26.66 8.94 10.06 10.95 14.30
Hydrocaffeic acid 7.85 8.80 10.09 8.95
Ferulic acid 54.81 54.24 10.83 10.22 18.50 55.01

these 14 allelochemicals varied with decomposition time and with the individ-
ual compound (Table 2). Catechol, salicylic, p-hydroxybenzenepropanoic, vanil-
lic, syringic, and p-coumaric acids were only detectable in some stage of the
whole decomposition process. Hydroferulic acid was only present at day 1 of
decomposition, thereafter only syringic acid was detectable. The number of alle-
lochemicals in the composition varied with the decomposition time. At day 1, 14
allelochemicals were detected, but the number decreased afterwards. The quan-
tities of compounds such as benzoic acid, succinic, p-hydroxybenzoic, vanillic,
and p-coumaric acids decreased as the decomposition proceeded, while others
remained relatively constant.

In general, even though the quantities of total allelochemicals were slightly
higher at an early stage of decomposition, they basically remained constant. In
contrast with the residue alone, the total quantities of allelochemicals declined,
reduction ranging from 83 to 97% over the decomposition period. However, their
proportions to total phenolic content increased as the decomposition proceeded,
similar to the residue alone treatment.

Soil. The results were the same as for the residue + soil treatment. Only 14
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TABLE 2. DYNAMICS OF ALLELOCHEMICALS IN COMPOSITION AND QUANTITY IN RESIDUE

+ SOIL TREATMENT

Quantity dynamics of allelochemicals
(mg/ g residue + soil)

Decomposition time (days)
Chemical name 1 3 7 10 14 21

Benzoic acid 3.94 0.77 2.16 5.92 4.34 2.57
Succinic acid 11.39 8.95 16.53 12.80 12.95 11.76
Catechol 0.18 0.15 0.26 0.21 0.18
Hydrocinnamic acid 0.36 0.19 0.35 0.24 0.24 0.20
Salicylic acid 0.52 0.51 0.58
a-Hydroxybenzenepropanoic acid 5.36 4.19 7.74 5.87 6.02 5.43
p-Hydroxybenzoic acid 6.25 3.50 6.95 6.09 5.50 4.32
p-Hydroxyphenylacetic acid 5.86 4.54 8.37 6.42 6.49 5.80
p-Hydroxybenzenepropanoic acid 5.67
Vanillic acid 9.97 6.21 8.57 8.82 7.93
Syringic acid 1.78* 1.84 1.87 1.73
Coniferyl alcohol 3.01 2.37 4.29 3.29 3.36 3.06
p-Coumaric acid 4.23
Ferulic acid 2.80 2.21 3.97 3.03 3.10 2.80

a Syringic and Hydroferulic acids.

allelochemicals were detected, but salicylic acid in the residue + soil was sub-
stituted by protocatechuic acid. The appearance of all compounds except p-hy-
droxyphenylacetic, ferulic, hydrocinnamic acids, catechol, and succinic acid,
fluctuated over the decomposition period (Table 3), as did the total quantities.
The decomposition period did not affect allelochemical contents in the soil.
The allelochemical levels in the soil were low, about 1.2–10.1 mg/ g dry soil,
accounting for only 0.0001–0.0010% dry weight, significantly lower than both
the residue and the residue + soil treatments.

DISCUSSION

Phytotoxicity dynamics varied with the experimental treatments. Residue
alone showed a steady increase in phytotoxicity as the decomposition proceeded.
Soil alone did not show any significant stimulation or inhibition over the whole
decomposition period, while the addition of soil to residue, i.e., residue + soil,
significantly alleviated the phytotoxicity of vulpia residue. This is consistent with
previous findings (An et al., 1993, 1997). Considering that the phytotoxicity of
vulpia residues declined after 60 days of decomposition (An et al., 1997), the
alleviation of residue phytotoxicity by soil may be attributable to an alteration in
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TABLE 3. DYNAMICS OF ALLELOCHEMICALS IN COMPOSITION AND QUANTITY IN

SOIL-ALONE TREATMENT

Quantity dynamics of allelochemicals (mg/ g soil)

Decomposition time (days)
Chemical name 1 3 7 10 14 21

Benzoic acid 0.44 0.93 0.39 0.61
Succinic acid 0.49 1.66 0.80 7.32 4.67 0.15
Catechol 0.02 0.01 0.02 0.01 0.01 0.04
Hydrocinnamic acid 0.05 0.05 0.06 0.15 0.12 0.21
a-Hydroxybenzenepropanoic acid 0.02 0.03 0.04 0.03 0.07
p-Hydroxybenzoic acid 1.37 0.14 0.17 0.31
p-Hydroxyphenylacetic acid 0.06 0.08 0.09 0.12 0.08 0.44
p-Hydroxybenzenepropanoic acid 0.28 0.49
Vanillic acid 0.10 3.01 0.38 0.42 0.36
Protocatechuic acid 0.44
Syringic acid 0.68 0.27 0.49
Coniferyl alcohol 0.07 0.04 0.00 0.05 0.13
p-Coumaric acid 0.72
Ferulic acid 0.02 1.10 0.03 0.06 0.06 0.14

the dynamic pattern of toxin development, driven by biotic and abiotic processes
in soil (Bhowmik and Doll, 1979, 1984; Weston and Putnam, 1986; Blum et al.,
1999). It may be that as the ratio of soil to residues increases, such an alteration
of phytotoxicity pattern would not be obvious. Nevertheless, the finding that
residue + soil still exerted strong inhibition at an early stage of the decomposition
strongly indicated the existence of such a pattern change. This was certainly
important in applying the findings to field practice. For example, a management
strategy that used cultivation and then the delay of sowing for about three weeks
avoided the peak inhibitory period from vulpia residues but took advantage of the
noninhibitory period later, and thereby allowed successful pasture establishment,
which had failed earlier owing to heavy infestation by vulpia (An et al., 1996b).

The results of the allelochemical dynamics agreed with the phytotoxicity
kinetics, confirming the strong correlation expected between the phytotoxicity
of residue extracts and their total phenolic contents. There exists a significant
linear correlation (r2

c 0.99**) between vulpia extract concentrations and their
total phenolic contents and between vulpia extract concentrations and their phy-
totoxicity (An, 1995). A causal relationship between these allelochemicals and
phytotoxicity has been previously documented (Lovett and Ryuntyu, 1992; An et
al., 1993). The present results further enhance the proposition that the identified
phenolic compounds were the responsible agents for vulpia phytotoxicity.

The data presented here show that the behavior of individual allelochemi-
cals and the composition of allelochemicals are different, depending on the
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degree of residue decomposition. In the residue alone treatment, even though
the sum of individual allelochemicals generally increased over time, compounds
such as protocatechuic and hydrocinnamic acids kept relatively constant lev-
els, while compounds such as ferulic and vanillic acids showed an increase, a
decrease, and then another increase. The appearance of hydroquinone and sal-
icylic acid fluctuated, and hydrocaffeic acid only appeared after seven days of
decomposition. Such behavior of phenolic compounds was also observed by
Wójcik-Wojtkowiak et al. (1990) and Shindo and Kuwatsuka (1975b) in rye
and rice residues, respectively. Chou and Patrick (1976) reported that the con-
centration of toxins from corn residues reached a maximum at 15–25 days of
decomposition and declined thereafter. As it is known that allelopathic effects
are often the result of synergistic activity by a cluster of allelochemicals and that
synergistic effects are dependent upon the composition of allelochemicals, a bet-
ter understanding of such compositional changes may be required for effective
field application of allelopathy.

The decomposition period had no effect on the phenolic content in the soil-
alone treatment. This may indicate that soil itself contained a certain level of
phenolic compounds that was not high enough to have effects upon plants and
that these phenolics were at an equilibrium level among microbes and various
environmental factors such as moisture and temperature. Phenolic acids, such as
p-hydroxybenzoic, vanillic, p-coumaric, and ferulic, have been commonly found
in soil: their quantities varied, depending upon plant species growing on the
soil, soil type, and extraction method (Dalton, 1999). In the soil alone treatment,
allelochemical quantities ranged between 1 and 10 mg/ g soil. Biological tests
in our previous paper (An et al., 2001) have shown that the activity threshold
concentrations of those individual allelochemicals present in soil averaged 150
ppm, but with respect to an artificial 20-compound mixture, the average was
only about 9 ppm. In the present study, only 14 compounds were detected in the
soil treatment, and the average threshold concentration of those individuals in
this mix would be likely greater than 9 ppm, far higher than their actual levels
present in the soil. This may explain why the soil alone did not have any effect
on test plants.

With the residue + soil treatment, low levels of allelochemicals, as well
as fewer allelochemicals, were found. The dynamics pattern of allelochemi-
cals from vulpia residues was altered by the incorporation of soil. In terms of
the behavior of individual allelochemicals, it was similar to the residue-alone
treatment. The persistence of most compounds was not changed, but their lev-
els decreased over the decaying process. Allelochemicals are subject to various
biotic and abiotic processes that reduce their concentrations and availability after
their release into the soil. Such processes include utilization by soil-borne micro-
organisms (Blum and Shafer, 1988; Blum et al., 1998, 1999), sorption by soil
organic matter (Makino et al., 1996) and clay minerals (Huang et al., 1977),
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polymerization (Wang et al., 1986), chemical transformation into other toxic or
nontoxic compounds (Blum, 1998; Okumura et al., 1999), and the degree of
contact with plant roots (Blum et al., 1999).

To exert allelopathic effects on target plants, allelochemicals, after release
into the environment, need to persist in the soil, undergo biotic and abiotic pro-
cesses, and reach sufficient concentration for effect. The production, transfor-
mation, and destruction of phytotoxic compounds from decaying plant residues
occur simultaneously in the soil (Blum, et al., 1999). The effective quantity is
the difference between the amount produced and the amount inactivated. Thus,
retention and the effective quantity of allelochemicals in soil and their ultimate
allelopathic effects will vary, depending upon the relative rates of addition of
allelochemicals to the environment, their decomposition or inactivation, the soil
properties, and physicochemical conditions. Data from residue + soil showed
that the addition of residue to soil increased phytotoxin production in the soil,
even though allelochemicals were adsorbed, decomposed, inactivated, and/ or
polymerized to some extent by the soil. The levels of allelochemicals produced
were generally discounted in soil, but sufficient concentration for inhibition still
occurred for a short time, as evidenced by the severe phytotoxicity at an early
stage of decomposition. In reality, such short-term inhibition could affect a sus-
ceptible organism’s ability to compete with a nonsusceptible organism (Rice,
1984). As the decomposition period was prolonged, the amount of allelochemi-
cal inactivation could not be balanced by new production. Phytotoxin levels soon
declined to plant-tolerant levels, which were compatible with the levels in soil.
This was reflected in phytotoxic terms as no significant detrimental effects on
test plants.
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Abstract—Phytotoxic studies strongly depend on evaluation of germination
responses, which implies the need for adequate procedures to account for
distinct aspects of the germinative process. For this, indices, comparisons
among treatments at various times, and model fitting have been proposed.
The objective of this work is to compare the three approaches and select
the one providing the greatest insight and precision. Speed of germination,
speed of accumulated germination, the coefficient of the rate of germination,
comparisons at each determination time, including final germination, and the
parameters of the Weibull function were examined. The Weibull function
proved the best approach to describe the germination process, providing not
only the same type of information about the speed of germination, with greater
precision, but also additional information about the initiation and shape of the
germination response curve.

Key Words—Allelopathy, Cistus ladanifer, germination, indices, phenolics,
phytotoxicity, Trifolium subterraneum, Weibull function.

INTRODUCTION

Allelopathic and phytotoxic studies often involve the assessment of chemical
effects on germination, requiring adequate description of the germinative pro-
cess in addition to data on final germination alone. Attempts to describe ger-
mination responses in phytotoxic studies include the use of indices such as the
speed of accumulated germination (Einhellig et al., 1982), coefficient of the rate
of germination (Dias, 1991), and speed of germination (Wardle et al., 1996), the
fit of Richard’s function (Lehle and Putnam, 1982), or the test of differences in
cumulative germination separately for each time of counts (An et al., 1996).

More recently, Chiapusio et al. (1997) compared four indices and compar-
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isons between the control and treatments at each time of counts for their ability to
test physiological hypotheses in allelopathic studies. The indices were: (1) total
germination (GT) expressed as proportion or percentage, by far the most com-
monly used germination descriptor; (2) speed of germination (S), usually known
as Maguire’s (1962) speed of germination; (3) speed of accumulated germination
(AS), which can be traced back to Kendrick and Frankland (1969) and Bouton
et al. (1976); and (4) coefficient of the rate of germination (CRG), presented by
Kotowski (1926), its reciprocal being in use for more than a century (Edwards,
1934).

The results suggest that data interpretation depends on the index, that all
indices fail to reflect adequately all allelochemical effects on germination, and
that single comparisons between control and treatments at each time would be
more appropriate (Chiapusio et al., 1997).

The option for comparisons between the control and treatments at each time
germinated seeds were counted (observation time) raises a number of practical
and theoretical questions. First, if different phytotoxic studies are to be com-
pared, some kind of standard should be accepted for the observation time. This
is a practical objection that raises questions as to the definition of observation
time, its adequacy for different species, and the possibility that data interpreta-
tion might depend upon observation time; in fact, if different time intervals are
chosen, different patterns of effects could emerge, as a close look at the report of
Chiapusio et al. (1997) of p-hydroxybenzoic acid effects suggests. Finally, there
is the more theoretical question of the real meaning, physiological or allelopathic,
of making comparisons at 6-hr intervals or any other equally or unequally spaced
interval.

An alternative approach would consider the whole process of germination,
with observation time depending primarily on the species used. Therefore, obser-
vation time would provide point estimates, meaningless per se, allowing the fit
of a general model that should be flexible enough to accommodate the widest
possible range of germination patterns and with parameters meaningful in terms
of germination. Additionally, it would be advantageous to separate the end of
the process, expressed by total germination, from the path taken to attain it.

A number of models have been proposed to describe and compare germi-
nation, including orthogonal polynomials (Goodchild and Walker, 1971), cumu-
lative normal distributions (Janssen, 1973), logistic functions (Schimpf et al.,
1977; Hsu et al., 1984), gamma distributions (Thornley, 1977), Richard’s func-
tion (Lehle and Putnam, 1982), and Weibull function (Bonner and Dell, 1976;
Brown, 1987). Objections to many can be found in Brown and Mayer (1988),
and include the failure of orthogonal polynomials to asymptote, the sensitivity to
late-germinating seeds in gamma distributions, and the unreasonable assumption
of symmetry in normal and logistic functions. In addition, when these and other
models were compared in the same set of data by Brown and Mayer (1988), the
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Weibull function (Weibull, 1951) proved the most suitable on theoretical and
practical grounds (better fit and less sensitivity to initial estimates), accommo-
dating a wide range of germination patterns (Brown, 1987).

The three-term Weibull function can be expressed by

Y c 1 − exp −{[(X − l)/ k]c}

where Y is the cumulative proportion of germinated seeds at time X, l is a loca-
tion parameter estimating the latest time at which the germination is zero, k is a
scale parameter with l + k estimating the time at which the germination is 0.63,
and c is a shape parameter that evaluates the symmetry of the distribution (3.26
≤ c ≤ 3.60 showing symmetry, c < 3.26 positive, c > 3.60 negative asymmetry).

Therefore, the objectives of the present study were to compare the adequacy
of the Weibull function to reflect phytotoxic effects on germination with compar-
isons between cumulative germination at each observation time and the indices
examined by Chiapusio et al. (1997). The experimental procedure involved test-
ing the effects on germination of complete and phenolics-removed water extracts
of vegetative shoot tops of Cistus ladanifer L., a spontaneous, aromatic shrub,
known for its allelopathic activity (Dias et al., 1999). No attempt was made to
fully consider the single or combined contribution of osmotic pressure or pH to
the effects of water extracts.

METHODS AND MATERIALS

Materials. Shoot tops of C. ladanifer were collected near Évora (southern
Portugal) in early summer. Cuttings included up to 50 mm of lignified stem,
but only the three upper nodes were used. Seeds of subterranean clover (Tri-
folium subterraneum L. cv. Clare) were provided by the Estação Nacional de
Melhoramento de Plantas.

Extract Preparation. Intact shoot tops were soaked in distilled water for
24 hr at 358C, continuous light, filtered through Whatman No. 1 paper, and the
extract adjusted to a concentration of 50 mg/ ml (fresh weight volume). Phe-
nolics were not quantified but their occurrence was ascertained by using Folin-
Ciocalteau reagent (E. Merck). Half of the extract was repeatedly treated with
Polyclar AT (BDH Chemicals, Ltd.), stirred for 15 min at room temperature, and
filtered through Whatman No. 1 paper until no reaction with Folin-Ciocalteau
reagent was detected by spectrophotometry. Both extracts were centrifuged for
30 min at 5200g, and the supernatant was used. Osmotic pressure and pH of
the treatments, control included, were determined with a semimicroosmometer
(Knauer type M) and a pH-meter (Metrohm E-520).

Germination Bioassay. Four replicated 10-cm Petri dishes were fitted with
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Whatman No. 1 paper, sown with 25 seeds of subterranean clover, and wetted
with 5 ml of the appropriate extract. The control was prepared similarly with
distilled water. Seeds were incubated under a 208C/ 308C, 16/ 8-hr cycle, con-
tinuous dark, and were considered germinated if the radicle was at least as long
as the greater dimension of the seed (Rietveld, 1975). Germinated seeds were
regularly counted and discarded for eight days.

Germination Indices and Modeling. The selected indices, S, AS, and CRG,
were calculated from the original data. For each observation time, cumulative
germination (GD) was expressed as proportion of sown seeds. The three-param-
eter Weibull function was fitted by least squares nonlinear regression with the
Marquardt method, with data expressed as the cumulative proportion of seeds
that actually germinated. Estimates of l were accepted only when their values
were between the last time without and the first with observed germination. The
same applies for k, considering that l + k estimates the number of days at which
the proportion of seeds that actually germinated is 0.63.

Statistical Analysis. Comparison of indices, GD, and Weibull’s parameters
were made with a comparison-wise error rate of 0.05 by two-tailed Student’s t
or Mann-Whitney U tests.

RESULTS AND DISCUSSION

Results are summarized in Table 1. According to them, osmotic pressure
and pH relevance can not be completely discarded, implying that, as usually
happens in this type of study, the phytotoxic interpretation may include effects
other than those of the biological activity of chemicals present in the extracts.

Nevertheless, the same information is obtained from the three indices S,
AS, and CRG, namely that the complete extract and phenolics-removed extract
differ from the control but not from each other. Because of the higher values
of the indices in the control, water extracts of C. ladanifer reduce the speed at
which germination develops, and because no differences were found between
the extracts, that reduction can be attributed to the nonphenolic fraction.

When observation times are examined, there is a clear inhibition of germi-
nation associated with the two extracts at days 1.9 and 2.7, the intensity strongly
decreasing from day 1.9 to day 2.7. At day 3.6, conclusions are prevented by
the lack of “transitivity” (Chew, 1976), i.e., the complete extract and the con-
trol are the same, the complete extract and the phenolics-removed extract are
also the same, but the control and the phenolics-removed extract are different.
Results are clear again at days 4.7 and 7.7 (cGT), when no significant differ-
ences were found among the control, complete extract, and phenolics-removed
extract. Therefore, no effects of water extracts of C. ladanifer on final germina-
tion of subterranean clover were found. As detected by the three indices, both
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TABLE 1. OSMOTIC PRESSURE (OP), pH, AND VALUES (MEAN ± SE) GD (D FOR DAYS),
INDICES (S, AS, AND CRG), AND WEIBULL PARAMETERS (l, k AND c) IN CONTROL (C),

PHENOLICS-REMOVED EXTRACT (RE) AND COMPLETE EXTRACT (CE) TREATMENTSa

C RE CE

OP 0 30 25
pH 5.0 5.5 3.6

S 7.802 ± 0.653 a 5.327 ± 0.531 b 4.590 ± 0.275 b
AS 22.134 ± 1.975 a 13.229 ± 1.977 b 11.033 ± 0.820 b
CRG 0.416 ± 0.021 a 0.266 ± 0.042 b 0.259 ± 0.016 b

G1.0 0 0 0
G1.9 0.551 ± 0.048 a 0.194 ± 0.086 b 0.094 ± 0.010 b
G2.7 0.613 ± 0.050 a 0.376 ± 0.048 b 0.249 ± 0.025 b
G3.6 0.623 ± 0.049 a 0.440 ± 0.047 b 0.448 ± 0.061 ab
G4.7 0.675 ± 0.048 a 0.539 ± 0.047 a 0.532 ± 0.050 a
G7.7 0.696 ± 0.035 a 0.712 ± 0.035 a 0.626 ± 0.038 a

l 1.020 ± 0.026 a 1.224 ± 0.238 a 1.172 ± 0.169 a
k 0.597 ± 0.099 a 2.175 ± 0.450 b 2.282 ± 0.407 b
c 0.785 ± 0.011 a 0.986 ± 0.141 a 1.703 ± 0.230 b

a OP is expressed as mosmol/ kg, S and AS as number of germinated seeds per day, CRG as day−1,
GD as proportion, l and k as day. In the same line, means with different letters are significantly
different at P c 0.05 (N c 4, except for Weibull parameters of control, where N c 3).

treatments significantly delayed germination, an effect that had disappeared by
day 4.7 and should, as before, be attributed to the nonphenolic fraction of the
extracts.

With the exception of one replicate of the control, the Weibull function
could always be fitted, with the coefficient of determination ranging between
0.751 and 0.999 (average of 0.960).

No significant differences in l were found among the treatments and the
control, suggesting that the ability of subterranean clover seeds to start germi-
nation is not affected by either the phenolic or nonphenolic fraction.

Conversely, significant differences in k were found between the control and
extracts, but not between extracts. Thus, after the onset of the process, the rate
of germination (1/ k) is equally reduced by the complete and phenolics-removed
extract (Figure 1). The nonphenolic fraction might be responsible for this effect,
since no differences were found between extracts.

The same conclusion resulted when indices and single comparisons were
examined. Modeling the germination process by the Weibull function, however,
allows a more precise estimate of this delay, which can be expressed by the time
needed to attain 0.5 of final germination (G50). In this case, G50 is 1.395 days
in the control, 2.724 days in the phenolics-removed extract, and 3.012 days in
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FIG. 1. Cumulative and noncumulative germination of subterranean clover in the control
(C), phenolics-removed (RE), and complete (CE) extract, expected from fitted Weibull
functions.

the complete extract if the start of the experiment is considered, or 0.375, 1.500,
and 1.840 days, respectively, if the beginning of the germination, evaluated by
l, is considered.

Finally, the shape of the germination is expressed by c. Given the mean
value of the control, the germination of subterranean clover is clearly positively
asymmetric with a pronounced tail to the right, as can be seen in Figure 1. This
would be expected in such a species. The same occurs with the complete and
phenolics-removed treatments. However, no differences were found between the
control and phenolics-removed extract, with both differing from the complete
extract. This implies that the strong asymmetry of the frequency distribution of
germinated seeds over time is reduced by phenolic compounds extracted from
C. ladanifer, but is insensitive to the nonphenolic fraction.

CONCLUSIONS

According to the data, (1) total germination and (2) time needed for its start
are not affected by extracts; (3) the rate at which the germination proceeds from
then on is equally reduced by the extracts, with the nonphenolic fraction being
the cause; while (4) a less asymmetric distribution of germinated seeds is to be
found when phenolic compounds of C. ladanifer are tested in addition to the
nonphenolic fraction.

Conclusion 1 can only be obtained from single comparisons of final ger-
mination, which should always be considered in addition to Weibull modeling.
Conclusion 3 can be obtained from indices, comparisons at determination times,
or Weibull modeling, with the later allowing a greater precision. Finally, con-
clusions 2 and 4 only emerge when the Weibull function is fitted to the data,
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providing a more complete and insightful picture of phytotoxic effects on ger-
mination.

Therefore, the use of the Weibull function appears to be a better approach to
describe and analyze germination processes in phytotoxic studies, compared to
cumulative germination at each observation time or the use of common indices.
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HIGH LIGHT INTENSITY: A CRITICAL FACTOR IN THE
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Abstract—We analyzed the flight of the rose chafer Macrodactylus
subspinosus (F.) (Melolonthinae: Scarabaeidae) and the Japanese beetle
Popillia japonica Newman (Rutelinae: Scarabaeidae) in a wind tunnel with
controlled humidity, temperature, light, and airflow. The data indicate that an
optimum combination of light and temperature dramatically improves their
response to lures. Both species took off upwind, oriented to, and contacted
the odor source well (40–60%) when light intensity was >50% of a clear day,
temperature was 26–278C, and relative humidity was 65–75%.

Key Words—Coleoptera, Scarabaeidae, Melolonthinae, Macrodactylus sub-
spinosus, Rutelinae, Popillia japonica, wind-tunnel flight, semiochemicals.

INTRODUCTION

The most discriminating bioassays for characterizing semiochemicals are those
that utilize the entire natural response and restrict the animal as little as pos-
sible (Miller and Roelofs, 1978; Baker and Cardé, 1984). “Because the responses
made in-flight are so highly integrated, bioassays utilizing flight in wind are
probably the most discriminating in pheromone research” (Baker and Linn,
1984). The wind tunnel has proven an invaluable tool in the identification of
attractants for many insect species.

Attempts to conduct wind-tunnel bioassays with Scarabaeidae, such as the
Japanese beetle, Popillia japonica Newman, and the rose chafer, Macrodacty-

*To whom correspondence should be addressed.
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lus subspinosus (F.) have met with limited success. This difficulty is evident in
the fact that most sex pheromones and other attractants for scarabs have been
developed using olfactometers or field tests. Although field-testing is important,
it is most efficiently used as the ultimate test of the efficacy or accuracy of the
synthetic blend. The advantages of using a wind tunnel over field studies in the
initial stages of identification include greater control of variables that modulate
response, higher discriminating power, and the ability to conduct experiments
throughout the year or during inclement weather (Baker and Linn, 1984).

M. subspinosus is attracted to an equal blend of a-ionone, (E )-2-nonenol,
hexanoic acid, pentanoic acid, and octyl butyrate (Williams et al., 1993). P.
japonica is attracted to a 3 : 7 : 3 blend of 2-phenylethyl propionate, eugenol, and
geraniol (PEG) (Ladd and McGovern, 1980). The sex attractant pheromone of P.
japonica is (R,Z )-5-dec-1-enyloxacyclopentan-2-one (Tumlinson et al., 1977). In
the field, traps baited with these compounds will catch large numbers of individu-
als in a short time (Williams et al., 1990; Klein et al., 1981), but in the laboratory,
it is difficult to elicit upwind flight to either of these blends (Klein, Linn, and
Robbins personal communication). Leal (1995, 1998) has successfully flown the
scarab, Anomala daimiana, in a wind tunnel (Leal, 1995) and has demonstrated
that it is possible to overcome the lack of a discriminating bioassay by using
his “short-cut” techniques, but agrees that “one of the main barriers in the task
of identifying sex pheromones from scarab beetles is the lack of a uniform and
consistent bioassay” (Leal, 1995). Successful indoor wind-tunnel experiments
with the green June beetle, Continis nitida, (Domek et al., 1990) have suggested
that increased light intensity may be important. In their experiments, the wind
tunnel was lit with sixteen 40-W cool white fluorescent tubes.

Scarabs include some of the world’s most significant insect pests (Vittum et
al., 1999), but pesticidal control of scarabs has been inconsistent since the loss of
cyclodiene insecticides (Facundo et al., 1994). Cost-effective and discriminating
laboratory bioassays would speed development of behavior-modifying chemicals
as economically viable alternatives for control.

METHODS AND MATERIALS

Insects. M. subspinosus adults were obtained from field traps in Castalia,
Ohio (41822′52′′N, 82849′23′′W) baited with the aforementioned five-compo-
nent blend on June 5, 1999. The location was a sandy field of mainly tall fescue,
Festuca arundinacea; orchard grass, Dactylis glomerata; and several Asteraceae
members. P. japonica adults were obtained from field traps in Wooster, Ohio
(40846′47′′N, 81855′12′′W) baited with PEG lure and the sex pheromone on
June 22, 1999. M. subspinosus were kept cool and transported from the field
in a plastic drink cooler. They were stored in said container near a window at
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room temperature until needed and fed sections of musk thistle (Carduus nutans)
collected from the Castalia site. P. japonica were also transported and stored in
this manner, but were fed store-bought sliced red delicious apples. Beetles were
stored up to five days before use in assays.

Chemicals. The equal five-component blend used in trials with M. sub-
spinosus consisted of a-ionone and (E )-2-nonenol (Bedoukian Research Inc.,
Danbury, Connecticut); hexanoic and pentanoic acid (Aldrich Chemical Co.,
Milwaukee, Wisconsin); and octyl butyrate (Penta Manufacturing, Livingston,
New Jersey). Neat PEG lure was obtained from Michael G. Klein, USDA-ARS,
Japanese Beetle Laboratory, Wooster, Ohio.

Wind Tunnel. The flight chamber was a 50-cm × 50-cm × 200-cm pine
frame painted gray. It had heat-shrink plastic windows and eight aluminum
mixing screens mounted over the upwind end of the tunnel to reduce turbulence.
Airflow was created with a window fan placed upwind of the mixing screens.
Airspeed was measured by timing the flight of a pulse of wood smoke and main-
tained at 30 cm/ sec for all experiments by varying the distance between the fan
and the mixing screens.

The wind tunnel was housed in a 3.2-m × 2.4-m × 2.1-m high environ-
mental chamber (Conviron model BDW80) that contained 16 metal halide lamps
(MH) (General Electric, Multi-Vapor, MV-400), 16 high-pressure sodium (HPS)
lamps (General Electric, Lucalox, LU-400), two 200-W incandescent bulbs (IB),
chrome walls, and humidity and temperature controls. The light from all the
lamps passed through a Plexiglas ceiling. In M. subspinosus trials, the tempera-
ture and relative humidity were constant at 268C and 75% ± 5 (X ± s), respec-
tively. Four light levels were used: 10 (2 IB), 480 (6 MH, 6 HPS, and 2 IB), 800
(10 MH, 10 HPS, and 2 IB), and 1260 mmol photons/ sec/ m2 (16 MH, 16 HPS,
and 2 IB). We used a fixed, factorial design in trials with P. japonica to test
interactions between light and temperature. Relative humidity was maintained
at 66% ± 7 (X ± s). Light levels were as above (with the omission of level
480) and crossed with the following four temperatures: 21, 24, 27, and 308C.
Light intensity was measured with a Li-Cor Quantum sensor, which measured
photosynthetically active radiation (PAR, 400–700 nm), and a Li-Cor (LI-185B)
display. The spectral quality of the light was also measured with a Li-Cor scan-
ning spectroradiometer (model LI-1800), which measured radiation from 300 to
1100 nm at 2-nm intervals.

Experimental Protocol. Experiments were conducted in a randomized com-
plete block with blocking over time. In both experiments, treatments within a
block were presented randomly over time. M. subspinosus experiments were con-
ducted in five blocks over one day (June 6, 1999) between 14:00 and 21:00
hours. P. japonica experiments were conducted in three blocks with one block
conducted per day between 12:00 and 22:00 hr (June 23–25, 1999). The peak
activity of P. japonica and M. subspinosus is between 13:00 and 15:00 hr (Lacey
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et al., 1994) and 10:00 and 14:00 hr (Heath, unpublished), respectively. In all
experiments, we conducted 10 trials per treatment replication and recorded the
proportion responding.

Beetles were removed from their storage cage and transferred to 4.5-cm ×
3.5-cm diam. cylindrical screen acclimation cages. They were then allowed to
acclimate in the environmental chamber under treatment conditions for at least
5 min before trials. Each beetle was coerced to crawl from the acclimation cages
onto a rolled section of screening and held about 15 cm into the end of the wind
tunnel and at the same height as the chemical source (25 cm). Beetles were tested
individually and given up to 1 min to respond. Three responses were recorded:
take-off upwind, orientation to the odor plume (locking on), and source contact.
Orientation was observed as a directed, relatively slow, flight upwind with very
little horizontal casting. This response contrasted with seemingly random flight
upwind often colliding with the wind-tunnel walls, which was scored only as
take-off upwind. As in Facundo et al. (1994), those that took flight but did not
contact the source were given a maximum of three chances within the 1-min
period. The most complete response was recorded. Lures were placed 20 cm
downwind of the mixing screens and at a height of 25 cm in glass vials near a
crumpled white paper towel (flower mimic). The M. subspinosus five-component
lure was presented at 10 mg/ ml in ethanol and P. japonica PEG lure was pre-
sented at 100 mg/ ml in ethanol. We did not determine the sex in M. subspinosus
trials and to reduce variability only used males in P. japonica trials.

Statistical Procedures. Take-off upwind, orientation to the odor plume, and
source contact were analyzed first with an ANOVA and then with polynomial
contrasts using SYSTAT (Wilkinson et al., 1989). M. subspinosus source con-
tact proportions were arcsin ( p1/ 2) transformed, and the transformed data met
assumptions of homogeneity of variance and normality of errors. P. japonica
source contact proportions met assumptions of homogeneity of variance and nor-
mality of errors without transformation. In both experiments, adults were used
only once and chosen from a random section of the holding container.

RESULTS

Light intensity inside the wind tunnel was marginally reduced by the plastic
windows, but the light quality (that is, the proportion of radiant energy devoted
to each wavelength) was nearly unchanged. Likewise, among the three highest
levels of light, the quality did not differ. However, the lowest level (10 mmol
photons/ sec/ m2) differed both in quality and quantity (Figure 1), since only the
incandescent bulbs were used.

In both species, positive photoaxis was more obvious at the lower light
levels. When light levels were increased, they reduced their flight toward the
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FIG. 1. Spectral quality of light used in the current experiments compared to that of natural light in Peoria, Illinois, in
September. “Sun high” and “sun low” are at 12:36 hr and 11:36 hr, respectively; “wt high,” “wt mod,” and “wt low” in
the legend refer to the 1260-, 480- and 10-�mol/sec/m2 light levels, respectively. The suffixes refer to the location of the
spectroradiometer sensor, which was either inside (-i) the wind tunnel or outside (-o) to illustrate the filtering effects of
the wind-tunnel windows on light quality and quantity. Note that the “wt low-i” line runs close to the x-axis.
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FIG. 2. Percentage of M. subspinosus adults contacting the source often (N c 5) with
respect to light intensity (PAR, 400–700 nm). Mean, ±1 standard error, and ±1 standard
deviation are represented by the point, box, and whiskers, respectively.

wind-tunnel ceiling after take-off and began orienting to the odor plume more
readily. Details for the take-off-upwind and orientation-to-the-plume responses
have been omitted for simplicity, but the profiles were generally very similar to
those of the source-contact response analyzed below and presented in Figures 2
and 3.

In trials with M. subspinosus, the effect of light intensity on source contact
was significant (F c 13.6; df c 3, 12; P < 0.001), but there was no significant
block (time) effect. As light intensity increased, the ability of M. subspinosus
adults to contact the odor source also increased linearly (Figure 2) (first-order
polynomial contrast, F c 39.0; df c 1, 12; P < 0.001). Higher order (second and
third) polynomial coefficients were not significantly different from zero.

In trials with P. japonica, the main effects of blocking (F c 6.3; df c 2, 22;
P c 0.007), light intensity (F c 26.5; df c 2, 22; P < 0.001), and temperature (F c

5.9; df c 3, 22; P c 0.004) were all significant. However, there was a significant
interaction between light and temperature (F c 6.5; df c 6, 22; P < 0.001, Figure
3). For instance, at 27 and 308C, the highest light intensity inhibited response
(only second-order contrasts were significant; 278C: F c 17.1, df c 1, 4, P c

0.014; 308C: F c 28.0, df c 1, 4, P c 0.006); but at 21 and 248C, the effect of
light was positive (only first-order contrasts were significant; 218C: F c 8.6, df
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FIG. 3. Response surface and raw data for the percentage of 10 P. japonica males contact-
ing the odor source with respect to light intensity (PAR, 400–700 nm) and temperature.
Note several points are identical and thus overlapped (N c 3).

c 1, 4, P c 0.043; 248C: F c 17.2, df c 1, 4, P c 0.014). Temperature × light
polynomial contrasts revealed that increased temperature inhibited response at
the highest light level (second-order contrast, F c 8.7, df c 1, 6, P c 0.026; first-
and third-order contrasts were not significant). At the second light level, the
effect of temperature on source contacts increased linearly (first-order contrast,
F c 22.9, df c 1, 6, P c 0.003; higher-order contrasts were not significant). At
the first light level, increasing the temperature did not significantly increase the
response (all order contrasts were not significant).
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DISCUSSION

We submit that identification of diurnal scarab semiochemicals has been
slowed by the lack of a discriminating long-range laboratory bioassay. This defi-
ciency is evident in the relatively large percentage of studies conducted under
field conditions. These data suggest that the lack of high light intensities in past
attempts with wind tunnels may have contributed to the failure to obtain a dis-
criminating response. Lacey et al. (1994) found that P. japonica are most active
in the field when wind speed is moderate and light intensity and temperature
are maximized. Most wind-tunnel studies with beetles have used light intensi-
ties <80 mmol photons/ sec/ m2 (Visser, 1976; Salom and McLean, 1990; Zhang
et al., 1994; Prokopy et al., 1995; Evans and Allen-Williams, 1998) and only
one (Domek et al., 1990) has used higher light intensities on scarabs. The light
intensities in the current study were 10 times higher than in most studies and
the data indicate that this is necessary to obtain a quantifiable response in these
scarabs.

In trials with P. japonica, the response was inhibited at higher levels of tem-
perature and light (Figure 3). Given that the quantity of stimulus presented was
comparable to natural levels, the inhibition is likely due to differences in light
quality. Figure 1 shows qualitative differences between sunlight and our artifi-
cial lighting with respect to wavelength. Although the total radiation, even at
our highest level, was lower than a sunny day in September, the yellow–orange
band at ca. 600 nm and the near-infrared band at ca. 825 nm were considerably
higher than natural light (Figure 1). These qualitative differences could have their
effect in a number of ways, of which spectral sensitivity is the most likely. The
spectral sensitivity of P. japonica may be such that higher-than-natural levels of
yellow–orange light may be inhibitory even when the total radiation is less than
would occur naturally. Liocola brevitarsis (Scarabaeidae) are sensitive to light
below 600 nm (Lin and Wu, 1991); if P. japonica possesses similar sensitivi-
ties, the high levels at 600 nm may inhibit them. Since beetles were stored in
a relatively dark container prior to bioassays, their eyes would have been dark-
adapted. This could have increased their sensitivity and thus indirectly decreased
their threshold of inhibition.

The evolutionary advantage of flying to plant compounds only when the
light levels are high is not obvious. However, Furutani and Arita (1990) have
illustrated that total carbohydrate content of leaves is linked to light intensity and
to Chinese rose beetle (Scarabaeidae) feeding preference. Furthermore, Ward-
law (1990) indicated that production and translocation of carbohydrates in plants
varies diurnally. In this scenario, beetles that respond to plant volatiles when light
intensity is high would increase their probability of finding plants high in carbo-
hydrates. Further, if sight is important in recognizing hosts or mates, they may
gain visual acuity with additional light. Further studies should consider whether
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the effect exists for pheromones, which portion of the electromagnetic spectrum
is responsible (i.e., UV, visible light, or infrared), where the modulating radiation
is received, where in the nervous system the impulse is integrated to modulate
behavior, and what benefit beetles gain from flying only when light levels are
high.

These results have implications for conducting laboratory bioassays with
other beetle families. Prystupa et al. (1988) conducted wind-tunnel studies with
Diabrotica spp. in a greenhouse; results were more discriminating those those
of an earlier experiment carried out in the laboratory (Dobson and Teal, 1987).
However, Guss et al. (1982) report failed orientation experiments with Diabrot-
ica in greenhouse studies. Since glass effectively filters out most infrared radi-
ation (Lazzari and Nunez, 1989), it would be interesting to compare the green-
house window materials in the aforementioned studies to gain insight into the
importance of infrared radiation in modulating orientation. Bartelt and Zilkowski
(1998) and Phelan and Lin (1991) have had considerable success flying nitidulids
in wind tunnels, but the beetles often take several minutes to hours to respond
(Zilkowski et al., 1999)—perhaps light is important.

Our finding that high light intensity dramatically increases diurnal scarab
response to semiochemicals in a wind-tunnel bioassay should make future scarab
semiochemical identifications faster and more cost-effective since workers will
have the added advantage of a discriminating laboratory bioassay. It also high-
lights a potential model system for the study of how encoded olfactory informa-
tion is modulated by other stimuli in the nervous system.
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Abstract—Recently, 7-methylheptadecane and 7,11-dimethylheptadecane
have been reported as sex pheromone components of both spring hemlock
looper (SHL), Lambdina athasaria, and pitch pine looper (PPL), Lambdina
pellucidaria. Our objective was to test the hypothesis that SHL and PPL
are reproductively isolated, in part, through species specificity in: (1)
absolute configuration of pheromone components, (2) diel periodicity of
pheromonal communication, and/ or (3) seasonal flight period. In coupled
gas chromatographic–electroantennographic detection (GC-EAD) analyses of
stereoselectively synthesized (7S )- and (7R)-7-methylheptadecane [7S ; 7R]
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as well as (7S,11S )-, (7R,11R)-, and (meso-7,11)-7,11-dimethylheptadecane
[7S,11S ; 7R,11R; meso-7,11], only 7S and meso-7,11 elicited responses
by male SHL and PPL antennae. In field experiments, male SHL and
PPL were attracted only to lures containing 7S plus meso-7,11. In hourly
recordings of trap-captured males, SHL and PPL in their respective habitats
were trapped between 24:00 and 03:00 hr. Capture of both SHL and PPL
in pheromone-baited traps throughout June indicated overlapping seasonal
flight periods. These findings of identical absolute configuration of pheromoal
components, diel periodicity of pheromonal communication, and overlap
of seasonal flight periods support synonymy of SHL and PPL. Finite
taxonomic classification of PPL and SHL must await careful assessment of
further criteria, such as morphometrics, molecular comparisons and ecological
analyses.

Key Words—Geometridae, 7-methylheptadecane, 7,11-dimethylheptadecane,
pheromone chirality, diel periodicity of pheromonal communication, season-
ality of flight, reproductive isolating mechanisms, synonomy.

INTRODUCTION

The spring hemlock looper (SHL), Lambdina athasaria7 (Walker), and pitch pine
looper (PPL), L. pellucidaria (Grote and Robinson), have remarkably similar
life histories (summarized in Duff, 1998). Although they prefer hemlock (SHL)
and pine (PPL) forests, they are neither spatially nor temporally completely iso-
lated. Both SHL and PPL overwinter as pupae in the forest duff. Adults begin
to emerge in mid to late May and are present until the end of June or early July.
With identical sex pheromone blends (7-methylheptadecane and 7,11-dimethyl-
heptadecane) identified in both species (Gries et al., 1994; Maier et al., 1998),
alternative mechanisms of reproductive isolation needed to be investigated. Here
we tested the hypotheses that PPL and SHL are reproductively isolated, in part,
through species specificity in: (1) absolute configuration of pheromone compo-
nents; (2) diel periodicity of pheromonal communication; and/ or (3) seasonal
flight period.

METHODS AND MATERIALS

Syntheses. (7S)-7-Methylheptadecane, (7R)-7-methylheptadecane, (7S,
11S )-7,11-dimehylheptadecane, (7R,11R)-7,11-dimethylheptadecane and (meso-
7,11)-7,11-dimethylheptadecane, hereafter referred to as 7S, 7R, 7S,11S, 7R,11R,
and meso-7,11 (Figure 1), were synthesized as previously described (Sheng,

7 Univoltine L. athasaria investigated in this study is not to be confused with the bivoltine oak feeder,
L. fervidaria athasaria (Walker), which is illustrated by Covell (1984). Larvae of L. athasaria
considered here are restricted to eastern hemlock.
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FIG. 1. Representative GC-EAD recordings from male spring hemlock looper (SHL) and
from male pitch pine looper (PPL) antennae, responding to 1000 pg of 2,5-dimethyl-
heptadecane [internal standard (IS)] and to 2 pg of optical isomers of pheromone com-
ponents. Antennal recordings conducted in consecutive order (top to bottom), employ-
ing the same antenna. Flame ionization detector (FID) recordings omitted. Compound
nomenclature: 7R c (7R)-7-methylheptadecane; 7S c (7S )-7-methylheptadecane; 7R,11R c

(7R,11R)-7,11-dimethylheptadecane; 7S,11S c (7S,11S )-7,11-dimethylheptadecane; meso
7,11 c (meso-7,11)-7,11-dimethylheptadecane. Chromatography: Hewlett Packard 5890
equipped with a fused silica column (30 m × 0.25 mm ID) coated with DB-5 (J&W
Scientific, Folsom, California); splitless injection, temperature of injection port and FID
detector: 2508C; temperature program: 1208 for 1 min, then 108C/ min to 2808C.
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1996; Shirai, 1997; Shirai et al., 1999). Based on gas chromatographic analy-
ses, all compounds used in field experiments were >94% chemically pure. Com-
pounds were 99–100% enantiomerically pure as estimated by the enantiomeric
excess (99.8–100%) of the starting material (enantiomers of methyl 3-hydroxy-
2-methyl propanoate).

Laboratory Analyses. Adult male SHL and PPL were collected at night in
Peoples State Forest, Barkhamsted, Litchfield County, Connecticut, and Myles
Standish State Forest, Plymouth, Plymouth County, Massachusetts, respectively.
Moths were cooled (88C) overnight and couriered to Simon Fraser University the
next day for coupled gas chromatographic–electroantennographic detection (GC-
EAD) analyses (Arn et al., 1975). Each antenna tested (four and five for male
SHL and PPL, respectively) was subjected in the same order to three mixtures
of candidate pheromone components at 2 pg each. Mixtures 1–3 contained 7R
plus 7R,11R, 7R plus 7S,11S, and 7S plus meso-7,11, respectively. An internal
standard, 1 ng of 2,5-dimethylheptadecane, was coinjected with each mixture,
to monitor possible deterioration of antennal responses over the 30–40 min test
period for each antenna.

Experimental Sites. Experiments with SHL and PPL were conducted at
Peoples State Forest and Myles Standish State Forest, respectively. In Peoples
State Forest 120 km inland, the transition-zone forest of gymno- and angiosperm
trees forms a dense canopy with hemlock, Tsuga canadensis (L.) Carr., as the
dominant species. The forest lies at 300 m in elevation and receives 306 mm of
rain from June to August (Owenby and Ezell, 1992). The pine forest at Myles
Standish State Forest exhibits an open forest canopy with pitch pine, Pinus rigida
Miller, as the dominant species. Directly on the Atlantic coast, the pine forest
experiences a moderate, ocean-influenced climate, with little summer rain and
prolonged periods of drought (Schweitzer and Rawinski, 1988). More detailed
characteristics about experimental sites and their locations are provided in Duff
(1998).

General Design of Field Experiments. Experiments of identical or compati-
ble design, conducted concurrently for both SHL and PPL (except experiment 7),
were set up in randomized, complete blocks with traps and blocks at 15- to 20-
m intervals. Green Unitraps (Phero Tech Inc., Delta, British Columbia, Canada)
were suspended from T. canadensis (SHL) and P. rigida (PPL) at 1.5–2 m above
ground and 2–5 m within the forest margin. Traps were baited with grey rubber
septa (The West Company, Lionville, Pennsylvania) impregnated with stereoiso-
mers of synthetic pheromone components in HPLC-grade hexane. Each trap con-
tained a dichlorvos cube (Bio-Strip, Inc., Reno, Nevada) to kill captured males.
Moths were removed and counted every two days.

Field Test of Optical Isomers of Pheromone Components. Experiment 1
(SHL) and experiment 2 (PPL) tested stereoisomeric 7,11 alone and in combi-
nation with either 7S, 7R or both. The 7S (experiment 3, SHL) or 7S plus 7R
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(experiment 4, PPL) were tested alone and in binary and quaternary combina-
tions with 7S,11S, 7R,11R, and meso-7,11. Experiment 5 (SHL) tested 7S alone
and in binary combination with meso-7,11 and all possible ternary and quater-
nary combinations with 7S,11S, 7R,11R, and meso-7,11. Experiment 6 (PPL)
was identical to experiment 5, but replaced 7S with 7S + 7R. Experiment 7 was
conducted only with PPL and tested 7S plus meso-7,11 alone and in combi-
nation with 7R at three different ratios. Experiment 8 (SHL) and experiment
9 (PPL) tested 7S alone and in combination with meso-7,11 at three different
ratios. Experiment 10 (SHL) and experiment 11 (PPL) tested meso-7,11 alone
and in combination with 7S at three different ratios. Experiment 12 (SHL) and
experiment 13 (PPL) tested 7S plus meso-7,11 at increasing doses.

Height-Dependent Trap Captures of Male SHL and PPL. For experiment
14 and 15, ten trees >200 m apart were selected at each experimental site. Uni-
traps baited with grey rubber septa impregnated with 50 mg 7S and 16 mg meso-
7,11 were hung at 1.5, 3, and 5 m above ground in each tree. Captured male SHL
(experiment 14) or PPL (experiment 15) were recorded two days after experi-
ment initiation.

Diel Periodicity and Seasonality of Trap Captures. Experiments 16 and 17
recorded the diel periodicity of captures of male SHL and PPL, respectively. Ten
trees >100 m apart were selected at each experimental site. One Unitrap baited
with grey rubber septa impregnated with 50 mg 7S and 16 mg meso-7,11 was hung
1.5 m above ground and 2–5 m within the forest margin in each tree. Captured
males were recorded hourly for 24 hr. Experiments 18 and 19 recorded seasonal
flight periods of male SHL and PPL, respectively. Selection of trees and trap
placement were the same as in experiments 16 and 17. Traps were baited with
grey rubber septa impregnated with 50 mg racemic 7 and 16 mg stereoisomeric
7, 11. Captured males were removed and counted every two days from May 28,
to June 24, 1997.

Statistical Analyses. Despite transformation, most trap catch data were not
normally distributed and were therefore subjected to nonparametric analyses of
variance by ranks (Friedman’s test) followed by comparison of means (Bonfer-
roni test) (Zar, 1984; SAS/ STAT 1988 user guide, release 6.03 edition, SAS
Institute, Cary, North Carolina).

RESULTS

In GC-EAD recordings, 7S, but not 7R, and meso-7,11, but not 7S,11S or
7R,11R, elicited responses from male SHL and PPL antennae (Figure 1). In field
experiments 1 and 2, 7S in combination with stereoisomeric 7,11 attracted male
SHL and PPL (Figure 2). For both species, 7R was inactive with 7,11, but doubled
captures of male PPL when added to 7S plus 7,11 (Figure 2, experiment 2). For
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FIG. 2. Left: Captures of male spring hemlock loopers (SHL) (experiment 1; June 10–12,
1997; 10 replicates) and pitch pine loopers (PPL) (experiment 2; May 30–June 3, 1997;
10 replicates) in Unitraps baited with stereoisomeric dimethylheptadecane alone and in
combination with 7S, 7R, or both. Right: Captures of male SHL (experiment 3; June
12–14, 1997; 10 replicates) and male PPL (experiment 4; June 3–5, 1997; 10 replicates)
in Unitraps baited with 7S alone (SHL) or 7S plus 7R alone (PPL), and in binary and
quaternary combinations with 7S,11S, 7R,11R, and meso-7,11. For each experiment, bars
with the same letter are not significantly different, P > 0.05. Compound nomenclature as
in Figure 1 legend. Note that when apparent behavioral activity of 7R in experiment 2
was retested in a subsequent experiment, it was inactive (Duff, 1998).

both SHL and PPL, the synergistic stereoisomer of 7,11 proved to be meso-7,11
(Figure 2, experiments 3, 4; Figure 3, experiments 5, 6); 7S,11S and 7R,11R were
benign. Retesting 7R as a potential pheromone component for PPL in experiment
7 failed to disclose any behavioral activity associated with this compound (Duff,
1998). The blend of 7S plus meso-7,11 at a 50 : 16-mg ratio was more attractive to
male SHL and PPL than blend ratios with reduced amounts of either meso-7,11
(Figure 4, experiments 8 and 9) or 7S (Figure 4, experiments 10 and 11). When
7S plus meso-7,11 were tested at five doses separated by orders of magnitude,
only traps baited with the highest dose captured significant numbers of males
(Figure 5, experiments 12 and 13).



LOOPER PHEROMONE BIOLOGY 437

FIG. 3. Captures of male spring hemlock loopers (SHL) (experiment 5; June 14–16, 1997;
10 replicates) and male pitch pine loopers (PPL) (experiment 6; June 5–7, 1997; 10 repli-
cates) in Unitraps baited with 7S alone (SHL) or 7S plus 7R alone (PPL), in binary com-
bination with meso-7,11), and in all ternary and quaternary combinations with 7S,11S,
7R,11R, and meso-7,11. For each experiment, bars with the same letter are not signifi-
cantly different, P > 0.05. Compound nomenclature as in Figure 1 legend.

Traps suspended at 1.5 m above ground captured significantly fewer male
SHL than those at 5 m (Figure 6, experiment 14) and significantly fewer male
PPL than those at 3 and 5 m (Figure 6, experiment 15). In hourly recordings
of captured males, seven SHL and five PPL were captured between 24 : 00 hr
and 0300 hr (Figure 6, experiments 16 and 17). The seasonal flight periods of
SHL and PPL overlapped (Figure 6, experiments 18 and 19), but few SHL were
captured until mid-June.
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FIG. 4. Left: Captures of male spring hemlock loopers (SHL) (experiment 8; June 16–18,
1997; 10 replicates) and male pitch pine loopers (PPL) (experiment 9; June 11–13, 1997;
10 replicates) in Unitraps baited with 7S alone and in combination with (meso-7,11) at
three different ratios. Right: Captures of male SHL (experiment 10; June 18–20, 1997;
10 replicates) and male PPL (experiment 11; June 13–15, 1997; 10 replicates) in Unitraps
baited with meso-7,11 alone and in combination with 7S at three different ratios. For each
experiment, bars with the same letter superscript are not significantly different, P > 0.05.
Compound nomenclature as in Figure 1 legend.

DISCUSSION

Electrophysiological recordings (Figure 1) and field experiments (Figures
2–6) indicate that SHL and PPL lack specificity of their pheromone blends.
Antennae from males of both species discriminated between optical isomers
of pheromone components (mono- and dimethylheptadecanes), but invariably
responded only to 7S and meso-7,11 (Figure 1). Attraction of male SHL and male
PPL only to lures containing 7S + meso-7,11 (Figures 2–4) confirms enantio-
and stereospecific recognition of pheromone components, and demonstrates that
SHL and PPL use chiral pheromone components of identical absolute configu-
ration. Because 7R, 7S,11S, or 7R,11R elicited neither antennal (Figure 1) nor
behavioral responses (Figures 2–4), they can not be employed by female SHL
or PPL to inhibit or reduce cross-attraction of heterospecific males. Moreover,
different blend ratios of 7S + meso-7,11 had similar effects on captures of male
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FIG. 5. Captures of male spring hemlock loopers (SHL) (experiment 12; June 20–22,
1997; 10 replicates) and male pitch pine loopers (PPL) (experiment 13; June 15–17, 1997;
10 replicates) in Unitraps baited with 7S + meso-7,11 at four different doses. For each
experiment, bars with the same letter are not significantly different, P > 0.05. Compound
nomenclature as in Figure 1 legend.

SHL and PPL (Figure 4, experiments 8–11), eliminating blend ratios as a means
of pheromonal specificity.

Enantiospecific perception of pheromone components by males implies
enantioselective biosyntheses by females. Confirmation that female SHL and
PPL stereoselectively produce 7S and meso-7,11, however, must await devel-
opment of a chiral GC column that separates optical isomers of methyl- and
dimethylheptadecane.

With identical sex pheromones, SHL and PPL could maintain reproduc-
tive isolation through temporal (diel and/ or seasonal) separation of sexual com-
munication. Sympatric and coseasonal artichoke plume moths, Platyptilia car-
duidactyla (Riley) and P. williamsii (Grinnell), for example, use identical sex
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FIG. 6. Left: Captures of male spring hemlock loopers (SHL) (experiment 14; June 19–22,
1997; 10 replicates) and male pitch pine loopers (PPL) (experiment 15; June 17–21, 1997;
10 replicates) in Unitraps suspended from trees at 1.5, 3, and 5 m above ground and baited
with 50 mg 7S plus 16 mg meso-7,11. For each experiment, bars with the same letter are
not significantly different, P > 0.05. Top right: Hourly recordings of trap captured male
SHL (experiment 16; June 19–22, 1997; 10 replicates) and male PPL (experiment 17;
June 17–18, 1997; 10 replicates) in Unitraps baited with 50 mg 7S plus 16 mg meso-
7,11. Bottom right: Seasonal recordings of trap captured male SHL (experiment 18; May
31–June 26, 1997; 10 replicates) and male PPL (experiment 19; May 31–June 26, 1997;
10 replicates) in Unitraps baited with enantiomeric 50 mg 7 and stereoisomeric 50 mg
7,11. Compound nomenclature as in Figure 1 legend.

pheromones but release them at different times of the night (Haynes and Birch,
1986). Diel periods of pheromone communication in SHL and PPL, in contrast,
seem to overlap (Figure 6). Even though the seasonal flight period of SHL may
commence ∼7–10 days earlier than that of PPL (Maier and Lemmon, 1996), cap-
ture of male SHLs and PPLs in pheromone-baited traps throughout June (Figure
6) eliminates seasonality of flight as a reproductive isolating mechanism.
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Spatial separation (between or within habitats) of sexual communication
represents a third potential isolating mechanism. The SHL occurs in moist areas
within forests of eastern hemlock. The PPL, in contrast, typically inhabits dry
sandy areas with mainly pitch and other hard pines. While SHL and PPL are
mostly allopatric in eastern North America (Maier and Lemmon, 1996), their
habitats are not far apart and areas of sympatry may exist. Captures of male
SHL and PPL mainly in traps suspended at 3 and 5 m (Figure 6) suggest that
females of both species call in similar locations within the forest canopy, and that
spatial separation of sexual communication would fail in coinhabited forests.

In summary, our study did not reveal discernible differences in the
pheromone biology of PPL and SHL, supporting the contention that they should
be synonymized (Zhang, 1994). Finite taxonomic classification of PPL and SHL,
however, must await careful assessment of other criteria (Roelofs and Brown,
1982; Roelofs and Comeau, 1969), such as morphometrics, molecular compar-
isons, and ecological analyses.
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Abstract—To identify potential hormonal pheromones of the round goby
(Neogobius melanostomus), a species recently introduced to the Great
Lakes, we used electro-olfactogram (EOG) recording to examine olfactory
responsiveness to more than 100 steroids and prostaglandins. Neogobius
detected free and conjugated 18-, 19- and 21-carbon steroids, but did
not detect prostaglandins. EOG cross-adaptation, used to determine if
Neogobius can discriminate the detected compounds at the sensory level,
suggested that the detected steroids act on four classes of olfactory receptor
mechanisms named (according to the most potent ligand for each): estrone,
17b-estradiol-3b-glucuronide, etiocholanolone, and dehydroepiandrosterone-
3-sulfate. Although none of the detected steroids induced reproductive
behaviors, exposure to steroids from three of the four receptor classes (estrone,
17b-estradiol-3b-glucuronide, or etiocholanolone) increased ventilation rate
in males, whereas only etiocholanolone increased ventilation rate in females.
Using the ventilation increase as a behavioral bioassay of steroid detection,
behavioral cross-adaptation studies in males demonstrated that steroids
discriminated at the sensory level are also discriminated behaviorally. These
findings suggest the round goby may use steroids as putative pheromones.

Key Words—Round goby, Neogobius melanostomus, sex pheromones,
steroid, electro-olfactogram, cross-adaptation, ventilation, sexual dimorphism.
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INTRODUCTION

Water-borne steroids, prostaglandins, and their metabolites are potent stimu-
lators of reproductive physiology and behavior in a number of fish species
(Sorensen and Caprio, 1998; Sorensen and Stacey, 1999). Moreover, electro-
olfactogram (EOG) recording studies (e.g., Sorensen et al., 1995), which seek
evidence for hormonal pheromones by examining olfactory response to numer-
ous steroid and prostaglandin compounds, indicate that these fish pheromones
are widespread among freshwater fishes and are present in some euryhaline
marine forms (Stacey and Cardwell, 1995, 1997). The majority of studies on fish
hormonal pheromones have focused on ostariophysin species from the orders
Cypriniformes, e.g., goldfish, Carassius auratus (Sorensen and Stacey, 1999);
common carp, Cyprinus carpio (Irvine and Sorensen, 1993; Stacey et al., 1994a);
tinfoil barb, Puntius schwanenfeldi (Cardwell et al., 1995); loach, Misgurnus
anguillicaudatus (Kitamura et al., 1994), and Siluriformes, e.g., African cat-
fish, Clarias gariepinus (van den Hurk and Resink, 1992), but there also is evi-
dence for hormonal pheromones in several Salmoniformes, e.g., Atlantic salmon,
Salmo salar (Waring and Moore, 1997); arctic char, Salvelinus alpinus (Sveins-
son and Hara, 1995); brook trout, Salvelinus fontinalis, and brown trout, Salmo
trutta (Essington and Sorensen, 1996). In contrast, with the exception of the
pioneering work of Colombo et al. (1977, 1982) in the black goby (Gobius
jozo), reports of pheromonal androgens in the urine of male yellowfin Baikal
sculpins (Cottocomephorus grewingki) (Katsel et al., 1992), a brief description
of EOG responsiveness to steroids in a cichlid (Haplochromis burtoni) (Robison
et al., 1998), and indications that preovulatory Eurasian ruffe (Gymnocephalus
cernuus) release a novel conjugated steroid with behavioral actions on males
(Murphy et al., 2000), nothing is known of hormonal pheromone systems in
perciform fishes, a diverse and ecologically important group both in freshwater
and marine ecosystems.

In this study, we report the results of EOG and behavioral studies indicat-
ing the use of steroidal pheromones by the round goby, Neogobius melanosto-
mus, a native of the Caspian and Black seas, which recently has been intro-
duced to the Great Lakes in ship ballast (Crossman et al., 1992; Jude et al.,
1992). The objectives of our study were twofold. First, we wished to increase
the understanding of perciform pheromones by focusing on a species from a
diverse and widely distributed perciform group (Family Gobiidae) that contains
many marine taxa and that is suitable for laboratory-based reproductive studies
(Moiseyeva and Rudenko, 1976). Second, we hoped that an understanding of
hormonal pheromones of Neogobius might suggest methods for control of this
species in the Great Lakes.

Spawning in Neogobius appears to be typical of many gobiids (Miller,
1984). Males migrate from deeper waters to spawning areas in the spring, estab-
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lish territories prior to arrival of females, defend a nest site to which females
are attracted for spawning, and care for single or multiple batches of eggs (Moi-
seyeva and Rudenko, 1976; MacInnis and Corkum, 2000). As with other male
gobiids [e.g., Bathygobius soporator (Tavolga, 1956)], male round gobies use
visual displays (coloration changes and posturing) and acoustical signals when
courting females (Protosov et al., 1965; Moiseyeva and Rudenko, 1976). In par-
ticular, evidence that pheromones play important reproductive roles in other gob-
ies (Tavolga, 1956) and that a conjugated steroid, 5b-androstan-3a-ol-17-one-
3-glucuronide (etiocholanolone-glucuronide; ETIO-g), has pheromonal function
in G. jozo (Colombo et al., 1980, 1982) suggested that, as in many other fish
(Stacey and Cardwell, 1995, 1997; Sorensen and Stacey, 1999), EOG studies
would be useful in determining if Neogobius detects hormonal pheromones.

The round goby has established thriving populations in all of the Great
Lakes and might invade the Mississippi River drainage system, with potentially
detrimental effects on many North American native fish species and ecosys-
tems (Charlebois et al., 1997). Great Lakes Neogobius are of concern because
there is evidence they have contributed to population declines of native mot-
tled sculpin (Cottus bairdi) and other benthic fishes (Dubs and Corkum, 1996).
Round gobies displace native benthic species from optimal spawning habitats,
eat their eggs and young, and have a relatively high fecundity since they spawn
a number of times in a season (Dubs and Corkum, 1996; Charlebois et al., 1997;
MacInnis and Corkum, 2000). Additionally, because round gobies eat zebra mus-
sels (Dreissena polymorpha), which can accumulate polychlorinated biphenyls
and in turn are preyed upon by sport fish, they might facilitate introduction of
toxins into Great Lakes food webs (Ray and Corkum, 1997). Understanding sex
pheromones of the round goby could lead to techniques for population monitor-
ing or disruption of spawning.

METHODS AND MATERIALS

Experimental Fish. Sexually mature Neogobius were collected between
May and August, 1994–1996 by angling and bottom trawl from the St. Clair
and Detroit Rivers (Windsor, Ontario, Canada), flown to Edmonton within three
days of capture, and maintained in mixed-sex groups (four to six fish) under
constant photoperiod (16L : 8D). Fish were held in 70-liter flow-through aquaria
supplied with dechlorinated tap water that varied seasonally from 9 to 188C.
Aquaria contained gravel, an air stone, floating artificial plants, and clay flower
pots and PVC pipes for shelter. A variety of live, frozen and flake food was
provided ad libitum.

Fish were sexed by the shape of the urogenital papilla: the females have
a broad, truncated tip with a large pore, and that of the male is long and slen-
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der with a minute opening. Both males and females used in the EOG recording
and behavior experiments were caught in Windsor in breeding condition. Most
females had distended abdomens at capture and discharged eggs into aquaria
within two weeks of captivity. Males kept in mixed sex groups periodically
exhibited courtship behavior (color changes and territoriality), and occasionally
fertilized eggs were found on the ceiling of the PVC tubes, indicating that hold-
ing conditions did not inhibit reproductive behavior. Only larger fish (>8 cm
in length) were used in both EOG and behavior experiments. All experimental
procedures involving fish were in accordance with Canadian Council of Animal
Care guidelines.

Electro-olfactogram (EOG) Recording Technique. Sexually mature male
and female Neogobius were tested for olfactory sensitivity to a variety of odors
using EOG recording procedures similar to those described by Cardwell et al.
(1995). Larger males and females (>8.0 cm in length) were chosen because it
was too difficult to obtain a recording from smaller fish; the incurrent pore was
too small for the size of electrodes used. Larger fish were sexually mature at
the time of capture (see above) but may have undergone some gonadal recrude-
scence while maintained in the laboratory. Immediately prior to recording, fish
were anesthetized by orally perfusing the gills with dechlorinated tap water con-
taining 0.05% 2-phenoxyethanol (2-PE; Sigma, St. Louis, Missouri), wrapped in
wet tissue and secured to a stand placed in an electrically grounded water bath.
Fish were fitted with a polyethylene mouth tube that delivered aerated, dechlori-
nated water (containing 0.05% 2-PE) throughout the entire recording procedure.
The temperature of the water bath and the anesthetic water (9–188C) approxi-
mated that of the holding aquaria at the time of testing.

A glass capillary tube (70- to 120-mm tip diameter) filled with gelatin (8%
in 0.6% NaCl) bridged Ag–AgCl electrodes filled with 3 M KCl to the olfactory
tissue. The tip of the reference electrode was placed in the water bath. The odor
delivery tube was positioned next to the excurrent pore of one naris, creating
a reversed water flow (in the excurrent pore and out the incurrent pore); initial
recordings failed to generate any EOG response if the odor tube was placed near
the incurrent pore and the recording electrode was placed in the excurrent pore.
In an attempt to facilitate recording, the naris was dissected to expose olfactory
receptor cells. However, we were unable to obtain any measurable EOG response
from the exposed naris; therefore the naris was left intact for all recordings.

Throughout a recording session (maximum duration of 3 hr), the naris
was continuously perfused with dechlorinated tap water (background) until a
computer-controlled solenoid switched the background solution to a test solu-
tion for 2 sec. The amplified signals (Grass P-18 DC amplifier) were digitized
(National Instruments Lab-PC A/ D converter), and the response was recorded
for 10 sec from initiation of the odor pulse. After recording was completed, the
gills were perfused with tap water without anesthetic until the fish began venti-
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lating and could be returned to its aquarium. A number of fish were retested
in a maximum of two additional EOG recording sessions (allowing at least
one week between sessions), each of which was for a different cross-adaptation
experiment (see EOG Cross-Adaptation below). There was no evidence that the
EOG response was affected by prior recordings, insofar as response magnitudes
remained equivalent on subsequent tests.

When an anesthetized fish had been mounted in the water bath for 30–45
min, recording began by determining olfactory response to 10−5 M L-alanine.
If the response to L-alanine was greater than 3 mV (prestimulus voltage to
peak stimulus voltage), testing with hormonal compounds was initiated. If the
response was less than 3 mV, the recording electrode and/ or odor tube were
repositioned until a minimum 3-mV response was obtained or the recording was
terminated and the fish recovered.

During the course of a recording, the sensitivity by 10−5 M L-alanine was
monitored frequently to ensure the stability of the recording. As well, to deter-
mine if mechanical artifacts contributed to the EOG recording, the naris was
exposed occasionally to 2-sec pulses of the same dechlorinated tap water (back-
ground water) that chronically irrigated the naris and was used for dilution of
test odors (see Tested Odors below). Data (base to peak voltage differences) are
presented as an absolute response in mV with response to background water (if
any) subtracted. Sensory adaptation during recording was minimized by using
a short exposure time (2 sec) and allowing 1–2 min between exposures to test
solutions.

Tested Odors. The olfactory epithelium of Neogobius was exposed to
10−8 M solutions of eight prostaglandins (prostaglandins E1, E2, F1a, F2a,
and F3a; 15-keto-prostaglandin E2; 15-keto-prostaglandin F2a; 13,14-dihydro-
15-keto-prostaglandin F2a) and 114 steroids (Table 1) to determine compounds
that consistently induced EOG response. Steroids and prostaglandins selected
for testing included all those reported to be olfactory stimulants or to have
pheromonal activity in other fish (Stacey and Cardwell, 1995; Sorensen and
Stacey, 1999), as well as a number of related compounds, metabolites, and con-
jugates. Steroids and steroid conjugates were purchased from Sigma (St. Louis,
Missouri) and Steraloids (Newport, Rhode Island) or received as gifts from Dr.
A. P. Scott (Lowestoft), and Dr. J. G. D. Lambert (Utrecht). Prostaglandins were
purchased from Cayman Chemical Company (Ann Arbor, Michigan). Because,
in initial tests, prostaglandins failed to induce an EOG response in any fish, they
will not be considered further in this section.

The 10−5 M L-alanine (Sigma, St. Louis, Missouri) used to monitor EOG
recording preparations was prepared as a 10−2 M stock solution in double-dis-
tilled deionized water, stored in glass scintillation vials at 48C and diluted in
background water at the time of EOG recording. Olfactory response to 10−6 M
L-alanine was also recorded, as this concentration was used in behavior tests.
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TABLE 1. STEROIDS TESTED IN EOG RECORDING, GROUPED ACCORDING TO STRUCTURAL

SIMILARITY AND INCLUDING ABBREVIATIONS

5�-Androstan (unconjugated): 5a-androstan-3,17-dione; 5a-androstan-3b-ol-17-one
(epiandrosterone; EPIANDR); 5a-androstan-17b-ol-3-one.

5�-Androstan (conjugated): 5a-androstan-3b-ol-17-one-3b-glucuronide (epiandrosterone-
glucuronide; EPIANDR-g); 5a-androstan-3a-ol-17-one-3a-SO4 (androsterone-sulfate;
ANDR-s).

5�-Androstan (unconjugated): 5b-androstan-3,17-dione (etiocholan-3,17-dione; ETIO-3,17-
dione); 5b-androstan-3a-ol-17-one (etiocholanolone; ETIO); 5b-androstan-3b-ol-17-one.

5�-Androstan (conjugated): 5b-androstan-3a,17b-diol-3a-glucuronide; 5b-androstan-3a,17b-
diol-17b-glucuronide; 5b-androstan-3a,11b-diol-17-one-3a-glucuronide (etiocholanolone-
glucuronide; 11b-ETIO-g); 5b-androstan-3a-ol-17-one-3a-glucuronide (etiocholanolone-
glucuronide; ETIO-g)

4-Androsten (unconjugated): 4-androsten-11b,17b-diol-3-one; 4-androsten-3,17-dione
(androstenedione; AD); 4-androsten-11-keto-17b-ol-3-one (11-ketotestosterone);
4-androsten-11-keto-3,17-dione; 4-androsten-11a-ol-3,17-dione; 4-androsten-11b-ol-3,17-
dione; 4-androsten-17a-ol-3-one; 4-androsten-17b-ol-3-one (testosterone; T).

4-Androstene (conjugated): 4-androsten-17b-ol-3-one-17b-glucuronide (testosterone
glucuronide); 4-androsten-17b-ol-3-one-17b-SO4 (testosterone sulfate).

5-Androsten (unconjugated): 5-androstene-3b,17b-diol; 5-androstene-3b-ol-17-one
(dehydroepiandrosterone; DHEA).

5-Androsten (conjugated): 5-androstene-3b-ol-17-one-3b-glucuronide (dehydroepiandro
sterone-glucuronide; DHEA-g); 5-androstene-3b-ol-17-one-3b-SO4

(dehydroepiandrosterone-sulfate; DHEA-s).
Estratriens (unconjugated): 1,3,5(10)-estratrien-3a,17a-diol (17a-estradiol); 1,3,5 (10)-

estratrien-3a,17b-diol (17b-estradiol; E2); 1,3,5 (10)-estratrien-3a-ol-17-one (estrone; E1);
1,3,5 (10)-estratrien-3a,16a,17b-triol (estriol; E3).

Estratriens (conjugated): 1,3,5 (10)-estratrien-3a,17b-diol-3a-glucuronide (17b-estradiol-3a-
glucuronide; E2-3g); 1,3,5 (10)-estratrien-3a,17b-diol-17b-glucuronide (17b-estradiol-17b-
glucuronide; E2-17g); 1,3,5 (10)-estratrien-3a,17b-diol-3a-SO4; 1,3,5 (10)-estratrien-3a,17b-
diol-17b-SO4); 1,3,5 (10)-estratrien-3a,17b-diol-di-SO4; 1,3,5 (10)-estratrien-3a-glucuronide-
17b-SO4; 1,3,5 (10)-estratrien-3a-SO4-17b-glucuronide

Estrens (unconjugated): 4-estren-17b-ol-3-one
5�-Pregnan (unconjugated): 5a-pregnan-3,20-dione; 5a-pregnan-3b,17a-diol-20-one; 5a-

pregnan-3b,20a-diol; 5a-pregnan-3b,20b-diol; 5a-pregnan-17,21-diol-3,20-dione; 5a-
pregnan-17-a-ol-3,20-dione; 5a-pregnan-3b-ol-20-one; 5a-pregnan-3b,11b,17a,21-tetrol-20-
one; 5a-pregnan-3a,17a,20b-triol; 5a-pregnan-3b,17a,20b-triol; 5a-pregnan-11b,17,21-
triol-3,20-dione; 5a-pregnan-3a,17a,21-triol-20-one; 5a-pregnan-3b,17a,21-triol-20-one

5�-Pregnan (unconjugated): 5b-pregnan-3a,20b-diol (3a,20b-5bP); 5b-pregnan-3b,20b-diol;
5b-pregnan-17a,21-diol-3,20-dione (3b,20b-5bP); 5b-pregnan-3a,17a-diol-20-one (3a,17a-
5bP); 5b-pregnan-3b,17a-diol-20-one; 5b-pregnan-3,20-dione (5bP); 5b-pregnan-17a-ol-3,20-
dione; 5b-pregnan-3a,11b,17a,21-pentol; 5b-pregnan-3a,11b,17a,20b,21-pentol; 5b-pregnan-
3a,17a,20a,21-tetrol; 5b-pregnan-3a,17a,20b,21-tetrol; 5b-pregnan-3a,11b,17a,21-tetrol-20-
one; 5b-pregnan-3a,17a,20b,21-tetrol-11-one; 5b-pregnan-3a,17a,20a-triol; 5b-pregnan-3a,
17a,20b-triol (3a,17a,20b-5bP); 5b-pregnan-3a,17a,21-triol-11,20-dione; 5b-pregnan-11b,
17a,21-triol-3,20-dione; 5b-pregnan-3a,17a,21-triol-20-one; 5b-pregnan-3b,17a,21-triol-20-
one
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TABLE 1. CONTINUED

5�-Pregnan (conjugated): 5b-pregnan-3a,17a-diol-20-one-3a-glucuronide (3a,17a-5bP-3g)
4-Pregnen (unconjugated): 4-pregnen-11b,17a-diol-3,20-dione; 4-pregnen-11b,21-diol-3,20-

dione; 4-pregnen-16a,17b-diol-3,20-dione; 4-pregnen-17a,21-diol-3,20-dione; 4-pregnen-17a,
20a-diol-3-one; 4-pregnen-17a,20b-diol-3-one; 4-pregnen-20b,21-diol-3-one; 4-pregnen-17a,
21-diol-3,11,20-trione; 4-pregnen-3,20-dione (progesterone); 4-pregnen-11a-ol-3,20-dione;
4-pregnen-11b-01,-3,20-dione; 4-pregnen-17a,-ol-3,20-dione; 4-pregnen-21-ol-3,20-dione; 4-
pregnen-20a-ol-3-one; 4-pregnen-20b-ol-3-one; 4-pregnen-11b,17a,20b,21-tetrol-3-one;
4-pregnen-11b,17a,21-triol-3,20-dione; 4-pregnen-11b,17a,21-triol-3,20-dione (cortisol);
4-pregnen-14a,17b,21-triol-3,20-dione; 4-pregnen-17a,20b,21-triol-3,11-dione; 4-pregnen-
17a,20a,21-triol-3-one; 4-pregnen-17a,20b,21-triol-3-one; 4-pregnen-3,11,20-trione

4-Pregnen (conjugated): 4-pregnen-11b,21-diol-3,20-dione-21-SO4; 4-pregnen-17a,21-
diol-3,20-dione-21-SO4; 4-pregnen-17a,20b-diol-3-one-20b-glucuronide; 4-pregnen-17a,20a-
diol-3-one-20a-SO4; 4-pregnen-17a,20b-diol-3-one-20b-SO4; 4-pregnen-21-ol-3,20-dione-
21-glucuronide; 4-pregnen-20b-ol-3-one-20b-SO4; 4-pregnen-11b,17a,21-triol-3,20-dione-
21-glucuronide; 4-pregnen-11b,17a,21-triol-3,20-dione-21-SO4; 4-pregnen-17a,20b,21-triol-
3-one-21-SO4; 4-pregnen-17a,20b-diol-3-one-20b-PO4

5-Pregnen (unconjugated): 5-pregnen-3b,17a-diol-20-one; 5-pregnen-3b,21-diol-20-one;
5-pregnan-3b-ol-20-one (pregnenolone); 5-pregnen-3b,17a,21-triol; 5-pregnen-3b,17a,21-
triol-20-one

5-Pregnen (conjugated): 5-pregnen-3b,21-diol-20-one-3b-SO4; 5-pregnen-3b,21-diol-20-one-
21-SO4; 5-pregnen-3b-ol-20-one-3b-glucuronide; 5-pregnen-3b-ol-20-one-3b-SO4

All other test odors were first prepared as 10−3 M stock solutions in
99% ethanol (free and sulfated steroids, prostaglandins) or 50 : 50 ethanol–water
(glucuronated steroids), and stored at −208C. Working solutions (10−6 M) were
prepared in duplicate by diluting stock solutions in double-distilled, deionized
water and stored in glass scintillation vials at 48C. Test solutions were prepared
immediately before recording by diluting appropriate amounts of the working
solutions in 100 ml of background water (Cardwell et al., 1995). Ethanol con-
trol solutions were prepared in the same manner but contained no steroid or
prostaglandin.

In initial recordings, five gobies (two males, three females) were exposed
to 10−8 M test solutions of all the compounds listed above. Compounds that did
not elicit a response from any fish were considered undetectable and were not
tested again. A compound was considered detectable if, in more than one fish, it
induced a voltage change greater than that induced by the background solution.
Additionally, to ensure that a response to a compound was not due to contam-
ination of the test solution, each detected steroid was tested on the same fish
with a new test solution. Following these intial recordings, only detected steroids
were used in further studies. After additional fish were tested with detectable
steroids, male and female EOG responses to detected steroids were compared
(t-test) (Wilkinson, 1994).
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EOG Concentration–Response Studies. To compare olfactory potency of
detected steroids, concentration–response relationships were determined for six
detected steroids (estrone, E1; estradiol-3-glucuronide, E2-3g; etiocholan-3a-
ol-17-one, ETIO; androsterone-sulfate, ANDR-s; dehydroepiandrosterone-sul-
fate, DHEA-s; dehydroepiandrosterone-glucuronide, DHEA-g) that, at 10−8 M,
elicited consistent and large responses (greater than 20% of the response to
10−5 M L-alanine) and were thought likely to operate through separate olfactory
receptor mechanisms. Criteria for determining compounds that may act through
separate olfactory receptor mechanisms were arbitrary and based on studies in
goldfish showing that 19- and 21-carbon steroids act through different receptor
mechanisms and that some free and conjugated steroids also act through separate
mechanisms (Sorensen et al., 1995). The concentration–response relationship of
ETIO-g also was determined because, even though at 10−8 M it induced an EOG
response less than 20% of that induced by 10−5 M L-alanine, it has been proposed
to have pheromonal function in G. jozo (Colombo et al., 1980, 1982).

Concentration–response tests began at 10−12 M and increased by log
molar increments to 10−8 M, with 10-min intervals between each exposure.
Concentration–response tests for each selected steroid were performed on six
fish (four females, two males). Response magnitudes (millivolts) were analyzed
by ANOVA and Tukey multiple comparison test (a c 0.05) (Wilkinson, 1994).

EOG Cross-Adaptation Studies. These studies compared the EOG response
to a test compound before and during adaptation to an adapting compound, under
the assumption that, if the EOG response to the test compound is unaffected by
adaptation, it is acting through an olfactory receptor mechanism separate from
that mediating response to the adapting compound (e.g., Caprio and Byrd, 1984;
Sorensen et al., 1995). The design of the standard cross-adaptation procedure
makes the assumption that a brief exposure to an odor will not influence EOG
response to that odor when presented a short time later. However, interpretation
of a cross-adaptation experiment will be confounded if a tested odor induces
a smaller response on the second presentation, even in the absence of a toni-
cally delivered adapting odor. The extent of this phenomenon in Neogobius was
evaluated by a sequential exposure test.

Six fish (four females, two males) were exposed sequentially to 2-sec 10−8

M pulses of all steroids used for the cross-adaptation studies, and then retested
with 2-sec 10−8 M pulses of the same steroids 30 min later: response mag-
nitude to 10−5 L-alanine remained constant throughout. Differences between
response magnitudes induced by the first and second exposures were analyzed
by Wilcoxon matched-pairs test (Wilkinson, 1994). As well, for each steroid, the
magnitude of the EOG response induced by the second exposure was converted
to a percentage of the response induced by the first exposure (% IR c percentage
of initial response), and the mean % IR used in analysis of the cross-adaptation
experiment (see below). Steroids that failed to induce a second response in this
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sequential exposure test were eliminated from all cross-adaptation studies (see
Results).

Our cross-adaptation procedure was similar to that described by Sorensen et
al. (1995). The naris first was exposed sequentially to 2-sec 10−8 M solutions of
all of the detected compounds to establish initial preadaptation responses. Then,
during adaptation to a 10−7 M solution of the adapting compound, the 10−8 M
test steroids were administered again and in the same sequence. Test steroids
were used at 10−8 M because many of them did not induce an EOG response at
lower concentrations.

Five adapting steroids (E1, E2-3g, DHEA-g, ETIO, and DHEA-s) were cho-
sen based on structure and detection threshold and on the results of preliminary
cross-adaptation experiments (data not shown) that indicated which compounds
operate through separate olfactory receptor mechanisms. Cross-adaptation exper-
iments for each adapting steroid were conducted on six fish (four females, two
males).

To monitor the quality of the EOG recording during the cross-adaptation
procedure, the naris was exposed to 10−5 M L-alanine at the beginning and end
of each cross-adaptation test, and after every fourth steroid exposure. As it was
difficult to maintain a recording on Neogobius for the time required for a cross-
adaptation experiment (>3 hr), only results of cross-adaptation tests in which
L-alanine responses remained relatively stable throughout the recordings
(approximately 50% of the tests) were used for analysis and presentation.

To reduce the potential for adaptation during the preadaptation testing, the
compounds known to have the smallest response magnitudes were tested first.
As well, compounds of similar structure were not tested in sequence to reduce
the possibility of adaptation by sequential exposure to compounds that might
operate through the same receptor mechanism. Some steroids that induced small
responses at 10−8 M in initial testing (see Detected Odors in Results) failed to
induce a response in the pretest of the cross-adaptation, and therefore, were not
tested during the cross-adaptation phase.

Two liters of 10−7 M adapting steroid solution were prepared immediately
before beginning cross-adaptation pretesting, held in a running bath of back-
ground water to maintain temperature, and used both to adapt the naris and to
prepare dilutions of test steroids for cross-adaptation testing. Immediately fol-
lowing preadaptation application of 2-sec pulses of all the test steroids, the naris
was exposed to the adapting steroid until the induced response reached a sta-
ble plateau (usually within 3 min) and then exposed to 2-sec pulses of the test
steroids dissolved in adapting solution. The magnitude of the response induced
during adaptation was converted to %IR and, for each steroid, the difference
between %IR in cross-adaptation and %IR in the sequential exposure test was
analyzed by Mann-Whitney U test.

Odor-Induced Ventilation Increase. Individual male or nonovulated female
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gobies displayed no overt reproductive response to bolus addition of single
detected steroids (final water concentration 10−8 M). However, a number of
detected steroids did induce a transitory increase in ventilation frequency (oper-
cular movements per minute) that formed the basis of a consistent and quanti-
tative behavioral bioassay. Although the biological significance of odor-induced
ventilation increases in Neogobius is unclear, the fact that in some benthic fish
water flow through the naris changes in synchrony with ventilation (Nevitt, 1991)
suggests increased ventilation might facilitate odor detection or processing.

Ventilation frequency was monitored in aerated 100-liter, flow-through test
aquaria (90 cm long × 30 cm wide × 38 cm high) that were opaque on the
ends and one side, with one side left clear for observation; a gravel substrate
was provided and one PVC tube (12 cm length; 6 cm diameter) was placed with
one end facing the observation side. Fish usually remained within the PVC tube,
enabling ventilation frequency to be monitored readily. To minimize visual dis-
turbance during observations, fish were observed through a small hole cut in
an opaque cloth curtain that blocked the fish’s view of the experimenter. Test
odors and control solutions were injected into the test aquaria (at the water sur-
face directly over the PVC tube) through silastic tubing fed through a hole in
the cloth curtain and anchored to each aquarium. Injections of dye showed that
an odor plume should reach the PVC tube within one min and disperse evenly
throughout the aquarium within 3 min.

A single male or nonovulated female (>8 cm in length) was placed in each
test aquarium at least five days before testing and exposed to different odors on
consecutive days. On the morning of each test day, water flow was turned off
2 hr before an experiment, the fish was tested with only one odor, and water
flow was resumed. In each test, a fish was observed for 12 min prior to odor
addition (pre-exposure period), a test solution was then injected, and the fish
was observed for an additional 24 min (test period). Ventilations were counted
continuously for 1 min during every 3-min interval before and after addition of
an odor, yielding 4 min of pre-exposure ventilation and 8 min of test ventilation.
Six males and six females were tested with each odor.

Ventilation frequency of individual males and females was monitored in re-
sponse to addition of ethanol vehicle (1 ml), eight steroids that induced an EOG
response (E1, E2, E2-3g, ETIO, ETIO-g, DHEA-s, DHEA-g, and ANDR-s),
one steroid that did not induce an EOG response (testosterone-glucuronide;
T-g), and L-alanine. Steroid odors were tested either individually or in combi-
nations by injecting either 100 ml or 1 ml of a 10−3 M steroid-ethanol solution
to create 10−9 and 10−8 M concentrations after dispersal. L-Alanine (10 ml of a
10−2 M aqueous solution) was added to create a 10−6 M final concentration.

To determine if basal (pre-exposure) ventilation of males and females dif-
fered, pre-exposure ventilation frequencies of males and females were com-
pared by unpaired t-test (Wilkinson, 1994), using for each fish the grand mean
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of pre-exposure frequencies from all odor tests. Ventilation frequency differ-
ences between pre-exposure and test periods were analyzed separately by sex
and odor, comparing the mean (per minute) frequency of the four pre-exposure
samples and the mean of the frequencies observed during minutes 4 and 7 of the
test period (Wilcoxon test) (Wilkinson, 1994). All ventilation data from the test
period are presented as a percentage of the mean basal (pre-exposure) ventilation
frequency.

Ventilation Concentration–Response Studies. Concentration–response rela-
tionships were examined for those steroids (E1, E2-3g, and ETIO) that increased
ventilation frequency of male fish when tested at 10−8 M. The protocol was
identical to that already described, except that the final concentrations in the
test aquaria ranged from 10−12 M to 10−8 M and were prepared by diluting
appropriate volumes of 10−3 M steroid solutions into 100 ml of double-distilled,
deionized water, and then adding 1 ml of this solution to the test aquarium. Test-
ing of each steroid began at 10−12 M, and increased in log molar increments on
consecutive days. Six males were tested, all receiving the same treatment each
day.

For each steroid, differences in test ventilation frequency due to odor con-
centration were analyzed by Friedman’s nonparametric ANOVA (Wilkinson,
1994), using for each fish the increase in ventilation during the test period (mean
of minutes 4 and 7 after odor addition). Dunnett’s test (Zar, 1984) was used to
determine threshold by comparing the response (mean of minutes 4 and 7 after
odor addition) of the lowest concentration tested (10−12 M) to each of the higher
concentrations.

Behavioral Cross-Adaptation Studies. Behavioral cross-adaptation using
ventilation as the behavioral response was conducted to determine if Neogobius
can behaviorally discriminate among steroids that might act through separate
olfactory receptor mechanisms, as indicated by the results of our EOG cross-
adaptation studies (see EOG Cross-Adaptation Studies in Results). Unlike EOG
cross-adaptation, behavioral cross-adaptation did not involve addition of the test
odor prior to applying the adapting odor, because there was no means for rapidly
removing the test odor prior to applying the adapting odor. Thus, the purpose of
the behavioral cross-adaptation experiment was to determine if adaptation elimi-
nates the ventilatory response to the test steroid, rather than to compare responses
to a test steroid prior to and during adaptation.

In behavioral cross-adaptation, a fish was observed for a 12-min pre-expo-
sure period, immediately exposed to an adapting steroid (either 10−8 M E1 or
ETIO), observed for a 24-min adapting period, immediately exposed to a test
steroid (10−9 M), and observed for a further 24-min test period. Ventilation fre-
quency was monitored continuously every third minute; six male fish were tested
in each treatment group. The adapting steroid was expected to increase ventila-
tion, whereas the test steroid was expected to increase ventilation only if it acts



MURPHY, STACEY, AND CORKUM454

through a different receptor mechanism than the adapting steroid (Murphy and
Stacey, 1999).

Differences in ventilation frequencies in the pre-exposure, adapting, and test
periods were analyzed by Friedman’s nonparametric ANOVA (Wilkinson, 1994)
and pairwise differences were analyzed by Dunnett’s test (Zar, 1984) using mean
frequencies for the pre-exposure period and for minutes 4 and 7 of the adapting
and test periods.

RESULTS

Response to Test Odors. L-Alanine consistently induced an EOG response
in Neogobius both at 10−5 M (Figure 1) and 10−6 M (mean ± SEM c 3.1 ± 0.6
mV; N c 8). Response magnitude to 10−5 M L-alanine was similar (P > 0.05; t
test) in males and females (Figure 1). There were no significant mechanical arti-
facts in the EOG recordings, responses to background water being <0.1 mV in all
cases. Neither the ethanol solvent in 10−8 M test solutions (up to 0.001%) nor any
of the eight tested prostaglandins induced EOG responses in any fish. However,
of 114 tested steroids (Table 1), 19 met the criterion of detection by inducing an
EOG response >0.1 mV in more than one fish (Figure 1). Because there was no
indication that EOG responses of males and females differed in magnitude (Fig-
ure 1), EOG results from both genders were pooled in concentration–response
and cross-adaptation studies.

At a concentration of 10−8 M (the highest concentration tested), a diverse
array of conjugated and unconjugated 18-, 19-, and 21-carbon steroids induced
EOG responses; those induced by the 18-carbon steroids generally were the
largest (Figure 1). The detected 19-carbon steroids form a diverse group, includ-
ing the 4-androstene (AD), 5-androstene (DHEA-g, and DHEA-s), 5a-androstan
(ANDR-s, and EPIANDR-g), and 5b-androstan (ETIO, ETIO-g, 11b-ETIO-g,
and ETIO-3,17-DIONE) configurations. In contrast, all the detected 21-carbon
steroids were variations and conjugates of the 5b-pregnan moiety.

EOG Concentration–Response Studies. All concentration–response profiles
increased in magnitude with concentration once detection threshold was reached
(Figure 2). Although it was clear that some fish responded to 10−11 M E1, E2-3g,
ETIO, and ETIO-g, group responses to steroids were not significantly different
(P < 0.05) than responses to background water until 10−9 M for E1, E2-3g, and
ETIO, and 10−8 M for DHEA-g, ANDR-s, ETIO-g, and DHEA-s (Figure 2).

EOG Cross-Adaptation Studies. When steroids intended for use in the
cross-adaptation studies were delivered as 2-sec 10−8 M pulses 30 min apart
(sequential exposure study), there was a trend for many steroids to induce smaller
EOG responses on the second presentation, although the reduction was signif-
icant (P < 0.05; Wilcoxon test) only for DHEA-g (Figure 3A). Although few
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FIG. 1. Comparison of male and female EOG response magnitudes (mean + SE) to
detected steroids (10−8 M) and amino acid standard. Sample size indicated beside bars.
See text and Table 1 for full names of steroids.

replicates were conducted, three of the 5b-pregnan compounds (5bP; 3a,20b-
5bP; and 3b,20b-5bP) which induced small EOG responses in initial tests (Fig-
ure 1) did not induce EOG response when given the second time in the sequen-
tial exposure test, and therefore were omitted from subsequent cross-adaptation
studies. For each of the remaining 16 detected steroids, the mean % IR during
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FIG. 2. Concentration response profiles (mean ± SE) for selected steroids. EOG responses
expressed in millivolts. N c 6 for each steroid. *Response was significantly (P < 0.05)
greater than response to background water.

the sequential exposure test (Figure 3A) was compared (Mann-Whitney U test)
to the mean %IR during cross adaptation (Figure 3B–F).

Adaptation to 10−7 M ETIO significantly reduced EOG responses to 2-
sec 10−8 M pulses of a diversity of 4-androsten (AD), 5a-androstan (ANDR-s),
5b-androstan (ETIO; ETIO-3,17-DIONE; and ETIO-g), and 5b-pregnan steroids
(3a,17a-5bP; 3a,17a,20b-5bP; 3a,17a-5bP-g) (Figure 3B). Although adapta-
tion to 10−7 M DHEA-s also significantly reduced response to ANDR-s (a 5a-
androstan), it did not reduce responses to 5b-androstan steroids (e.g., ETIO, and
ETIO-g) and produced a different pattern of adaptation of 5b-pregnan steroids
than did adaptation to ETIO (Figure 3C).

In marked contrast to the pattern of adaptation to DHEA-s (Figure 3C),
adaptation to DHEA-g (Figure 3D) did not affect responses to 5b-pregnanes,
significantly reduced response to E2-3g and, rather than reducing response to
ANDR-s, reduced response to its 3b isomer, EPIANDR-s (Figure 3D). This pat-
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FIG. 3. EOG response to a 2-sec pulse of 10−8 M steroid expressed as percent of ini-
tial response (% IR) (mean + SE) to either (A) a 10−8 M of the same steroid deliv-
ered 30 min previously or during adaptation to (B) 10−7 M etiocholanolone (ETIO), (C)
10−7 M dehydroepiandrosterone sulfate (DHEA-s), (D) 10−7 M dehydroepiandrosterone-
glucuronide (DHEA-g), (E) 10−7 M estradiol-glucuronide (E2-3g), or (F) 10−7 M estrone
(E1). In B–F, response to adapting steroid indicated by solid bars. N c 6 except where
indicated beside bars. See text and Table 1 for full names of steroids and text for calcu-
lation of % IR. *Response was reduced significantly (P < 0.05) by prior exposure (A) or
by adaptation (B–F).

tern of adaptation to DHEA-g was similar to that seen during adaptation to E2-3g
(Figure 3E), although in the latter case the apparent reductions in response to
EPIANDR-s and DHEA-g were not significant.

Finally, adaptation to E1 significantly reduced responses only to the estra-
triene compounds E1, E2, and E2a (Figure 3F).

Although the results of our cross-adaptation studies (Figure 3) have not fully
characterized the olfactory interactions of the steroids detected by Neogobius,
they indicate the presence of at least four olfactory receptor mechanisms, which,
for convenience, we term ETIO, DHEA-s, E2-3g, and E1.

Odor-Induced Ventilation Increase. Neogobius did not change their ventila-
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tion rate in response to addition of 10−6 M L-alanine, the ethanol steroid solvent,
10−8 M T-g (a steroid that does not induce EOG response), or 10−8 M DHEA-s
(a steroid that does induce EOG response) (Figures 4A and B and 5). In contrast,
ventilation rate consistently increased in response to ETIO, E1, E2-3g, ANDR-s,
and E2 (Figures 4C–E and 5).

Addition of ETIO increased ventilation in both male and female Neogobius,
the response commencing within the first minute of steroid addition and persist-
ing for approximately 10 min, after which ventilation quickly returned to basal
rates (Figure 4C). Similar increases in ventilation were seen in both males and
females in response to ETIO-g and ANDR-s (Figure 5), steroids in which EOG
responses are significantly reduced during adaptation to ETIO (Figure 3B).

In contrast to the effect of ETIO, addition of E1 and E2-3g increased venti-
lation of males but not of females (Figure 4D, E). E2, for which EOG response
is significantly reduced during adaptation to E1 (Figure 3F), also increased ven-
tilation in males (Figure 5); the effect of E2 on ventilation was not examined in
females. Addition of DHEA-g failed to affect ventilation, the apparent trend to
increased ventilation being due to an increase in one fish of each sex (Figure 5).

Addition of a mixture of 10−9 M E1, E2-3g, ETIO, and DHEA-s induced a
significant increase in ventilation, in which the magnitude (Figure 5) and dura-
tion (data not shown) were similar to those of its active components.

Behavioral Concentration–Response Studies. The threshold of the ventila-
tion rate response was 10−10 M for ETIO and E1 and 10−9 M for E2-3g (Figure
6). Ventilation did not increase further at suprathreshold odor concentrations.

Behavioral Cross-Adaptation. In all four behavioral cross-adaptation
experiments that used 10−8 M ETIO as the adapting steroid, male Neogobius
significantly increased ventilation rate when exposed to the adapting odor (Fig-
ures 7 and 8A). During adaptation to ETIO, these males did not increase ventila-
tion in response to addition of either 10−9 M ETIO or 10−9 M ANDR-s (Figures
7A and B and 8A), a steroid in which EOG response is significantly reduced by
adaptation to ETIO (Figure 3B). In contrast, males adapted to ETIO significantly
increased ventilation in response to addition of 10−9 M E1 and 10−9 M E2-3g
(Figures 7C and D and 8A), steroids in which EOG response magnitude is not
reduced by adaptation to ETIO (Figure 3B).

Similar results were obtained in behavioral cross-adaptation experiments
that used 10−8 M E1 as the adapting steroid (Figure 8B): adapted males did
not respond to E2, whose induced EOG response is significantly reduced by E1
adaptation (Figure 3F), but significantly increased ventilation rate in response
to steroids (ETIO, E2-3g) whose induced EOG responses are unaffected by E1
adaptation (Figure 3F) (Murphy and Stacey, 1999).



ROUND GOBY PHEROMONES 459

FIG. 4. Percent change in basal ventilation rate (mean + SE) of male and female gobies
after addition (arrow) of (A) 1 ml ethanol or exposure to (B) 10−8 M DHEA-s, (C) 10−8

M ETIO, (D) 10−8 M E1, or (E) 10−8 M E2-3g. Ventilation rates following addition
of test substances were calculated as a percentage of the basal ventilation rate (i.e., the
mean ventilation rate in the 12 min preceding additions). N c 6 for all groups. Mean
ventilation rate during minutes 4 and 7 following test substance addition is significantly
different from the basal ventilation rate (*P < 0.05; **P < 0.01).
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FIG. 5. Percent change in basal ventilation rate (mean + SE) of male and female gobies
during minutes 4 and 7 after the addition of single test substances or a mixture consisting
of four 10−9 M steroids (E1, E2-3g, ETIO, and DHEA-s). Ventilation responses to test
substances were calculated as in Figure 4. See text and Table 1 for full names of steroids.
N c 6 for all groups. n.t. c not tested in females. Mean ventilation rate after addition of a
test substance is significantly different from basal ventilation rate (*P < 0.05; **P < 0.01).

DISCUSSION

The results of this study demonstrate that the round goby, Neogobius
melanostomus, exhibits olfactory and behavioral responses to steroids, and thus
may use released steroids as sex pheromones. The olfactory epithelium of Neo-
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FIG. 6. Percent change in basal ventilation rate (mean + SE) of male gobies during the
minutes 4 and 7 after exposure to ETIO, E1, and E2-3g. Ventilation responses to test
substances were calculated as in Figure 4. N c 6 for all groups. *Mean ventilation rate after
addition of a test substance is significantly different from basal ventilation rate (P < 0.05).

gobius exhibits EOG responses to a diverse array of steroids (Figure 1), but
not to prostaglandins. These findings are consistent with the small number of
EOG studies conducted in other perciform species that report a lack of olfactory
responsiveness to a range of commercially available prostaglandins and respon-
siveness to a variety of steroidal compounds (Robison et al., 1998; Stacey et
al., 1994b; Stacey and Cardwell, 1995, 1997; Murphy et al., 2000). Our EOG
recording studies in Neogobius also indicate a lack of sexual dimorphism in
detection of steroids (Figure 1). Although the precise reproductive status of the
fish used in the recording (i.e., level of gonadal recrudescence) was not deter-
mined, other studies on fish report that gender and gonadal maturity have a very
minor effect [common carp (Irvine and Sorensen, 1993)] or no effect at all [gold-
fish (Sorensen et al., 1995), tinfoil barb, Puntius schwanenfeldi (Cardwell et al.,
1995)] on EOG detection and response magnitude of steroidal odors. By using
ventilation increase as a behavioral bioassay, we also find that some detected
steroids are perceived by Neogobius (Figure 4); unlike olfactory responses, how-
ever, behavioral responses to detected steroids is sexually dimorphic (Figure 5).
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FIG. 7. Percent change in basal ventilation rate (mean + SE) of male gobies in behavioral
cross-adaptation studies using 10−8 M ETIO (first arrow) as the adapting steroid and
10−9 M (A) ETIO, (B) ANDR-s, (C) E1, or (D) E2-3g (second arrow) as the test steroid.
Ventilation responses to adapting and test substances were calculated as in Figure 4. N
c 6 for all groups. **Mean ventilation rate after addition of an adapting or test steroid is
significantly different from basal ventilation rate (P < 0.01).

Finally, our finding that ETIO-g induces olfactory and behavioral responses in
Neogobius is consistent with biochemical and behavioral studies (Colombo et al.,
1977, 1980, 1982) that indicate a pheromonal function for this steroid conjugate
in the black goby, G. jozo.

Colombo et al. (1980) showed that ovulated female G. jozo are attracted
to an ETIO-g source and often induced to oviposit in the absence of a male,
whereas preovulatory females, or ovulated females that had completed ovipo-
sition, are not. In contrast, we observed no reproductive behavioral responses
when isolated Neogobius or male–female pairs were exposed to ETIO-g or other
detectable steroids (Murphy, 1998). Absence of reproductive behavior response
in our studies could have been due to at least four factors. First, absence of
female response to ETIO-g and related steroids was likely due to the fact that we
were unable to obtain ovulated females for testing. Second, behavioral response
to some steroid(s) might require the presence of nonolfactory cues that were
not present in our test aquaria. Third, some detected steroids might induce only
physiological responses. Fourth, although female G. jozo exhibit complex behav-
ioral responses to ETIO-g alone, reproductive behavioral response in Neogob-
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FIG. 8. Percent change in basal ventilation rate (mean + SE) of male gobies in behavioral
cross-adaptation experiments using (A) 10−8 M ETIO and (B) 10−8 M E1 as the adapt-
ing steroids, as in Figure 7. Ventilation responses to adapting and test substances were
calculated as in Figure 4. N c 6 for all groups. **Mean ventilation rate after addition of
an adapting or test steroid is significantly different from basal ventilation rate (P < 0.01).
Note (A) summarized from Murphy and Stacey (1999).

ius might require exposure to steroid mixtures. Nonetheless, we feel that the
nature of the steroid-induced olfactory and ventilatory responses reported in this
study provide evidence that steroidal compounds may function as reproductive
pheromones in Neogobius.

Although the function of the ventilation responses to steroid odorants is not
clear, the behavior may serve as a “sniffing” mechanism to facilitate odor detec-
tion by increasing water flow through the olfactory organ as has been proposed
in flounder species (Lepidopsetta bilineata and Platichthys stellatus) (Nevitt,
1991). Ventilation rate increases may be analogous to tongue flicking observed
in many lizard species in response to olfactory stimuli; an increase in the num-
ber of tongue flicks in response to novel odors is usually measured as an indi-
cation of odor detection in squamate reptiles (Cooper, 1994). Our ventilation
rate bioassay requires further clarification on mode of action, as we have not
ruled out other mechanisms of detection. For example, there is the small pos-
sibility that the steroids could be detected through the taste system or interact
with gill processes. Despite these limitations, the ventilation rate measurements
closely correspond to the olfactory measurements, and we predict that further
investigation will show that this ventilation rate increase in response to steroids
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is mediated by the olfactory system. Indeed, odor-induced ventilation could be
a valuable behavioral bioassay for examining odor perception in other benthic
fishes.

Our EOG cross-adaptation studies indicate that steroids detected by the
olfactory organ of Neogobius (Figure 1) are discriminated by at least four pro-
posed receptor mechanisms (E1, E2-g, ETIO, and DHEA-s); at least two com-
pounds (ANDR-s and 3a,17a-5bP-g) appear to interact with two of these pro-
posed receptor mechanisms (ETIO and DHEA-s) (Figure 3). Based on results
of EOG concentration-response studies (Figure 2), we named the four proposed
receptor classes after the most potent steroid odorants, assuming these to be
likely natural ligands. However, the steroidal compounds released by Neogob-
ius are not known.

Although our EOG and behavioral data indicate Neogobius possess multiple
olfactory receptor mechanisms for steroidal compounds, using EOG cross-adap-
tation to link odorants with specific olfactory transduction processes (receptor
mechanisms) can be problematic. For example, if olfactory receptors possess
multiple binding sites for different odorants, an adapting odor that binds to one
site could allosterically affect the binding properties of the other site(s), resulting
in nonreciprocal cross-adaptation among compounds thought to share the same
transduction mechanism (Caprio and Byrd, 1984). As well, if odorants possess
more than one odotope (ligand–receptor binding site) (Shepherd, 1987), EOG
cross-adaptation results will be complex. Interpretation of our cross-adaptation
results also is confounded by the finding that even a brief (2-sec) pulse of steroid
odor can reduce response to that odor when delivered 30 min later (Figure 3A).
Therefore, due to the possibility that brief exposure to one compound reduces
EOG response to all compounds detected via the same receptor mechanism,
we maintained the same order of steroid exposure in our EOG cross-adaptation
experiments and compared the reduction of test odorant response magnitude dur-
ing adaptation to the reduction observed in the control (sequential exposure test;
Figure 3A).

Despite these theoretical and practical problems inherent in EOG cross-
adaptation studies, our interpretation of the cross-adaptation data is supported
by results of the ventilation behavioral bioassays conducted with male Neogo-
bius. Although males showed no behavioral response to one of the proposed
steroid odorant classes (DHEA-s), they increased ventilation when exposed to
the other three (E1, E2-3g, ETIO) (Figures 4 and 6), and did not respond to a
steroid (T-g) that failed to induce an EOG response (Figure 5). Most importantly,
ventilation responses of males clearly show they discriminate steroids that EOG
cross-adaptation results indicate are detected by separate receptor mechanisms
and do not discriminate steroids that appear to act through the same receptor
mechanism (Figures 7 and 8).

Although behavioral assays have been used to examine discrimination of
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amino acid odorants in channel catfish (Ictalurus punctatus) (Valentincic et al.,
1994), the present study appears to be the first to demonstrate a clear relation-
ship between peripheral (EOG) and central (behavioral) discrimination of steroid
odorants. We expect that further behavioral cross-adaptation experiments using
detected steroids not employed in this study will clarify the ability of Neogobius
to discriminate steroid odorants.

Statistically, threshold ventilation response to ETIO and E1 (Figure 6) were
lower (more sensitive) than threshold EOG responses (Figure 2); however, such a
comparison likely has little biological significance. For example, given our small
sample sizes for EOG concentration–response studies (N c 6), and the shapes
of the concentration-response profiles (Figure 2), the statistical EOG thresholds
appear to be conservative estimates of olfactory sensitivity. Moreover, the sta-
tistically greater sensitivity of ventilation responses to ETIO and E1 may simply
have resulted from fish being exposed briefly to the injected steroid prior to its
full dispersal throughout the test aquarium. The low detection thresholds to the
steroids also suggest that the odors act through the olfactory system rather than
the gustatory system (Sorensen and Caprio, 1998).

Unlike EOG responses to steroids (Figure 1), ventilation responses were
clearly sexually dimorphic, males responding to three of the proposed steroid
odorant types (E1, E2-3g, and ETIO) and females responding only to ETIO
(Figure 4). Male androgenic steroid(s) appears to regulate this sexual dimor-
phism; females implanted with methyl-testosterone exhibit male-typical venti-
lation responses to E1 and E2-3g (Murphy and Stacey, unpublished results).
The possible functional significance for this behavioral dimorphism is consid-
ered below.

Together, our EOG and behavioral data indicate the olfactory organ of Neo-
gobius possesses at least four receptor mechanisms for steroid odorants. The pro-
posed E1 receptor responded rather nonspecifically to unconjugated 18-carbon
(C18) steroids (E1, E2, and E2a), the nature of the oxygen group at C-17 appar-
ently having little effect on olfactory potency. In contrast, addition of a hydroxyl
group on C-16 (estriol; 1,3,5[10]-estratrien-3a,16a,17b-triol), or the addition of
a glucuronide or sulfate group at C-3 or C-17 rendered the steroid undetectable
by the proposed E1 receptor.

The proposed E2-3g receptor mechanism appears to interact with three
seemingly diverse steroids (E2-3g, DHEA-g, and EPIANDR-g; Figure 3D,E).
E2-3g and DHEA-g adapted each other, and both reduced the response to
EPIANDR-g, although only the effect of DHEA-g adaptation on EPIANDR-g
response was significant (Figure 3). Given the structure of the steroids adapted
by ETIO (Figure 3B), it is expected that EPIANDR-g also interacts with the
proposed ETIO receptor, although this was not examined. The structural require-
ments for ligands interacting with the proposed E2-3g receptor are unclear,
given that it appears to interact with 5a-androstan (EPIANDR-g), 5-androstene
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(DHEA-g), and estratriene (E2-3g) compounds. However, both a 5b- or planar
glucuronide group at C-3 and an unconjugated oxygen group at C-17 appear
important, because estratrienes without a C-3 glucuronide (E2), or with a C-3
sulfate (17b-estradiol-3-SO4) or C-17 glucuronide or sulfate (17b-estradiol-3-
glucuronide-17b-SO4), either did not induce EOG response (Table 1) or were
unaffected by E2-3g adaptation (Figure 3). Unfortunately, no 5a-androstan-
3a-glucuronides (e.g., androsterone-3a-glucuronide) were tested for interaction
with the proposed E2-3g receptor, although ETIO-g, a 5b-androstan with a 3a-
glucuronide, was detectable but unaffected by E2-3g adaptation (Figure 3E).

Given that E2-3g increased ventilation in male Neogobius, it is surprising
that DHEA-g did not (Figure 5). The ineffectiveness of DHEA-g could have
been due to the fact that it was a less potent olfactory stimulant than E2-3g
(Figure 2). This seems unlikely, however, because ANDR-s, which appeared
to be equipotent to DHEA-g in EOG concentration-response studies (Figure
2), increased ventilation when tested at a lower concentration than DHEA-g
(Figure 5).

As males gobies are not reported to synthesize C18 steroids (Colombo et al.,
1977; Asahina et al., 1989), we assume it is C18 steroids from females that nor-
mally interact with the proposed E1 and E2-3g receptors of males, either to sig-
nal that local females are vitellogenic, or to signal gender of females approach-
ing the male’s nest. The functional significance of separate receptors for con-
jugated and unconjugated C18 steroids is not known. However, studies on rain-
bow trout (Oncorhynchus mykiss) indicate that free steroids are preferentially
released across the gills, whereas conjugates are released in the urine and feces
(Vermeirssen and Scott, 1996). If this is the case with Neogobius, it is possible
that E2-3g is released in concentrated urinary pulses and used by males to detect
females at a distance, whereas E1 is released tonically at low concentration and
used to identify females at the nest site.

The unconjugated C18 steroids detected by Neogobius are known to be
detected by only a few species of the nonperciform fish (Orders Cypriniformes
and Characiformes) that have been studied by EOG recording (Stacey et al.,
1994b; Stacey and Cardwell, 1995, 1997). EOG studies indicate unconjugated
C18 steroids are not detected by any of the small number of perciform species
examined (Stacey et al., 1994b; Stacey and Cardwell, 1995, 1997; Robison et
al., 1998; Murphy et al., 2000).

There is evidence that conjugated (glucuronated and sulfated) C18 steroids
have pheromonal function in other species. C18 sulfates induce EOG responses in
a number of characiform species (Stacey and Cardwell, 1995, 1997), and E2-3g
and other glucuronated and sulfated forms induce EOG responses in a perciform,
Haplochromis burtoni (Robison et al., 1998); however, there has been no attempt
to determine pheromonal functions of the detected steroids in any of these
species. Van den Hurk and Lambert (1983) proposed that male zebra fish (Danio
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rerio) are attracted to females by a mixture of ovarian steroid glucuronides that
contains 17b-estradiol-17b-glucuronide (E2-17g) and testosterone glucuronide
(T-g). However, our EOG studies (Stacey and Cardwell, 1995, 1997), using the
suite of steroids tested in Neogobius, indicate that zebra fish do not detect these
steroid glucuronides, and instead detect one conjugated 4-pregnen compound
(17,20b-P-20b-SO4), which functions as a pheromone in goldfish (Sorensen et
al., 1995). These EOG responses in zebra fish are consistent with studies of
odor-induced olfactory bulb activity in zebra fish showing that prostaglandin
F2a and 17,20b-P-20b-SO4 induce bulbar activity, whereas E2-17g and T-g do
not (Friedrich and Korsching, 1998).

Structural requirements for ligands of the proposed DHEA-s receptor are
not clear. A conjugate on C3 evidently is important, because DHEA did not
induce an EOG response, but it appears the orientation of the conjugate is not
critical, given that DHEA-s (a 5b- steroid) adapted the response to ANDR-s (a
5a- steroid; Figure 3C). Surprisingly, DHEA-s also adapted the EOG response
to 3a,17a-5bP-3g. DHEA-s failed to increase ventilation in either sex and is
reported to induce EOG response in only one other species, the cichlid Hap-
lochromis burtoni (Robison et al., 1998).

The proposed ETIO receptor appears to be relatively nonspecific, since it
interacted with a variety of C19 and C21 compounds, two of which (ANDR-s and
3a,17a-5bP-3g) also interacted with the proposed DHEA-s receptor (Figure 3B).
However, the proposed ETIO receptor did exhibit specificity insofar as ETIO
adaptation did not reduce EOG responses to 5-androsten compounds (DHEA-g,
DHEA-g; Figure 3B) or to any steroids believed to interact with the proposed
E2-3g and E1 receptors (Figure 3E,F). Both males and females increased ven-
tilation when exposed to several steroids (ETIO, ETIO-g, and ANDR-s) that
interact with the proposed ETIO receptor (Figure 5). Interaction of numerous
5b-reduced steroids with the proposed ETIO receptor is consistent with studies
of G. jozo showing a preponderance of 5b-reduced products in in vitro incu-
bations (Colombo et al., 1977). However, similar studies of the urohaze goby
(Glossogobius olivaceus) indicate predominance of 5a-reduction in the testes
and seminal vesicles (Asahina et al., 1989). Thus, interaction of the proposed
ETIO receptor with a 5a-reduced steroid (ANDR-s) raises questions as to the
nature of the natural ligands in Neogobius.

Olfactory and behavioral response to ETIO-g by the round goby is consis-
tent with earlier work (Colombo et al., 1977, 1980, 1982) suggesting that this
compound is released by male G. jozo to attract females and stimulate oviposi-
tion. However, given the number and variety of steroids interacting with the pro-
posed ETIO receptor, it is likely that any pheromone acting through this recep-
tor in Neogobius would be a mixture of C19 and C21 compounds. The fact that
ETIO-g increases ventilation in both male and female Neogobius suggests that
this and other steroids interacting with the proposed ETIO receptor induce repro-
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ductive responses in both genders. It is possible that male Neogobius use ETIO
to assess the proximity and reproductive status of neighboring males, whereas
females use ETIO for mate search and mate selection, as is likely the case in G.
jozo (Colombo et al., 1980).

In summary, this study of EOG and behavioral responses to steroidal com-
pounds provides the most extensive data set on putative hormonal pheromones in
any perciform species. Although the findings suggest that Neogobius has evolved
a complex sex pheromone system, further research is required to determine the
functions of the putative hormonal pheromones and the natural steroid odorants
involved. Such research is warranted not only because Neogobius is a tractable
species that could serve as a model for pheromone studies of paternal nest-guard-
ing fishes, but also because further understanding might reveal pheromonal tech-
niques to control the spread of this species in the Great Lakes and other North
American aquatic ecosystems.
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Abstract—Volatiles from various life-stages of the bont ticks Amblyomma
variegatum and A. hebraeum were collected by using solid-phase microfibers
and charcoal traps. An octenol isomer was found to be a major constituent
of most of the tick material sampled and was identified as 1-octen-3-ol by
gas chromatography–mass spectrometry and by using antenna of the tsetse
fly Glossina brevipalpis in gas chromatography-linked antennogram detection.
Release of this compound increased during molt to adulthood and following
mechanical disturbance of adult ticks. (R)-(− )-1-Octen-3-ol and racemate
1-octen-3-ol both induce an increase in upwind walk to the odor source from
A. variegatum in an airstream on a servosphere. Volatiles from tick exuviae
plus feces and from dead ticks also attracted A. variegatum, suggesting that
1-octen-3-ol may contribute to the aggregation response of Amblyomma spp.
on such substrates. 2,6-Dichloroanisol and 2,5-dimethylpyrazine also were
detected in volatiles from the ticks but induced no behavioral responses on the
servosphere. The suspected tick pheromone component, 2,6-dichlorophenol,
was detected from A. variegatum adults cut into pieces but had no effect on
the behavior of A. variegatum on the servosphere at a range of doses.

Key Words—1-Octen-3-ol, ixodid tick, Amblyomma variegatum, tick
attractant.

INTRODUCTION

Secretions from dermal glands of both prostriate and metastriate ticks have been
widely reported (Lees, 1947; Balashov, 1972, 1983; Yoder et al., 1993a; Walker
et al., 1996). Particular attention has been paid to the aggregation–attachment
pheromone of some Amblyomma spp. (Gladney et al., 1974; Apps et al., 1988;
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Diehl et al., 1991) and the suspected tick pheromone product 2,6-dichlorophenol
(De Bruyne and Guerin, 1994). It is known that several metastriate ticks trans-
iently release cuticular droplets in response to physical disturbance, for which a
defensive role has been suggested. Yoder et al. (1993a) found that Dermacen-
tor andersoni, D. variabilis, A. americanum and A. maculatum release a “pun-
gent odor” associated with the appearance of droplets on the cuticle. Pavis et
al. (1994) observed the release of droplets by A. variegatum after disturbance,
and Walker et al. (1996) reported the release of droplets with a “sour, nut-like
smell” from unfed and fed Rhipicephalus appendiculatus adults after handling.
Behavioral tests with these exudates were carried out by Yoder et al. (1993b) on
D. variabilis and by Pavis et al. (1994) on A. variegatum. Each demonstrated
that the exudate gave significant protection to ticks for a day in a Petri dish
assay against fire ant predation. It is likely that protection was afforded in these
studies by nonvolatile components of the exudates and not by the transient odor
associated with them upon release from the cuticle.

Here, we collected odor volatiles released by both resting and physi-
cally disturbed Amblyomma variegatum (Fabricius) and A. hebraeum (Koch)
by using solid-phase microfibers and charcoal. The volatiles were ana-
lyzed by gas chromatography-linked mass spectrometry (GC-MS) and by gas
chromatography-linked electroantennogram detection (GC-EAD). A servosphere
apparatus was used to examine the behavioral responses of A. variegatum adults
to the headspace of ticks, to 1-octen-3-ol and other volatiles identified.

METHODS AND MATERIALS

Ticks. The two tick species examined, A. variegatum and A. hebraeum
(Acari, Ixodidae), have been reared at the Centre de Recherche Santé Animale
S.A., Novartis, St. Aubin, Switzerland since 1981. All stages (immature and
adult) are fed on the tails of Simmental calves at 22–248C and kept under con-
stant darkness during molt at 288C/ 80–90% relative humidity. For our experi-
ments, engorged females, unfed adults of both A. variegatum and A. hebraeum,
and unfed nymphs of A. variegatum were maintained in a 10L : 10D cycle with
2-hr ramps of dawn and dusk at 198C/ 90% relative humidity. A. variegatum
adults of either sex, between 1 and 9-months old, were prepared for behavioral
tests on the servosphere as in McMahon and Guerin (2000). Each tick was tested
only once.

Odor Sampling with SPME. Two solid-phase microextraction (SPME) sta-
tionary phases (Supelco) were used: Carbowax/ divinylbenzene (Carbowax/
DVB), which can adsorb volatile alcohols, and Carboxen/ polydimethylsiloxane
(Carboxen/ PDMS), which has an affinity for hydrocarbons after several hours
with the analyte. The latter phase with its lower affinity for water is more suit-
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able for sampling over biological material in humid environments. The fibers
were preconditioned for 2 hr at 3008C in a N2 stream.

Odor Sampling over Undisturbed Ticks. Volatiles from resting or dead ticks
were sampled by using the Carboxen/ PDMS fiber that was inserted without dis-
turbing the resting ticks into a horizontally held glass tube (12 cm long, 2 cm
diam.) containing 200 ticks and sealed at both ends with perforated plastic stop-
pers. The control consisted of placing a fiber in an empty glass tube within 50
cm of the test tube. The collection fibers were left to stand overnight. In this
manner, volatiles from the following tick substrates were sampled: 9-month-old
A. variegatum nymphs, 1- and 9-month-old A. variegatum adults, A. variegatum
adults that had died in the previous two months, and 12-month-old A. hebraeum
adults.

Odor Sampling over Manipulated Ticks. The Carbowax/ DVB fiber was
used to sample volatiles from disturbed unfed A. variegatum adults of both
sexes by holding five unfed adults in a 2-ml vial and squeezing the ticks indi-
vidually with forceps. The vial was sealed immediately with Parafilm, and a
Carbowax/ DVB fiber was inserted through the seal and held over the ticks for 1
hr. The sampling was repeated overnight. The control for this test was to hold the
fibers above undisturbed ticks for the same time intervals. The Carbowax/ DVB
fiber also was used to collect volatiles from four A. variegatum females killed
by freezing and immediately cut into four pieces.

Odor Sampling with Charcoal. Air was sucked with a membrane pump
(200 ml/ min) over groups of five gently shaken engorged A. hebraeum or A.
variegatum females (<1 week after drop-off) held in a 500-ml gas-wash bottle.
Volatiles from the ticks were trapped on a 5-mg charcoal trap held in a 60-
mm long × 4-mm-diam. glass tube in the closed-loop stripping apparatus of
Grob and Zürcher (1976). As water condensation can reduce the effectiveness
of charcoal as an adsorbant, the charcoal trap was heated to 108C above room
temperature during odor entrainment. After collection of volatiles for 10 min,
the flask was gently shaken again to induce the release of more droplets from
the dermal glands, and odors were collected onto the charcoal trap for another
10 min. The charcoal trap was extracted with 12 ml dichloromethane, of which
2 ml were analyzed (below).

Volatiles from 9-month-old unfed A. variegatum adults were entrained onto
a charcoal trap (above) from air (200 ml/ min) passing over 200 ticks held in a
50-ml gas-wash bottle and shaken to induce release of volatiles from dermal
glands. The odor collected was extracted with dichloromethane (as above).

Gas Chromatography-Linked Mass Spectrometry Analysis. The SPME
fibers were withdrawn into the hollow needle of the holding syringe after
odor sampling and reexposed for 1 min to desorb the trapped volatiles in a
split/ splitless injection port (injection temperature, 2808C) of a gas chromato-
graph (Hewlett-Packard 5890 GC) linked to a HP 5971A mass selective detector
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(MSD). The analyte was swept from the injector port onto a DB-Wax high-res-
olution fused-silica capillary column (30 m long, 0.25 mm ID, 0.25-mm film
thickness, J&W Scientific) with a precolumn (1 m deactivated fused silica). The
column was connected via a 1-m deactivated fused-silica capillary (0.25 mm ID)
to the MSD ionization chamber (temperature 1608C, ionization energy 70 eV).
The MSD, in the EI mode, scanned for masses m/ z 20–300. Helium was used as
carrier gas at 50 kPa head pressure (but was set at a constant flow, 30 cm/ sec for
on-column injection of the charcoal trap extract, see above). Components of the
desorbed material were identified by comparing the mass spectra of unknowns in
the analyte with those of standards in a library of the HP Chemstation software
and by matching retention times with synthetic equivalents.

Gas Chromatography-Linked Electroantennogram Detection. Tick vola-
tiles were tested for the presence of 1-octen-3-ol by using the antenna of the
tsetse fly Glossina brevipalpis in GC-linked electroantennogram detection (GC-
EAD) (Arn et al., 1975). The antenna of G. brevipalpis is sensitive to sub-
nanogram levels of this compound eluting from a GC column. Furthermore,
by using the specific response of the antenna of G. brevipalis to 1-octen-3-ol
(Ujváry et al., 2000), the product can be identified by its retention time and
by comparing the response of the antenna to the analyte with that to a similar
amount of the naturally occurring pure (R)-(− ) isomer. This was achieved by
comparing the ratio of the EAG to FID peak heights for the extract and natural
(R-(− )-1-octen-3-ol.

The procedure for electroantennogram detection briefly described is as fol-
lows. Volatiles were delivered on-column to a Carlo Erba 5160 GC with a flame
ionization detector (FID at 2608C). The extract or headspace was injected in
splitless mode onto a 25-m fused-silica SE-54 column (Macherey-Nagel), 0.25
mm ID, 0.35-mm film thickness with H2 as carrier gas (27 cm/ sec). The column
effluent was split (glass Y-splitter) so that 60% was directed to the FID and 40%
to the electrophysiological preparation. The latter was swept by a conditioned
airstream (see below) to the electrophysiological preparation from a heated trans-
fer line (2408C) in the wall of the chromatograph in such a way that the column
effluent was simultaneously monitored by the FID and fly antenna. The method
of mounting the fly head for EAG recording was as in Guerin and Visser (1980).
Briefly, the fly head was excised after momentarily anaesthetizing it with CO2.
A chloridized silver wire was placed in a drawn-out capillary (10-mm tip diame-
ter) filled with 0.1% KCl that was inserted through the occipital opening reach-
ing into the pediculus and served as the reference electrode. This preparation
was then mounted under a microscope (WILD Kombistereo M3Z) where the
antenna was bathed in a humidified airstream (90–100% relative humidity, 23
± 28C) flowing at 1 m/ sec via a glass water-jacketed tube (6 mm ID) whose
outlet was about 1 cm from the preparation. The unbroken tip of the recording
electrode was brought into contact with the funiculus surface upon which the tip
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broke. Funiculus surface contact was enough to record the EAG. Micromanip-
ulators (Leitz) permitted accurate positioning of the preparation and recording
electrode. The EAG signal was captured via a silver wire in the electrolyte-filled
(0.1 M KCl) glass electrode connected to a high-impedance preamplifier and an
AC/ DC amplifier (UN-03, Syntech) and recorded on the hard disk of a PC with
the FID signal via a 16-bit analog–digital IDAC card (Syntech) by using the
GC-EAD software package (Syntech), and monitored simultaneously with an
oscilloscope (Tektronix 5103).

G. brevipalpis antennae were employed in GC-EAD to test for the pres-
ence of 1-octen-3-ol in volatiles collected on charcoal from 9-month-old dis-
turbed A. variegatum adults as described above. G. brevipalpis EAD responses
also were used to monitor directly for the presence of 1-octen-3-ol in the air
above tick material. For this, A. variegatum exuviae (0.3 g; 5 days after molt)
from 150 individuals were placed in a closed 5-ml vial with a Teflon-coated
rubber seal. One day later, 2 ml of air was withdrawn from this vial with a gas-
tight syringe and injected on to the DB-Wax column in splitless mode (1 min).
To facilitate the large-volume injection, the column head pressure was reduced
manually for 5 sec during injection and then raised to 65 kPa. Analysis for the
presence of 1-octen-3-ol over 10 unmolted A. variegatum ticks was carried out
in the same manner. The influence of molting on the release of 1-octen-3-ol in
the headspace was analyzed by sealing 10 unmolted A. variegatum ticks in a
5-ml vial as before. After two animals had molted, 2 ml of this headspace was
withdrawn in the gas-tight syringe without disturbing the animals and injected
in splitless mode as above. In addition, odor puffs from groups of five undis-
turbed and just disturbed A. variegatum adults were delivered to the antenna of
G. bevipalpis from the barrels of 5-ml plastic syringes in which the ticks were
held to test for electroantennogram responses (Steullet and Guerin, 1992).

Behavior. A locomotion compensator or servosphere (Kramer, 1976) was
used to evaluate the behavioral responses of walking ticks to volatiles from tick
material borne in an airstream (18 cm/ sec, 70% relative humidity, 23–258C)
(McMahon and Guerin, 2000). Only the responses to A. variegatum adults were
tested. Briefly, an animal is maintained at the apex of a Perspex sphere (50 cm
diam.) to which the airstream is directed. Displacements of the sphere caused by
the moving animal are monitored by pulse generators allowing the reconstruc-
tion of the tracks described by the arthropod (Kramer, 1976). This permits an
evaluation of several parameters such as speed, angular velocity, the duration of
the walk, and direction. The latter parameters can be used to calculate upwind
(attractive) responses to volatiles. Two estimates of the upwind responses elicited
by a treatment in the test period (1 min) compared to a control period of equal
duration were employed in this study: (1) the percentage time spent walking in a
cone 608 either side of due upwind, and (2) the change in “target vector” (Jones,
1977). The target vector provides an estimate of the efficiency with which a par-
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ticular direction is followed. It is independent of the arbitrarily chosen upwind
cone and is calculated by multiplying the cosine of the mean direction (∅) by
the path straightness (circular statistics after Batschelet, 1981). Values for target
vector range from −1 (downwind direction) to +1 (upwind direction).

Walks of the ticks also were monitored for a further minute (end-control
period) following the withdrawal of test vapors to determine if they executed
any off-responses. Such off-responses consist of the tick describing small cir-
cles, abruptly turning downwind, or both, within 10 sec of the loss of chemi-
cal. These behaviors never occur during control runs (McMahon and Guerin,
2000). Intertreatment comparisons of the proportion of ticks displaying such off-
responses were carried out by using the Fischer exact test.

Tick Odors Tested on the Servosphere. Vapors from the following biologi-
cal substrates were presented to walking A. variegatum adults on the servosphere
from 500-ml gas-wash bottles (after McMahon and Guerin, 2000): (1) air at 150
ml/ min swept over 200 dead A. variegatum adults, (2) air at 10 ml/ min passed
over 0.6 g of exuviae plus feces and of newly molted (<2 weeks) A. variegatum
adults, (3) air at 75 ml/ min over 20 unmolted A. variegatum adults, (4) air at 75
ml/ min over 10 freshly molted A. variegatum adults (<48 hr after emergence),
(5) air at 75 ml/ min over five engorged A. hebraeum females, and (6) air at 75
ml/ min over five engorged A. variegatum females. During experiments 5 and 6,
the bottle containing engorged females was shaken gently after every two tests
to provoke the release of more droplets from the dermal glands. The blank con-
trols for the above experiments consisted of passing air through empty gas-wash
bottles at the same flow rate as used in the tests.

Synthetic Volatiles Tested on the Servosphere. Vapors of the following com-
pounds were delivered separately to A. variegatum adults on the servosphere
from 500-ml gas-wash bottles at 150 ml/ min (after McMahon and Guerin, 2000):
2,5-dimethyl pyrazine, 2,6-dichloroanisol (Aldrich; source doses 10 ng and 1
mg), 2,6-dichlorophenol (2,6-DCP, Supelco; source doses 100 fg to 10 ng in log
steps), (R)-(− )-1-octen-3-ol (Robertet; source dose 10 ng); racemate 1-octen-3-
ol (Merck; source dose 10 ng). All compounds were >97% pure as indicated by
GC and were prepared in dichloromethane (Merck, analytical grade). The race-
mate was a 50 : 50 mixture of (R)-(− )-1-octen-3-ol and S )-(+)-1-octen-3-ol (sep-
arated on a 0.25-mm film of the chiral phase 6-TBDMS-2,3-diacetyl-b-cyclodex-
trin 100% in OV-1701 coated on a 30-m × 0.32-mm-ID capillary column with
He as carrier gas).

RESULTS

Volatiles identified from A. hebraeum and A. variegatum. An octenol iso-
mer matching the mass spectrum and retention time of racemate 1-octen-3-ol
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was identified by GC-MSD over engorged A. variegatum (6 ng) and A. hebraeum
females (0.2 ng) collected onto charcoal (Figure 1a, Table 1). This product also
was identified in all the headspace samples of either species sampled with the
Carboxen/ PMDS fiber (Table 1) at levels between 0.2 and 2 ng. Furthermore,
GC-MSD analysis of the volatiles over five unfed, undisturbed, and disturbed A.
variegatum adults with the Carbowax/ DVB fiber demonstrated that release of
octenol (0.6 ng) was associated with squeezing A. variegatum (Figure 1b, Table
1). No octenol was detected after sampling the headspace for a further 13 hr, or
in the headspace of the undisturbed control ticks with this SPME fiber.

The octenol isomer was identified as 1-octen-3-ol since it elicited the same
response as the natural product from the antenna of G. brevipalpis in GC-EAD
analysis of the vapors over disturbed unfed A. variegatum collected on charcoal
(Figure 2). In the other GC-EAD analyses that used G. brevipalpis antennae,
1-octen-3-ol was the predominant chemical detected over freshly molted ticks
at levels of 1 ng/ tick. However, 1-octen-3-ol was not found over unmolted ticks
or exuviae, the only tick headspace samples in which this compound was not
detected. Direct stimulation of the G. brevipalpis antennae with volatiles from
undisturbed and disturbed tisks held in syringes corroborated the GC-MSD and
GC-EAD finding, i.e., the release of 1-octen-3-ol by ticks is enhanced by physi-
cal manipulation. Air passing over undisturbed ticks to the antenna failed to
induce an EAG response, whereas the air over disturbed ticks caused a strong
depolarization of the antennal receptors.

Other compounds, including short-chain aliphatic aldehydes and alcohols
were recovered from both the charcoal trap extract and the SPME fibers in the
vapors over engorged A. variegatum and A. hebraeum females. However, few
of these volatiles were recovered in sufficient quantities to permit identification
(the MSD has a detection limit for a full mass spectrum at ca. 0.1 ng). Apart
from 1-octen-3-ol, only three compounds above the MSD threshold were identi-
fied over ticks (Table 1). 2,6-Dichlorophenol was detected only in the headspace
of A. variegatum females cut into pieces (ca. 1 ng), and 2,6-dichloroanisol and
2,5-dimethyl pyrazine were identified only over 9-month-old or dead A. varie-
gatum and A. hebraeum adults and, as such, may be degradation products. These
three tick products had matching mass spectra and retention times with synthetic
equivalents. Retrospective analysis for the presence of the major ion of each of
these three compounds in the other tick headspace samples analyzed by GC-
MSD failed to indicate the presence of any of these products at their respective
retention times.

Behavior. Odors from tick material elicited behavioral responses in A. var-
iegatum adults walking on the servosphere. Exuviae plus feces from freshly
molted A. variegatum adults induced a significant increase in the time spent
walking in the upwind cone (P < 0.05; Table 2). Volatiles of dead conspecifics
attracted A. variegatum adults (P < 0.01; Table 2) and also induced a significant
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FIG. 1. Total ion chromatograms of volatiles collected over (a) disturbed engorged Ambly-
omma variegatum females by using a charcoal trap and (b) over unfed disturbed A. var-
iegatum adults sampled by solid-phase microextraction with a Carbowax/ divinylbenzene
coated fiber (see text). Each 2-min interval (abscissa on the chromatogram) is equiva-
lent to a 108C rise in the oven temperature, starting at 408C after 5 min. 1-Octen-3-ol
predominates in both analyses occurring at a level of ca. 6 ng in a and ca. 0.6 ng in b
in the 5–1358C elution temperature range presented. It was identified by matching the
retention time and mass spectrum with a synthetic standard. The shift in the retention
time of 1-octen-3-ol between the two chromatograms is due to a difference in column
head pressure employed for the two analyses (on-column for the charcoal trap extract,
splitless desorption for SPME fiber).
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TABLE 1. COMPOUNDS IDENTIFIED IN HEADSPACE OVER A. variegatum

Identification by GC-MS Identification by GC-EAD with
Glossina antenna as detector

SPME

Charcoal Direct headspace Charcoal

Compound Carboxen/ PDMS Carbowax/ DVB entrainment sampling entrainment

1-Octen-3-ol Disturbed adults Disturbed adults Disturbed adults Newly moulted Disturbed adults
Engorged femalesa Engorged femalesa adults
Nymphs
Dissected females
Dead ticks
Exuviae plus feces
Undisturbed adults

(1 month old)a

Undisturbed adults
(9 months old)a

2,6-Dichlorophenol Dissected females
2,6-Dichloroanisol Dead ticks

Undisturbed adults
(9 months old)a

2,5-Dimethyl pyrazine Dead ticks
Undisturbed adults

(9 months old)a

a Compounds were also detected in the headspace of the same life stage of A. hebraeum.
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FIG. 2. Analysis of volatiles collected on a charcoal trap from disturbed unfed Ambly-
omma variegatum adults with the antenna of the tsetse fly, Glossina brevipalpis, as a
biological detector in gas chromatography coupled electroantennogram detection (EAD).
1-Octen-3-ol eluted at 14.60 min. The amplitude of the EAG response (right) to 1 ng of
(R)-(− )-1-octen-3-ol matched the response of a similar amount of the biologically active
product in the extract. Several of the FID peaks are laboratory pollutants present in con-
trols.

decrease in speed (P < 0.01). Odors from freshly cut females and unmolted and
freshly molted A. variegatum adults did not attract conspecifics or influence their
walking behavior. Odors from disturbed engorged A. hebraeum or A. variega-
tum adult females were unattractive, but A. variegatum responded to the odor
of disturbed engorged A. hebraeum with a significant decrease in speed (N c

14; P < 0.05) and to disturbed engorged conspecifics with a decrease in angular
velocity (N c 24; P < 0.01). No off-response occurred upon the withdrawal of
tick odor.

The response to 1-octen-3-ol on the sphere was typified by an increase
upwind walk (Figures 3 and 4) at a reduced speed and increased angular velocity.
Both racemate 1-octen-3-ol and (R)-(− )-1-octen-3-ol attracted male and female
A. variegatum. Nonetheless, (R)-(− )-1-octen-3-ol was a weaker attractant than
any other treatment (Table 2), eliciting an increase in the walk in the upwind
cone of just 8% and a moderate but insignificant increase in target vector.
Although racemate 1-octen-3-ol was a strong attractant, evoking an increase
in the walk in the upwind cone of 47%, no other differences in the behavior
of the ticks were detected to these treatments. Furthermore, both 1-octen-3-ol
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TABLE 2. UPWIND AND OFF-RESPONSES OF A. variegatum ADULTS ELICITED BY TICK ATTRACTANTS ON SERVOSPHEREa

Off-responses

% Change in time spent walking in upwind cone Significance of
Change in target vector proportion of

Significance ticks showing

of change in Wilcoxon Significance off responses
Median Wilcoxon duration of Median signed rank of change in between
upwind signed walk in upwind upwind test for a target vector Proportion treatments
response rank test for a cone between response treatment between of ticks (Fisher exact

Treatment (interquartile treatment (two- treatments (interquartile (two-tailed P treatments showing an test, two-tailed,
(source dose) N rangeb) tailed P values) P < 0.05) rangeb) values) (P < 0.05) off-response P < 0.05)

Exuviae plus faeces 18 11 0.05 a 0.26 0.01 a 1/ 18 b
(0.6 g) (−1 to 31) (−0.00 to 0.62)

Dead ticks 13 21 0.01 a 0.23 0.05 a 0/ 13 b
(200) (2–41) (−0.05 to 0.64)

(R)-(− )-1-octen-3-ol 20 8 0.05 ab 0.04 0.23 (NS) a 8/ 20 a
(10 ng) (−6 to 54) (−0.23 to 0.87)

Racemate 1-octen-3-ol 21 47 0.001 b 0.71 0.001 b 13/ 20 a
(10 ng) (22–62) (0.42 to 1.06)

a The index of the upwind response presented is the percentage difference in time spent walking in an upwind cone 608 either side of the air stream in the test
period compared to the preceding control period. Intertreatment comparisons of the upwind responses were carried out by applying the Wilcoxon-Mann-Whitney
test (two-tailed) to both the percentage change in the time spent walking in the upwind cone and to the change in target vector (values not shown) elicited by
the treatments. Intertreatment comparisons of the proportion of off-responses induced by loss of stimulus were made with the Fisher Exact test (two-tailed). NS:
Vapors of (R)-(− )-1-octen-3-ol did not elicit a significant change in target vector. Within a behavioral category, responses followed by the same letter are not
significantly different.

b The interquartile range represents the 25 and 75 percentiles of the upwind response.
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FIG. 3. Polar plot of the distribution of the mean direction (f) of walks of A. variegatum
adults (N c 21) on the servosphere during a 1-min control period followed by a 1-min
test period where the same ticks were presented with vapors of a racemic mixture of
1-octen-3-ol (source dose 10 ng). The nearer the vector weighting (r) to the perimeter,
the straighter the walk in that direction [circular statistics, after Batschelet (1981)]. Note
the shift in mean walking directions in the presence of racemic 1-octen-3-ol.

samples elicited off responses (Table 2 and Figure 4) in 21 of a total of 41 A.
variegatum adults tested, where the ticks reacted to the loss of the attractant
either by describing small circles, abruptly turning downwind, or both in the 10
sec after loss of stimulus. This off-response was unique to 1-octen-3-ol. No such
responses were observed for any other chemicals or tick volatiles presented to
A. variegatum adults (Table 2).

The synthetic equivalents of the other products identified from ticks, i.e.,
vapors of 2,6-chloroanisol and 2,5-dimethyl pyrazine (source doses of 10 ng and
1 mg) presented separately to A. variegatum adults (N c 15, N c 20, respectively)
failed to elicit any behavioral responses from A. variegatum on the servosphere,
nor did 2,6-DCP have any effect on A. variegatum behavior on the servosphere
in several tests spanning a source dose range with 10-fold increases from 100
fg to 10 ng (N > 10 for each dose).

DISCUSSION

1-Octen-3-ol is present in volatiles over various life-stages of both A. varie-
gatum and A. hebraeum. Moreover, this compound attracts unfed A. variegatum
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FIG. 4. Track described by an Amblyomma variegatum adult on the servosphere in
response to vapors from racemate 1-octen-3-ol (source dose 10 ng). The track started
(o) with the tick walking downwind (open arrow) in the control period. Note the off-
response on loss of the attractant at odor off. The arrows on the track indicate odor on
and odor off, and the bar beneath the track represents a displacement of 20 cm. Control,
test, and end control periods of 1 min each.

adults on the servosphere. Whereas 1-octen-3-ol is a known semiochemical for
hematophagous insects such as tsetse flies (Hall et al., 1984) and mosquitoes
(Braverman et al., 1991), to our knowledge, this is the first report of 1-octen-
3-ol being attractive to ticks. Although Norval et al. (1987) recorded activation
of A. hebraeum in the field by odors of cattle and sheep, these authors recorded
no such response to an open vial containing neat 1-octen-3-ol in the same study.
Osterkamp et al. (1999) demonstrated that this compound enhanced the quest-
ing behavior of Boophilus microplus, albeit at the source dose of 3 mg compared
to the 10-ng source dose used here. The level tested in this study is equivalent
to about one twentieth that in bovid breath (Vale and Hall, 1985), and within
the range of concentrations found attractive in wind-tunnel tests to the tsetse
fly Glossina morsitans morsitans (Paynter and Brady, 1993) and the stable fly
Stomoxyes calcitrans (Schofield and Brady, 1997).

The identity of the 1-octen-3-ol isomer released by the two Amblyomma
tick species in our study is unknown. (R)-(− )-1-octen-3-ol predominates in bovid
breath (Hall et al., 1984), probably arising from the enzymatic oxidation of
linoleic acid (Tressl et al., 1982), but the racemate can arise from the nonen-
zymatic degration of this polyunsaturated fatty acid (Porter et al., 1980). In
behavior, both 1-octen-3-ol samples tested elicited a similar proportion of off-
responses upon withdrawal of the stimulus for A. variegatum, responses that
were all but absent from the other treatments. Nonetheless, we found racemate
1-octen-3-ol to be a superior attractant to (R)-(− )-1-octen-3-ol, suggesting that
the (S )-(+) isomer in the racemate might exert an independent effect. However,
it is probably in the context of other as yet unidentified volatiles from ticks that
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1-octen-3-ol exerts its effect. A difference in the efficacy of single compounds
as attractants compared to the mixtures in which they are released has already
been reported for this tick species (McMahon and Guerin, 2000).

The exact biological role of 1-octen-3-ol in the biology of A. variegatum
and A. hebraeum remains to be determined. The greater amounts of 1-octen-3-ol
recovered over disturbed ticks is consistent with reports such as that of Yoder et
al. (1993b), wherein even bright light was sufficient to provoke the secretion of
droplets by engorged D. variabilis females. Nonetheless, odors from tick mate-
rial releasing relatively high amounts of 1-octen-3-ol in this study (newly molted
ticks and engorged female A. hebraeum and A. variegatum) did not induce either
attraction or repellency in A. variegatum adults on the servosphere. This sug-
gests that ticks are either insensitive to the strong odor released or that some
essential components of the odor did not reach the ticks on the servosphere. In
contrast, attraction was recorded to samples emitting lower levels of volatiles,
such as from dead ticks and exuviae plus feces. In the latter treatment, fecal
volatiles are suggested as the potential source of the attractants, as 1-octen-3-ol
was not detected over A. variegatum exuviae by using the sensitive electroan-
tennogram detection method. The contribution of fecal attractants to “self-odor”
in arthropods has long been recognized, particularly in aggregation. Ammonia
has been implicated in the aggregation responses of arthropods, such as kiss-
ing bugs (Taneja and Guerin, 1997) and flour mites (Levinson et al., 1991) to
their own feces, but fecal volatiles and odors released from the arthropods them-
selves may interact. Torto et al. (1996) demonstrated that phenols released from
nymphal feces of the desert locust Schistocerca gregaria combined with sev-
eral fatty acids and aldehydes released from nymphs themselves synergized the
aggregation response. A similar role may exist for the several unidentified alde-
hydes present over engorged females (a particularly rich source of volatiles) in
this study. Moreover, 1-octen-3-ol and several short chain aldehydes also are
emitted by the host (Hall et al., 1984; Steullet and Guerin, 1994), and host
volatiles attract A. variegatum (McMahon, 1999). It appears that ticks may be
making parsimonious use of 1-octen-3-ol as a cue for aggregation with con-
specifics and for host finding when in search of a blood meal.

Acknowledgments—This research was supported by the Swiss National Science Foundation
(grants 31-37420.93 and 31-50658.97 entitled “Studies on the Chemical Ecology, Sensory Physiol-
ogy and Behavior of Ticks”). We are indebted to the Hasselblad, Roche, and Sandoz Foundations,
the Ciba-Geigy-Jubilaeums-Stiftung, and the Swiss Office for Education and Science for funding
studies on tick sensory physiology and behavior at Neuchâtel. We thank Messrs P. Bula and J. Jon-
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Abstract—Cellulose triacetate was investigated as a chiral stationary
phase for preparatively separating the enantiomers of lineatin, frontalin,
exo-brevicomin, endo-brevicomin, verbenone, (E )-conophthorin, and grand-
isol. Tens of milligrams of both enantiomers were efficiently prepared in high
percentage enantiomeric excess from one injection of each compound except
grandisol. We prepared grandisyl acetate, benzoate, and 4-bromobenzoate
to determine if derivatization of the free alcohol might improve separation.
Of these, grandisyl 4-bromobenzoate provided the best separation but was
still not very well resolved. Preparative separation of enantiomers on
cellulose triacetate is a viable alternative to stereoselective synthesis when
semiochemicals of very high enantiomeric purity are required for biological
testing.

Key Words—Cellulose triacetate, preparative chiral liquid chromatography,
lineatin, frontalin, exo-brevicomin, endo-brevicomin, verbenone, (E )-conoph-
thorin, grandisol.

INTRODUCTION

When a pheromone component is chiral, the emitting organism often produces
only one enantiomer or a specific blend of enantiomers and the receiving organ-
ism responds differently to each enantiomer. There are 10 categories for clas-
sifying the stereochemistry–bioactivity relationship, all with examples in nature
(Mori, 1998). For instance, examples are known where either only one enan-
tiomer is biologically active (Hoover et al., 2000), a specific blend of enan-
tiomers is most active (Miller et al., 1996), or one enantiomer inhibits the other
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(Camacho et al., 1994). In some instances, closely related or sympatric species
use the same pheromone components but vary the enantiomeric composition
to distinguish each other (Leal, 1996). To fully understand these interactions,
chemical ecologists need to investigate which enantiomer(s) the organism is pro-
ducing and what behaviors the two enantiomers elicit in the receiving organism.

When chiral pheromones are first identified, the racemic form is usually
synthesized (or purchased) to compare physical, chemical, and behavioral prop-
erties with the isolated pheromone. The next step is to investigate the stereo-
chemistry of the pheromone component in the extract. Chirality can be assessed
using chromatography on chiral stationary phases (Beesley and Scott, 1998) and
other means, but to establish the absolute configuration, stereoselective synthesis
is often necessary. To test the biological activity of each enantiomer, however,
they both must be available in high enantiomeric purity in quantities suitable
for bioassay or field testing that might involve two, often lengthy and difficult,
chiral syntheses. Since the racemic form has already been made, and synthesis
of the racemic form is usually much easier, the preparative separation of the
enantiomers from the racemate can be a time- and labor-saving option.

We report here our investigations on the preparative chiral resolution of
enantiomers of several pheromones that are difficult to obtain enantiomerically
pure. We were initially only interested in separating the enantiomers of lineatin
for field-testing, but this separation was so successful (Hoover et al., 2000; Lind-
gren et al., 2000) that we investigated other pheromones as well. We selected
cellulose triacetate (CTA I) as the chiral stationary phase (CSP) for liquid chro-
matography for the following reasons: (1) it is available inexpensively in bulk;
(2) it has high loading capacities because it is a pure chiral polymer, unlike most
CSPs, which have a chiral compound bound to silica gel; (3) it has high chiral
recognition; and (4) it is the most often used CSP for preparative separations,
including a g-lactone pheromone (Francotte and Lohmann, 1987) and a spiro-
acetal pheromone component with similarities to (E )-conophthorin (Isaksson et
al., 1984). It is clearly the first CSP to try when attempting a preparative separa-
tion of enantiomers. The main drawback of this CSP is the slow kinetics of the
adsorption–desorption process, which can broaden peaks and require very slow
flow rates. A useful review is available of the various CSPs for preparative sep-
aration of enantiomers (Francotte and Junker-Buchheit, 1992). Free alcohols are
often poorly resolved on CTA I, but esterification can improve resolution, depend-
ing on the acyl group (Francotte and Wolf, 1990). We prepared and tested grandisyl
acetate, benzoate, and 4-bromobenzoate to possibly improve resolution.

METHODS AND MATERIALS

Racemic frontalin (1,5-dimethyl-6,8-dioxabicyclo[3.2.1]octane), verbenone
(4,6,6-trimethylbicyclo[3.1.1]hept-3-en-2-one), the brevicomins (exo- and endo-
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7-ethyl-5-methyl-6,8-dioxabicyclo[3.2.1]octane), and lineatin (3,3,7-trimethyl-
2,9-dioxatricyclo[3.3.1.04, 7]nonane) were obtained from PheroTech Inc. (Delta,
British Columbia, Canada). We obtained (±)-grandisol [cis-2-(1-methylethenyl)-
1-methylcyclobutaneethanol] from Bedoukian Research Inc. (Danbury, Con-
necticut), and (±)-(E )-conophthorin [(E )-7-methyl-1,6-dioxaspiro[4.5]decane]
was kindly provided by H. D. Pierce, Jr. (Simon Fraser University). Grandisyl
acetate, benzoate, and 4-bromobenzoate were prepared by conventional ester-
ification conditions with acetic anhydride or the corresponding acyl chloride
in pyridine. The spectroscopic data for these esters were consistent with their
expected structure.

A 2.5- × 100-cm water-jacketed glass column (Altex Scientific Inc., Berke-
ley, California) was slurry packed with approx. 200 g (dry wt) of cellulose tri-
acetate (25–40 mm, EM Science, Gibbstown, New Jersey) previously swollen for
30 min in refluxing 10% water in ethanol. Both ends of the column had fixed bed
supports each containing a porous Teflon filter (30–60 mm) backed by a woven
Teflon defusing mesh. The column was connected to a Varian (Palo Alto, Cal-
ifornia) model 5000 liquid chromatograph with a 500-ml sample loop, and a
Waters (Milford, Massachusetts) fraction collector. Injections of 50 mg of each
analyte were made in ethanol unless stated otherwise. Freshly distilled anhydrous
ethanol and purified water [Millipore (Bedford, Massachusetts) Alpha-Q Reagent
Grade Water System] were used for the mobile phase, 10% water in ethanol
unless stated otherwise. Shrinkage or swelling of the packed bed occurred when
changing to different solvent systems that required the stationary phase to be
added or removed as necessary. Previous work (Rimböck et al., 1985; Rizzi,
1989c; Isaksson et al., 1990; Bevan and Mutton, 1992) has shown that resolu-
tion improves dramatically at very low flow rates and that higher temperatures
can increase column efficiency but often at the expense of resolution as reten-
tion and separation decrease. Therefore, we set the flow rate to 0.2 ml/ min and
ran separations at various column temperatures. Initial separations of lineatin at
higher flow rates gave very broad peaks. Column back-pressure at 0.2 ml/ min
was less than 100 kPa.

Lacking a refractive index detector, an in-line polarimeter, or good chro-
mophores for UV detection in most of the compounds, we followed each sep-
aration by gas chromatography. Fractions were collected every 30 min or 1 hr
and analyzed to follow the elution of each enantiomer as shown in Figure 1. The
critical fractions were usually located quickly by scent. Fractions and extracted
peaks were analyzed by gas chromatography (Varian 3400 GC with Varian 8100
Autosampler, split, FID) with a J&W Scientific (Folsom, California) chiral capil-
lary column (Cyclodex-B, 30 m × 0.25 mm ID × 0.25 mm, He carrier gas, injec-
tor and detector at 2208C, optimized pressures and column temperatures as noted
in Table 1). Fractions were extracted with hexane before gas chromatography if
the mobile phase contained more than 10% water. Otherwise, 1-ml samples of
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FIG. 1. Preparative resolutions of racemic pheromones on CTA I at specified tempera-
tures. Mobile phase 10% water in ethanol and 50 mg of racemate injected unless other-
wise specified: (a) 117 mg of (±)-lineatin, 508C, absolute configuration from Kandil and
Slessor (1985); (b) (±)-verbenone, 158C, absolute configuration from Mori (1989); (c)
(±)-(E )-conophthorin, 308C, absolute configuration from Pierce et al. (1995); (d) (±)-
exo-brevicomin, 158C, absolute configuration from Mori (1989); (e) (±)-endo-brevicomin,
158C, absolute configuration from Mori and Seu (1985); (f ) (±)-frontalin, 308C, absolute
configuration from Mori (1975); (g) 100 mg of (±)-grandisol, mobile phase 40% water in
ethanol, 308C, absolute configuration from Mori (1989); (h) (±)-grandisyl 4-bromoben-
zoate, 108C, sign of optical rotation refers to grandisol from the hydrolyzed ester.

each critical fraction were directly injected onto the chiral GC column. The enan-
tiomers of grandisyl 4-bromobenzoate could not be resolved on the Cyclodex-B
GC column, so fractions containing grandisyl 4-bromobenzoate were hydrolyzed
for 1 hr at room temperature in 1 M ethanolic KOH, extracted into hexane, and
then dried over anhydrous Na2SO4 before chiral-GC analysis of grandisol was
completed.

To recover the enantiomerically enriched products, we combined frac-
tions with similar enantiomeric purity and then diluted them with 3% aque-
ous NaHCO3 so that two layers would form when extracted with 4 × 100
ml pentane (glass distilled). The combined pentane extract was dried over
anhydrous Na2SO4, filtered, and rotary-evaporated. A Perkin Elmer (Wellesley,
Massachusetts) Polarimeter 341 was used to determine the sign of optical rota-
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FIG. 1. Continued.

tion of the extracted peaks in pentane at 208C and 589 nm (sodium D line). We
checked the enantiomeric purity of the recovered enantiomers by chiral GC. The
chemical purities of the extracted peaks were determined on a Hewlett-Packard

TABLE 1. SEPARATION DATA ON CHIRAL CYCLODEX-B GAS CHROMATOGRAPH COLUMN

Temp Head pressure Retention times
Compound (8C) (kPa He) (min)a

Lineatin 100 135 (+)13.73, (− )14.09
Verbenone 100 135 (− )28.79, (+)29.45
(E )-Conophthorin 85 85 (+)13.64, (− )13.93
exo-Brevicomin 100 135 (+)5.69, (− )6.25
endo-Brevicomin 100 85 (− )11.46, (+)11.73
Frontalin 70 135 (+)12.37, (− )12.75
Grandisol 115 135 (+)14.81, (− )15.95
Grandisyl acetate 110 135 17.48, 17.84
Grandisyl benzoate b 135 68.11, 68.44

a (+) and (− ) refer to the sign of optical rotation of peak extracted from liquid chromatography.
b Chiral GC column was temperature programmed as follows: 1308C for 1 min, then 0.58C/ min to

1808C. These peaks were broad and unresolved.
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(Palo Alto, California) 5890 GC with a J&W DB-1 column (30 m × 0.25 mm
ID × 0.25 mm, split, FID, head pressure 135 kPa He, injector and detector at
2608C, and column programmed 608C for 1 min then 108C/ min to 2608C).

RESULTS

Most compounds were sufficiently resolved by preparative chiral liquid
chromatography on CTA I to allow efficient preparation of both enantiomers
in very high enantiomeric purity (Table 2 and Figure 1). Resolution approach-
ing baseline separation was achieved for (E )-conophthorin, exo-brevicomin, and
frontalin (Figures 1c, d, and f). The enantiomeric purity of both extracted peaks
for these compounds exceeded 99.7% e.e. without discarding many overlapping,
intermediate fractions. Each enantiomer was recovered in 50–80% yield, with the
lowest yields for the enantiomers of (E )-conophthorin, which were easily lost
during rotary evaporation. The enantiomers of lineatin, verbenone, and endo-bre-
vicomin were not as well resolved (Figures 1a, b, and e) but recovery of enan-
tiomers with high enantiomeric purity was still possible. As reported previously
by Hoover et al. (2000), lineatin peaks were divided to yield two extracts of
different % e.e. for each enantiomer. (+)-Lineatin was recovered with >99.98%
e.e. in 34% yield and with 97.6% e.e. in 38% yield. (− )-Lineatin was recov-
ered with 99.7% e.e. in 17% yield and 97.4% e.e. in 47% yield. For verbenone,
we split the fractions where % e.e. c 0 and recovered the two peaks in 86 and
70% yield, both with 76% e.e. With some peak shaving, both peaks of endo-
brevicomin were recovered in 60% yield, with >99.9 and 93% e.e. for the first
and second peaks, respectively. However, with more severe peak shaving, higher
enantiomeric purity is possible in reasonable yields.

The separation of grandisol was particularly difficult. The free alcohol could
not be separated in 10% water in ethanol. Increasing the proportion of water
in the mobile phase improved separation somewhat but dramatically increased
retention (Figure 1g). By splitting the peaks where % e.e. c 0, these enantiomers
were recovered with 43 and 42% e.e. in 81 and 89% yield for the first and second
eluting peaks, respectively. Grandisyl acetate and grandisyl benzoate showed no
signs of separating (Table 2). However, grandisyl 4-bromobenzoate run at 508C
and 10% water in ethanol showed a slight separation that improved when the
column temperature was lowered to 108C (Figure 1h). By splitting the peaks
where % e.e. c 0, these enantiomers were recovered (after hydrolysis) with 54
and 61% e.e. for the first and second eluting peaks of grandisyl 4-bromoben-
zoate, respectively. Higher enantiomeric purity is possible by peak shaving, but
this would decrease the yield. Enantiomeric purity can also be improved by
rechromatographing an extracted peak with high, but not sufficient, enantiomeric
purity. Unfortunately, less than 50% of the injected mass of this ester is grandisol,
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TABLE 2. SEPARATION DATA ON CHIRAL CELLULOSE TRIACETATE LIQUID

CHROMATOGRAPH COLUMN

Temp Eluant Retention time
Compound (8C) H2O : ethanol (hr)a Rb ac

Lineatin 51 10 : 90 (+)40, (− )46 0.70 1.15
30 10 : 90 56, 68 0.83 1.22

Verbenone 50 10 : 90 31, 32 n.d. 1.03
30 10 : 90 37, 40 n.d. 1.08
15 10 : 90 (− )42, (+)46 0.62 1.10

(E )-Conophthorin 30 10 : 90 (+)31, (− )35 1.44 1.13
exo-Brevicomin 51 10 : 90 28, 30 0.80 1.07

30 10 : 90 31, 34 1.18 1.10
15 10 : 90 (− )33, (+)38 1.47 1.13

endo-Brevicomin 51 10 : 90 28, 29 n.d. 1.04
30 10 : 90 33, 36 0.61 1.07
15 10 : 90 (− )37, (+)41 0.90 1.09

Frontalin 51 10 : 90 37, 41 1.34 1.11
30 10 : 90 (− )46, (+)56 1.52 1.22

Grandisol 51 10 : 90 28, 28 0 1.00
30 60 : 40 (− )310, (+)325 0.41 1.05
10 10 : 90 36, 36 0 1.00

Grandisyl acetate 51 5 : 95 24, 24 0 1.00
35 30 : 70 42, 42 0 1.00

Grandisyl benzoate 51 10 : 90 28, 28 0 1.00
Grandisyl 50 10 : 90 30, 31 n.d. 1.02
4-Bromobenzoate 10 10 : 90 (+)d47, (− )52 0.60 1.11

a (+) and (− ) refer to the sign of optical rotation of peak extracted from liquid chromatography.
b Resolution (R) c separation between peaks/ (1.7 × average peak width at half height).
c Separation factor (a) c retention time2/ retention time1.
d Sign of optical rotation refers to grandisol from the hydrolyzed ester.

and this method requires hydrolysis to recover the free grandisol. A more effi-
cient separation is necessary to provide reasonable quantities of grandisol with
higher enantiomeric purity. Grandisal, the corresponding aldehyde of grandisol,
might resolve better on CTA I but is probably too unstable for such treatment
(Webster et al., 1987).

The separation and extraction process did not introduce additional impu-
rities, so the chemical purity of the extracted peaks was similar to the starting
materials. Both commercial exo- and endo-brevicomin contained 5–10% of the
other as an impurity. These compounds were partially resolved on CTA I (see
Figures 1d and e), which resulted in some of the enantiomers becoming free from
these impurities and thus chemical purity actually improved during enantiomeric
separation.

We saw no change in the order of elution of enantiomers when changing
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temperature and, for grandisol and its derivatives, mobile phase composition.
The order of elution of enantiomers during chiral liquid chromatography did
not correlate with elution during chiral gas chromatography, suggesting that the
chiral selectivities of CTA I and Cyclodex-B were different.

Separation, retention, and peak widths increased with decreasing column
temperature. However, the increase in separation compensated for increased peak
widths as resolution also improved at lower column temperatures for all com-
pounds tested. We preparatively separated lineatin at 508C at the expense of
some loss in resolution because retention times were faster and the second enan-
tiomer tailed less than at lower temperatures, allowing faster throughput and
resulting in smaller volumes to extract.

DISCUSSION

CTA I exhibits unique chromatographic properties. Separations are strongly
temperature and flow-rate dependent, suggesting slow mass transfer. Many stud-
ies have shown that very slow flow rates provide the best resolution (Rimböck
et al., 1985; Isaksson et al., 1990; Bevan and Mutton, 1992; Jacobson et al.,
1993). Although 5–10% water in ethanol is the most common mobile phase, a
range of mobile phases from water to cyclohexane has been used with CTA I.
This CSP can be operated in either normal or reverse phase to allow separation
of both polar and nonpolar racemates (Rizzi, 1989b,c; Francotte and Junker-
Buchheit, 1992). The unusual and not completely understood separation mech-
anisms of CTA I makes prediction of success for particular racemates difficult
(Rizzi, 1989a; Francotte and Wolf, 1990; Isaksson et al., 1990; Francotte and
Junker-Buchheit, 1992). Most successful separations are with compounds that
contain a ring close to the chiral center. Free alcohols often do not separate well
on CTA I. However, simple esterification can improve the separation dramati-
cally. Benzoates are particularly useful, with substitution in the para position
having a strong influence on both retention and separation (Francotte and Wolf,
1990). With the large number of preparative separations already reported, CTA
I appears to have broad applicability.

Although we did not investigate the loss of resolution at sample loads higher
than the lineatin injection of 117 mg (Figure 1a), examples of much greater sam-
ple loads do appear in the literature (Francotte and Junker-Buchheit, 1992). For
example, 2.47 g of (±)-g-ethyl-g-butyrolactone, the sex attractant pheromone
of Trogoderma species, was separated on a 5- × 100-cm column (Francotte
and Lohmann, 1987). Higher throughput can also be realized by injecting again
before the previous injection has eluted. When resolution is not complete, yield
versus the enantiomeric purity desired requires optimizing. By peak shaving,
both enantiomers of all compounds tested here could be obtained in essentially
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100% e.e., although yields for some compounds would be low. However, the
intermediate fractions can be extracted and reinjected if the starting racemate is
valuable.

The excellent separation achieved with spiroacetals, reported both here and
by Isaksson et al. (1984), suggests that other spiroacetals of biological interest
(Perron and Albizati, 1989; Moore et al., 1994; Weston et al., 1997) might be
similarly resolved.

As was shown by Francotte and Wolf (1990), this method also can yield chi-
ral building blocks or precursors to aid chiral synthesis if the final product is not
resolvable. For example, derivatized chiral epoxy alcohols, which can be used
to synthesize long chain epoxide-containing pheromones, are well separated on
CTA I (E. Plettner, personal communication). However, milligram quantities of
several epoxydiene pheromone components have also been separated directly on
other CSPs (Qin et al., 1997). The separation of verbenone completed here also
could provide, via reduction of the ketone, both enantiomers of the pheromones
cis- and trans-verbenol in high enantiomeric purity. An acyclic pheromone, if it
does not separate directly, could be prepared via a cyclic precursor. For example,
a lactone that separates well on CTA I (Francotte and Lohmann, 1987) can be
hydrolyzed to provide both enantiomers of an acyclic acid for further synthesis.

CONCLUSIONS

Using a readily achieved separation, we prepared excellent yields of both
enantiomers of several pheromones in very high enantiomeric purity from the
racemates significantly faster and less expensively than could be prepared by
stereoselective synthesis. Under good conditions, hundreds of milligrams of
racemic material can be completely separated into its enantiomers. Preparative
chiral liquid chromatography with cellulose triacetate is a powerful alternative
to stereoselective synthesis and should be considered when biological testing
requires both enantiomers in very high enantiomeric purity.
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Abstract—Egg deposition of the elm leaf beetle Xanthogaleruca luteola
causes the emission of volatiles from its food plant, Ulmus minor. These
volatiles are exploited by the egg parasitoid, Oomyzus gallerucae, to locate
its host. In contrast to other tritrophic systems, the release of volatiles is not
induced by feeding but by egg deposition. Previous investigations showed that
the release is systemic and can be triggered by jasmonic acid. Comparison
of headspace analysis revealed similarities in the blend of volatiles emitted
following egg deposition and feeding. The mixture consists of more than
40 compounds; most of the substances are terpenoids. Leaves next to those
carrying eggs emit fewer compounds. When treated with jasmonic acid, leaves
emit a blend that consists almost exclusively of terpenoids. Dichloromethane
extracts of leaves treated with jasmonic acid were also investigated. After
separation of extracts of jasmonate induced elm leaves on silica, we obtained
a fraction of terpenoid hydrocarbons that was attractive to the parasitoids.
This indicates that jasmonic acid stimulates the production of terpenoid
hydrocarbons that convey information of egg deposition to the parasitoid.

Key Words—Egg parasitoid, synomones, plant defense, systemic induction,
jasmonic acid, Ulmus minor, elm leaf beetle, Oomyzus gallerucae, sesquiter-
penes.
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INTRODUCTION

Plants respond to herbivory with the emission of volatiles that facilitate the abil-
ity of natural enemies of the herbivores to distinguish between infested and non-
infested host plants (Dicke, 1994). Predators and parasitoids exploit compounds
of different origin to locate their prey or their host (Dicke et al., 1990; Paré and
Tumlinson, 1999; Mattiacci et al., 1995; Turlings et al., 1990). While some para-
sitoids are guided by green leaf volatiles (Du et al., 1998), others respond mainly
to terpenoids (Turlings et al., 1993). They also have to cope with variations in
the synomone blends. The total amount and composition of herbivore induced
volatile emission depends on abiotic factors, such as light and water stress, and
biotic factors, such as herbivore species and age, the plant species, the cultivar,
and the age of leaves that have been fed on (Takabayashi et al., 1994). Never-
theless, parasitoids are able to distinguish between herbivory damage caused by
a suitable host and nonhost insects. Generalists learn differences in odor com-
position and associate volatiles detected on the plant with host kairomones and
visual cues (Vinson, 1985). The dependence of specialist parasitoids on specific
herbivore-induced volatiles is more rigid. Foraging specialist parasitoids must
express the highest degree of specificity in host recognition because a mistake
in the final step of the host-location process would necessarily cause a loss of
fitness. Release of herbivore-induced volatiles is also time dependent. Although
some green leaf volatiles are emitted directly after feeding of herbivores, due
to damage of leaf tissue, the major part of the components is synthesized de
novo and emitted following a cascade of biochemical transformations (Paré and
Tumlinson, 1997; Turlings et al., 1998).

Jasmonic acid is well known to act as a mediator of physiological changes in
plants in response to herbivory. Exogenous addition of jasmonic acid or methyl
jasmonate leads to an increase of defensive compounds (see, e.g., Baldwin et al.,
1994; Baldwin and Preston, 1999; Farmer and Ryan, 1992; Miksch and Boland,
1996). Furthermore, it acts as a growth regulator and can promote senescence
(Creelman and Mullet, 1997; Sembdner and Parthier, 1993). In the last decade,
jasmonic acid was also shown to be involved in triggering the emission of plant
volatiles in a wide variety of plants (Boland et al., 1995). Plant volatiles induced
by herbivory were proved to attract predators and parasitoids of the herbivores
in numerous systems (Dicke and Vet, 1999). Even though the substance pattern
induced by jasmonic acid resembles the blend emitted after herbivory to a large
degree in a studied case (Gols et al., 1999), predators also were shown to be
able to differentiate between feeding and jasmonate-induced plants (Dicke et al.,
1999). In the lima bean, the role of jasmonic acid in transforming the information
of herbivory into the emission of sesquiterpene volatiles has been proved (Koch
et al., 1999).

The elm leaf beetle, Xanthogaleruca luteola (Coleoptera, Chrysomelidae),
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that feeds on the field elm (Ulmus minor) is attacked by the egg parasitoid
Oomyzus gallerucae (Hymenoptera, Eulophidae). Prior to egg deposition, gravid
elm leaf beetles gnaw a groove into the under-surface of a leaf. Into this groove
they glue an egg mass of about 10–30 eggs by means of their oviduct secretion.
After an induction period, the leaf emits volatiles that attract Oomyzus galleru-
cae. In contrast to the tritrophic systems mentioned above, emission of attractive
volatiles from the elm is not caused by feeding but by egg deposition of the host
(Meiners and Hilker, 1997). Previous investigations showed that the emission of
volatiles is systemic (Meiners and Hilker, 1997, 2000). Plant parts located near
leaves carrying eggs emit volatiles that attract parasitoids. It was further demon-
strated that jasmonic acid renders elm leaves attractive to wasps (Meiners and
Hilker, 2000).

In this work, we investigated the chemical composition of the odor emitted
by differently treated elm leaves by using headspace techniques. Odor production
induced by egg deposition, by jasmonic acid treatment, and by feeding damage
was compared. We also analyzed the emission of volatiles of intact leaves next
to leaves damaged by feeding or adjacent to leaves carrying eggs. In addition,
extracts of jasmonic acid-treated leaves were fractionated in an effort to identify
compounds responsible for parasitoid attraction.

METHODS AND MATERIALS

Plants and Insects. Elm twigs (Ulmus minor) from the lower part of a tree
were cut from June to September in the botanic garden of the Freie Universität
Berlin for headspace analysis or at Lake Ölper in Braunschweig for extracts.
Twigs of the latter tree were also subject to headspace analysis after treatment
with jasmonic acid. Adults and eggs of X. luteola were collected near Montpellier
and Perpignan (southern France). All stages of X. luteola were kept at 208C
and 16L : 8D. Adults and larvae were fed elm leaves of U. minor. O. gallerucae
emerging from elm leaf beetle eggs on U. minor were held at 108C and 16L : 8D
and fed diluted honey. Due to the availability of field elm leaves, only three
generations of beetles and parasitoids were produced in the laboratory. Several
days before testing they were transferred to 208C conditions. Only experienced
females with prior contact with host eggs were tested. These females encountered
eggs two days prior to the experiment for a period of 24 hr (Meiners and Hilker,
1997).

Leaf Extracts. Freshly cut elm twigs with 10–20 leaves were placed in
tap water containing 1 mmol/ ml jasmonic acid and Tween 20 (Fluka, 0.05%).
After 72 hr, elm leaves were ground under liquid nitrogen, and 100 ml of
dichloromethane was added. The mixture was stirred overnight in a closed vial
before the plant material was filtered off by using a chromatography column
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filled with 10 g silica (Merck, mesh 70-230 ASTM). The filtrate was concen-
trated by distillation to a small volume. For control, freshly cut elm twigs with
10–20 leaves were kept in tap water and Tween 20 without jasmonic acid for
72 hr. The extraction of these so-called intact (control) leaves was conducted
as described for the jasmonate-treated leaves. For fractionation, the extract was
loaded onto a silica column (10.7 g, Merck, mesh 70-230 ASTM). After elution
with 18 ml pentane, 9 ml of a solution containing sesquiterpenoids was obtained.

Headspace Samples. Headspace samples were taken 72 hr after starting the
induction by closed-loop analysis. Samples were taken from: (1) an untreated
elm twig kept in tap water for 72 hr, (2) an elm twig with 10–20 leaves without
eggs that elm leaf beetles had fed on, (3) an elm twig with 10–20 leaves that
carried 15–20 egg masses (i.e., about 1 egg mass per leaf), and (4) an elm twig
with 10–20 leaves that was treated by jasmonic acid as described for the leaf
samples.

Samples of systemically induced elm leaves were attained by placing an
elm twig in a Plexiglas cylinder and dividing its lower part (15–20 leaves) from
the upper part (15–20 leaves) by use of a partition plate (Meiners and Hilker,
2000). The lower part was offered to male elm leaf beetles or 15–20 egg masses
were transferred onto its leaves. The twig was cut into two pieces, and the upper
part was used for headspace sampling.

Sampling duration was 6 hr (Boland et al., 1984). The charcoal filters with
1 mg charcoal used were extracted with approximately 20 ml dichloromethane.

Chemicals. Jasmonic acid was synthesized by alkaline hydrolytic cleavage
of methyl jasmonate (Baldwin et al., 1994). Its purity was checked by silyla-
tion with N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA), followed by
GC analysis. (E,E )-2,6-Dimethyl-3,5,7-octatrien-2-ol was prepared by reduction
and rearrangement of ocimenone (van Dort et al., 1993). (E )-2,3-Epoxy-2,6-
dimethyl-6,8-nonadiene was synthesized by oxidation of (E )-4,8-dimethyl-1,3,7-
nonatriene with m-chlorperbenzoeic acid in dichloromethane (Kaiser, 1991).

Analysis. Samples were analyzed by GC-MS with a Hewlett Packard GC
6890 MSD 5973 with a split/ splitless inlet, equipped with a 30-m HP5MS capil-
lary column (0.25 mm ID, df c 0.25 mm). Some samples were analyzed by using
a Gerstel KAS4 programmed temperature vaporization (PTV) inlet. Its heater
was programmed from 508C (0.1 min hold) to 2808C at 1208C/ min. The oven
temperature was programmed from 508C (5 min hold) to 3008C at 58C/ min.
Helium flow was adjusted to 1 ml/ min in constant flow mode. The mass spec-
trometer was operated in 70 eV EI ionization mode. Compounds were identified
by comparing mass spectra and retention indices with those of reference com-
pounds or critical evaluated literature data (Joulain and König, 1998).

Bioassays. The effect of headspace samples and leaf extracts on the para-
sitoids was studied in a four-arm airflow olfactometer (for details see Vet et al.,
1983; Meiners and Hilker, 1997, 2000). Odorless humidified air was presented
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in three control fields to a female parasitoid, while the fourth field contained
air that had passed the sample under investigation. The duration of stay of the
parasitoids was observed over a period of 600 sec. The data were recorded with
the help of the Noldus Observer program, version 3.0 (Wageningen, the Nether-
lands). The number of closed-loop samples tested was four each for the extracts
of jasmonate treated and untreated leaves. The number of parasitoids was 20.

Statistical Analysis. Data were statistically evaluated by the Friedman test.
Durations of stay in each of the four olfactometer fields were compared to each
other by the Wilcox-Wilcoxon test (Bortz, 1993).

RESULTS

Analysis of Closed-Loop Extracts. Intact leaves emit only small amounts
of volatiles consisting of terpenes (seven monoterpenes, a homomonoterpene,
and seven sesquiterpenes). In one sample, no compound was detected at all.

Closed-loop extracts of elm leaves on which eggs were deposited and of
leaves damaged by feeding contained more compounds. The emitted blends con-
sisted mainly of terpenes, with (E,E )-a-farnesene, b-caryophyllene, and (E )-4,8-
dimethyl-1,3,7-nonatriene (DMNT) as major compounds (Table 1, Figure 1).
Aromatic compounds were emitted also from feeding-damaged and egg-laden
leaves, but the monoterpenes identified in untreated leaves were detected only
in minute amounts. Repeated samples showed a great variability in their quanti-
tative composition. Terpenoids such as b-caryophyllene, (E,E )-a-farnesene, and
(E )-2,3-epoxy-2,6-dimethyl-6,8-nonadiene (see Figure 2 for structures of various
terpenoids identified), an oxidation product of DMNT previously only identified
in the flower scent of Selenicereus hamatus (Kaiser, 1991), especially vary in
their concentration. Considerable changes in the concentration of cis-jasmone
and aromatic compounds such as methyl salicylate and esters of benzoic acid
also were noted. No significant differences could be established between the
two different treatments due to the variability of the samples.

(Z )-3-Hexenol and (Z )-3-hexenyl acetate are the main components emit-
ted by leaves that were systemically induced by feeding on other leaves of the
same twig. Leaves systemically induced by egg deposition produced terpenes
with b-caryophyllene and (E )-4,8-dimethyl-1,3,7-nonatriene as main compounds
(Figure 3). The headspace of the systemically oviposition-induced leaves con-
tained several sesquiterpenes that were not detected in the two feeding induced
samples.

The headspace of elm leaves induced by jasmonic acid consisted almost
exclusively of terpenes (Figure 4). Again, the concentration of (E,E )-a-farnesene
was quite variable in repeated samples. The homomonoterpenoid (E )-2,3-epoxy-
2,6-dimethyl-6,8-nonadiene was identified in all samples examined.
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504TABLE 1. VOLATILES COLLECTED FROM LEAVES OF U. minor FOLLOWING DIFFERENT TREATMENTSa

Relative amount

Compound I F E SF SE J1 J2

Aromatic compounds
Phenylacetonitrile 0,0,0 4,1,1,0,3,4,1 3,0,5,5,4,3,3,1 0,0 0,0 0,0 2,3,0
Methyl salicylate 0,0,0 3,0,1,0,3,3,1 1,1,0,0,1,3,3,1 0,6 0,0 0,0 3,5,6
Indole 0,0,0 4,3,0,1,5,2,3 5,4,1,4,5,4,4,3 0,0 0,0 0,1 2,1,0

Esters
(Z )-3-Hexenyl acetate 0,0,0 3,1,5,3,4,5,1 1,1,5,4,1,3,1,1 6,1 0,6 0,0 0,1,6
(E )-2-Hexenyl acetate 0,0,0 2,1,5,3,3,3,1 1,0,5,4,1,3,1,1 0,1 0,0 0,1 0,1,4
(E )-2-Hexenyl propanoate 0,0,0 1,0,3,0,0,0,0 0,1,1,0,0,0,0,0 0,0 0,0 0,0 0,0,0
(Z )-3-Hexenyl butanoate 0,0,0 3,1,4,3,4,3,1 3,2,4,1,1,1,3,1 0,0 0,4 0,0 0,3,4
Hexyl butanoate 0,0,0 0,0,4,4,3,0,1 0,0,4,1,1,0,1,0 0,0 0,0 0,1 0,1,0
(E )-2-Hexenyl butanoate 0,0,0 4,2,5,4,4,6,3 4,4,5,4,4,4,3,3 0,0 0,0 0,2 0,1,0
(Z )-3-Hexenyl 2-methylbutanoate 0,0,0 4,1,4,4,5,3,3 3,4,4,3,3,4,3,3 0,0 0,0 4,1 1,4,4
(E )-2-Hexenyl 2-methylbutanoate 0,0,0 4,4,5,5,5,6,4 4,4,5,5,5,5,4,4 0,0 0,0 4,2 0,0,0
(Z )-3-Hexenyl hexanoate 0,0,0 2,1,0,1,4,1,3 3,3,3,4,3,1,1,1 0,0 0,0 0,0 0,1,2
(E )-2-Hexenyl hexanoate 0,0,0 2,0,1,3,4,3,3 3,3,4,4,3,3,1,1 0,0 0,0 0,0 0,1,0
(Z )-3-Hexenyl benzoate 0,0,0 4,1,0,0,3,1,3 4,4,0,0,1,3,1,1 0,0 0,0 0,0 4,4,5
(E )-2-Hexenyl benzoate 0,0,0 4,4,0,0,1,0,0 3,4,0,0,1,1,1,0 0,0 0,0 0,0 0,0,0

Ketones
(Z )-Jasmone 0,0,0 4,3,0,0,3,0,0 4,4,0,0,1,3,1,1 0,0 0,0 0,0 0,0,0

Hydrocarbons
Hexadecane 0,0,0 4,0,0,0,0,0,0 0,0,3,0,0,0,1,0 0,0 0,0 0,0 0,0,0
2,6,10,14-Tetramethylpentadecane 0,0,0 4,1,1,0,0,0,0 4,5,0,0,0,0,0,0 0,0 5,5 0,0 0,0,0
2,6,10,14-Tetramethylhexadecane 0,0,0 4,1,1,0,0,0,0 4,5,0,0,0,0,0,0 0,0 5,5 0,0 0,0,0

Alcohols
(Z )-3-Hexen-1-ol 0,6,0 0,0,6,0,0,0,0 0,0,4,1,0,0,0,0 6,0 0,0 0,0 0,1,6
1-Hexanol 0,5,0 0,0,6,4,0,0,0 0,0,1,2,0,0,0,0 0,0 0,0 0,0 0,0,6
(E )-2-Hexen-1-ol 0,0,0 0,0,6,0,0,0,0 0,0,5,0,0,0,0,0 0,0 0,0 0,0 0,0,0
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Terpenes
a-Pinene 0,2,6 0,0,0,0,0,0,0 0,0,1,0,0,0,0,0 0,0 0,0 2,0 0,0,0
Camphene 0,4,4 0,0,0,0,0,0,0 0,0,1,0,0,0,0,0 0,0 0,0 2,0 0,0,0
b-Pinene 0,1,6 0,0,0,0,0,0,0 0,0,1,0,0,0,0,0 0,0 0,0 4,0 0,0,0
Myrcene 0,0,0 0,0,1,0,0,0,0 0,0,1,0,0,0,0,0 0,0 0,5 0,0 0,0,0
D3-Carene 0,3,0 0,0,0,0,0,0,0 0,0,0,0,0,0,0,0 0,0 0,5 0,0 0,0,0
Limonene 0,2,0 1,3,1,1,1,0,0 2,0,4,1,0,0,1,1 0,0 5,6 1,0 0,1,0
(Z )-b-Ocimene 0,0,0 0,0,0,0,0,0,0 0,0,1,0,0,0,0,0 0,0 0,0 0,0 0,0,0
(E )-b-Ocimene 0,0,0 0,0,0,0,1,0,1 0,0,5,0,0,0,0,1 0,0 0,0 0,3 0,0,3
(Z )-4,8-Dimethyl-1,3,7-nonatriene 0,0,0 1,0,0,0,0,0,0 0,0,1,0,0,0,0,0 0,0 0,0 0,0 0,0,0
Linalool 0,6,0 4,2,0,0,2,0,1 4,3,4,0,1,1,1,1 0,0 0,0 2,1 0,0,3
(E )-4,8-Dimethyl-1,3,7-nonatriene 0,4,5 6,5,5,5,5,5,0 4,4,6,5,4,5,6,5 6,0 5,6 5,3 1,4,5
Borneol 0,3,0 0,1,1,0,0,0,0 0,0,1,0,0,0,0,0 5,0 4,5 0,0 0,0,0
(E,E )-2,6-Dimethyl-3,5,7-octatrien-2-ol 0,0,0 4,0,1,3,3,3,3 0,3,4,4,3,4,3,3 0,0 0,0 4,2 1,4,4
(E )-2,3-Epoxy-2,6-dimethyl-6,8-nonadiene 0,0,0 4,3,1,0,1,1,1 0,0,5,0,3,2,3,1 0,0 0,0 4,3 1,1,3
b-Elemene 0,0,0 1,3,1,0,0,0,0 0,0,3,0,0,0,0,0 0,0 0,0 0,0 0,0,0
b-Caryophyllene 0,2,0 6,4,4,2,5,3,5 4,4,6,4,4,4,5,2 4,0 5,6 5,3 0,4,0
b-Copaene 0,0,0 1,1,0,0,0,0,0 1,1,3,0,0,0,0,0 0,0 0,0 0,0 1,3,0
a-Humulene 0,1,0 4,1,3,1,3,1,3 3,3,4,3,1,1,1,1 0,0 5,4 4,0 0,0,0
a-Amorphene 0,1,0 2,0,0,0,0,0,0 4,0,1,0,0,0,0,0 0,0 0,0 0,0 0,0,0
Germacrene D 0,1,0 3,2,1,1,4,1,3 0,0,5,4,0,3,1,3 0,0 0,0 5,3 0,5,1
(Z,E )-a-Farnesene 0,0,0 1,1,1,1,0,0,1 0,0,3,0,0,0,1,0 0,0 0,0 0,1 4,4,3
(E,E )-a-Farnesene 0,0,5 5,6,5,6,6,3,6 2,3,6,6,5,4,0,6 0,0 5,0 0,3 6,6,6
g -Cadinene 0,1,0 2,0,1,0,0,0,0 4,2,1,0,0,0,0,0 0,0 0,4 3,0 2,0,0
d-Cadinene 0,1,0 3,3,2,3,3,1,3 2,2,3,1,3,1,1,1 0,0 0,4 3,2 2,0,0
(E )-Nerolidol 0,0,0 4,0,0,1,1,1,0 4,4,1,1,3,1,1,1 0,0 0,0 0,0 2,0,3
Unknown, b c 83 0,0,0 2,0,1,0,1,1,0 3,2,4,0,3,3,2,3 0,0 0,0 0,0 0,0,0
Unknown, b c 159 0,0,0 5,0,4,1,4,4,1 5,0,4,3,5,4,6,5 0,0 0,0 2,0 5,4,4
Unknown, M c 220, b c 162 0,0,0 6,6,5,6,6,6,4 4,6,5,6,6,5,6,6 0,0 0,6 5,0 6,6,6

a I, intact leaves, 3 samples; F, fed on by X. luteola, 7 samples; E, carrying eggs, 8 samples; SF, systemically induced by feeding, 2 samples; SE,
systemically induced by egg deposition, 2 samples; J1, after treatment with jasmonic acid, 2 samples; J2, leaves from a different elm tree individual
after treatment with jasmonic acid, 3 samples; M, molecular mass; b, base peak. Columns show results of single analyses. Relative proportions are
indicated by numbers: 0, not detected; 1 < 0.1%; 2 < 0.2%; 3 < 0.5%; 4 < 2%; 5 < 5%; 6 > 5%.
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FIG. 1. Headspace analysis. Gas chromatograms of volatiles emitted from elm leaves
after feeding (A) and egg deposition (B) of the elm leaf beetle. 1, (Z )-3-hexenyl acetate;
2, (E )-2-hexenyl acetate; 3, (E )-b-ocimene; 4, (E )-4,8-dimethyl-1,3,7-nonatriene; 5, phe-
nylacetonitrile; 6, (Z )-3-hexenyl butanoate; 7, (E )-2-hexenyl butanoate; 8, (E )-2,3-epoxy-
2,6-dimethyl-6,8-nonadiene; 9, (E )-2-hexenyl 2-methylbutanoate; 10, indole; 11, (Z )-jas-
mone; 12, b-caryophyllene; 13, a-humulene; 14, germacrene D; 15, (E,E )-a-farnesene;
16, oxygenated sesquiterpene, b c 159; 17, hexadecane; 18, oxygenated sesquiterpene,
M c 220; 19, solvent impurity; 20, 2,6,10,14-tetramethylhexadecane; b c base peak; M
c molecular mass.

The composition of volatiles induced with jasmonic acid also differs when
comparing elm trees from different regions. The leaves of one elm tree investi-
gated in Braunschweig produced large amounts of methyl salicylate after treat-
ment with jasmonic acid; an elm tree in another location in Berlin lacked this
ability, but emitted b-caryophyllene.

Analysis of Extracts. The composition of the extracts of jasmonate-induced
and noninduced components showed some similarities. Again, the major group
of compounds was terpenoids. Eight additional sesquiterpenes occurred in
jasmonate-treated leaves compared to the extract of intact leaves. Chromatog-
raphy on silica of the extract of jasmonate-induced leaves yielded a mixture of
terpenoid hydrocarbons that was active in bioassays: (E,E )-a-farnesene, germa-
crene D, squalene, and other terpenoid hydrocarbons (Figure 5 and Table 2).

Attractiveness of Odor Blends from Closed-Loop Extracts. The closed-loop
extracts of untreated leaves were not attractive (Friedman ANOVA x 2

c 0.950,
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FIG. 2. Terpenoids identified or mentioned in text. Formulas show relative configurations
only.

df c 3, ns; Figure 6a). The closed-loop extracts of jasmonic acid-treated leaves
attracted the parasitoids in a four-arm olfactometer (Friedman ANOVA x 2

c

18.588, df c 3, P < 0.001; Figure 6b). The odor of a fraction obtained by silica
chromatography of an extract of jasmonate induced elm leaves also attracted the
parasitoids (Friedman ANOVA x 2

c 12.528, df c 3, P < 0.01. Figure 6c).
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FIG. 3. Headspace analysis. Gas chromatograms of volatiles from leaves systemically
induced by feeding (A) and by egg deposition (B) of the elm leaf beetle. Peaks: 1,
(Z )-3-hexenol; 2, myrcene; 3, D3-carene; 4, (Z )-3-hexenyl acetate; 5, limonene; 6, (E )-
4,8-dimethyl-1,3,7-nonatriene; 7, borneol; 8, borneyl acetate; 9, b-caryophyllene; 10, a-
humulene; 11, g-cadinene; 12, d-cadinene; 13, oxygenated sesquiterpene; M c 220; I,
impurity; M c molecular mass.

DISCUSSION

Egg parasitoids can distinguish volatile profiles of elm leaves induced by egg
deposition of the host from those elicited by feeding of the host. The way egg depo-
sition evokes a plant response resembles processes following host feeding in other
systems. The process is initiated by an elicitor and cannot be mimicked by sim-
ply wounding or feeding the leaves. The gnawing of a female elm leaf beetle prior
to oviposition affects only the leaf surface and differs substantially from feeding
(Meiners and Hilker, 2000). It cannot be excluded that the female also applies to
the egg-associated elicitor an elicitor through the mouthparts when scratching the
grooves for her eggs. The mechanical damage by this gnawing is minute, however,
enabling no or only small amounts of saliva to contact the leaf. The mimicking of
the gnawing by removing leaf surface tissue with a scalpel did not induce the emis-
sion of attractive volatiles (Meiners and Hilker, 2000) or of a substantial amount
of green leaf volatiles (Meiners and Hilker, unpublished).

The elicitor was present in the oviduct secretion of X. luteola, which
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FIG. 4. Headspace analysis. Gas chromatograms of volatiles from jasmonic acid treated
elm leaves (B) compared to untreated elm leaves (A). Peaks: 1, a-pinene; (2), (E )-b-
ocimene; 3, b-pinene; 4, (E )-4,8-dimethyl-1,3,7-nonatriene; 5, (E,E )-2,6-dimethyl-3,5,7-
octatrien-2-ol; 6, (E )-2,3-epoxy-2,6-dimethyl-6,8-nonadiene; 7, b-caryophyllene; 8, a-
humulene; 9, germacrene D; 10, g-cadinene; 11, d-cadinene; 12, oxygenated sesquiter-
pene, M c 220; M c molecular mass; PTV inlet; oven programming was 408C (5 min
hold) to 3008C (58C/ min). Added reference compound was octadecane (10 ml/ ml, IS).

attaches the eggs to the leaves (Meiners and Hilker, 2000). Elm leaves emit
a complex mixture of compounds when eggs are deposited on them. Some of
the components are derived from the lipoxygenase pathway (green leaf volatiles),

FIG. 5. Gas chromatogram of a fraction from the extract of jasmonic acid treated elm
leaves that was used for a bioassay. Peaks: 1, (E )-b-ocimene; 2, b-ylangene; 3, b-copaene;
4, a-humulene; 5, germacrene D; 6, (E,E )-a-farnesene.
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TABLE 2. LEAF EXTRACTSa

Relative amount Relative amount

Compound I J A Compound I J A

Aldehydes Ketones
Hexanal 4 3,0 0 2-Heptacosanone 1 2,2 0
(E )-2-Hexenal 4 4,0 0 Hydrocarbons
Nonanal 2 1,1 0 Heptacosane 4 4,4 0
Pentadecanal 5 5,5 0 Octacosane 3 2,3 0
Heptadecanal 2 3,2 0 Nonacosane 6 6,6 0
Docosanal 1 2,3 0 Hentriacontane 4 4,4 0
Tricosanal 1 1,2 0 Terpenoids
Tetracosanal 3 3,4 0 Limonene 1 0,1 0
Pentacosanal 2 2,3 0 (E )-b-Ocimene 0 2,1 5
Triacontanal 4 3,3 0 (E )-4,8-Dimethyl-1,3,7-nonatriene 1 0,1 3

Aromatic compounds Bicycloelemene 0 0,0 3
Benzaldehyde 4 3,2 0 b-Elemene 0 1,1 2
Benzylalcohol 1 2,1 0 b-Caryophyllene 0 1,1 0
Phenylacetaldehyde 4 2,1 0 b-Ylangene 0 0,0 6
Methyl benzoate 0 1,0 0 b-Copaene 0 1,1 4
Phenylacetonitrile 0 2,1 0 a-Humulene 0 1,0 4
Methyl salicylate 4 4,4 0 Germacrene D 2 3,3 6
Indole 0 1,1 0 b-Ionone 0 1,1 0
(Z )-3-Hexenyl benzoate 0 4,1 0 (Z,E )-a-Farnesene 0 1,2 3
Benzyl benzoate 0 5,1 0 (E,E )-a-Farnesene 4 6,6 6
Phenylethyl benzoate 0 1,1 0 d-Cadiene 0 1,1 3
Eugenol 0 0,1 0 (E )-Nerolidol 0 1,0 0
Benzyl salicylate 2 1,1 0 Phytol 4 5,4 0
Benzyl hexadecanoate 0 1,1 0 Squalene 6 6,6 6
2-Phenylethyl hexadecanoate 0 1,1 0 g -Tocopherol 6 5,5 0
Benzyl octadecatrienoate 0 1,0 0 Friedelan-3-one like spectrum 4 4,4 0

Esters Unknown, M c 428 5 5,5 0
Hexyl hexadecanoate 3 3,3 0 Friedelan-3-one 6 6,6 0
Tetracosyl acetate 1 0,2 0
Octacosyl acetate 1 1,1 0

a Compounds identified in extracts from differently treated leaves extracts. I, intact leaves, 1 sample; J, leaves treated with jasmonic acid, 2 samples; A, attractive
fraction containing sesquiterpenes, 1 sample; Columns show results of single analyses. Relative proportions are indicated by numbers: 0, not detected; 1 < 0.1%;
2 < 0.2%; 3 < 0.5%; 4 < 2%; 5 < 5%; 6 > 5%.
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FIG. 6. Responses of females of the egg parasitoid Oomyzus gallerucae to volatiles from
extracts of elm leaves. Mean values and standard deviations of residence times from
females of O. gallerucae in test and control fields of a four-arm olfactometer. The obser-
vation period per female parasitoid was 600 sec, T c field with test odors; 1, 2, 3 c

three field with control air. Treatments: (a) closed-loop extract of intact elm leaves; (b)
closed-loop extract of intact elm leaves treated with jasmonic acid at a concentration of
1 mmol/ ml; (c) hydrocarbon fraction of an extract of elm leaves treated with jasmonic
acid at a concentration of 1 mmol/ ml. Friedman test: **P < 0.01. ***P < 0.001. Wilcox-
Wilcoxon test: different letters indicate significant (P < 0.05) differences.

while most others are of terpenoid origin. A great number of components is
found both in the volatile blend of leaves induced by egg deposition and by feed-
ing. The main components are (E,E )-a-farnesene, b-caryophyllene, and germa-
crene D. The concentration of certain terpenoids, e.g., (E,E )-a-farnesene varies
in leaves induced by egg deposition and by feeding. Additionally, there is varia-
tion in the concentration of these compounds in repeated experiments. Acetates,
butyrates, and 2-methylbutyrates of the green leaf alcohols (Z )-3-hexenol and
(E )-2-hexenol also contribute to the elm leaf odor. The overlap of compounds
in the blend following egg deposition and herbivory can be attributed to the
lack of necessity of plants that are under attack by a variety of herbivores to
release highly specific synomones. As long as specialized parasitoids are among
the species attracted, it is not necessarily beneficial for the plant to maximize the
emission of volatiles in response to a certain herbivore (Turlings et al., 1995).
Due to the variation in the composition of the emitted blends, we were not able
to detect significant differences between bouquets induced by feeding or by egg
deposition. Nevertheless, the herbivore might select only a few significant com-
ponents of the whole mixture, or other compounds that eluded our analytical
methods.

The induction of volatiles by egg deposition in the elm leaf is systemic, as
described for herbivory (Meiners and Hilker, 2000; Dicke et al., 1992). Compar-
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ing the volatiles emitted by leaves carrying eggs and adjacent egg-free leaves,
the number of compounds emitted by the latter is lower. Green leaf esters and
aromatic compounds are not emitted. This could be due to a dilution effect,
because the signal that mediates egg deposition may be spread throughout the
plant. Mechanical damage facilitates the liberation of compounds from the leaf
tissue of plants (Paré and Tumlinson, 1998). With the exception of (Z )-3-hex-
enyl acetate, esters of green leaf alcohols are found only in small quantities in
the blend of elm leaves systemically induced by feeding, but they are major
components in the blend of damaged leaves.

Jasmonic acid renders intact elm leaves attractive to parasitoids (Meiners
and Hilker, 2000). The odor composition caused by jasmonic acid treatment dif-
fers from the blend emitted from elm leaves with deposited eggs in regard to the
absence of esters. It seems that compounds such as the green leaf volatiles and
compounds derived from the shikimic acid pathway are not vital for parasitoids
to detect the host plant.

The finding that induction with jasmonic acid leads to the formation of
attractants for predators or parasitoids agrees with other studies (Gols et al.,
1999). The effect of jasmonic acid on the production of terpenoids also could
be demonstrated by comparing the dichloromethane extracts of noninduced and
induced leaves, in which the number of sesquiterpenes is higher.

By separating apolar terpenoid hydrocarbons from more polar compounds
with column chromatography on silica, we demonstrated that induction with jas-
monic acid leads to the production of terpenoid hydrocarbons attracting the spe-
cialist parasitoid Oomyzus gallerucae. Removal of polar compounds, however,
does not render the leaf extract unattractive. Both closed-loop extracts and the
sesquiterpene fraction of the extract of jasmonic acid treated leaves attract par-
asitic wasps, although the concentration of the main components is different.

The importance of different terpenoids for parasitoid host location can be
estimated by comparison of their occurrence in closed-loop extracts of leaves
carrying eggs (Table 1, column E), jasmonate-induced leaves (Table 1, col-
umn J1), and the active fraction of jasmonate induced leaves (Table 2, column
A). The least complex blend is found in the active fraction A, containing 12
compounds. The two sesquiterpenes, b-ylangene and bicycloelemene, were not
detected in the eight analyses of the oviposition-induced leaves (Table 1, column
E), while (E )-b-ocimene, b-elemene, and (Z,E )-a-farnesene were detected only
once or twice. Thus, they might be less important for host location. The other
volatile terpenoids, (E )-4,8-dimethyl-1,3,7-nonatriene, a-humulene, germacrene
D, (E,E )-a-farnesene, and d-cadinene might be involved, while b-copaene shows
no clear trend. Some terpenoids, such as limonene, b-caryophyllene or a-amor-
phene are absent in the attractive fraction (Table 2, column A) and, therefore,
seem to be inactive. In addition, the known instability of some sesquiterpenes,
especially germacrenes, complicates the situation. Germacrene A, not detected



VOLATILES INDUCED BY OVIPOSITION 513

in any extract, is an unstable compound known to undergo Cope rearrange-
ment to b-elemene at temperatures over 1658C, as normally encountered in the
injection port of a GC (Teisseire, 1994). The same is true for bicycloelemene
(rearrangement from bicyclogermacrene) (Garnero and Tabacchi, 1987). Ger-
macrene D can rearrange to various compounds, preferably to d-cadinene under
treatment with silica, which was employed as medium in the fractionation of
the leaf extract. Light can induce rearrangement to b-copaene, while heat above
1908C leads to its diastereomer b-ylangene as well as bicycloelemene (Garnero
and Tabacchi, 1987; Bülow and König, 2000). In contrast, major rearrangement
products such as the bourbonenes were not present. By use of a PTV injector,
rearrangement processes are reduced (Garnero and Tabacchi, 1987). Compari-
son analyses performed with a PTV injector did not show significant differences
compared to splitless injection. The rearrangements also can take place during
biosynthesis of the sesquiterpenes, thus making it difficult to decide whether
some of them are true naturally occurring components or artifacts. Many of the
identified sesquiterpenes are biosynthetically related, for example, b-caryophyl-
lene and a-humulene share the same precursor cation (Teisseire, 1994). In addi-
tion, germacrene A, or other sesquiterpenes even more susceptible to heat may
be involved in the attraction. Furthermore, the specialist herbivore may be able
to cope with changes in volatile composition.

Despite the similarity of the terpenoid blend elicited by jasmonate treatment
and by egg deposition, it remains unclear whether the signal pathway proceeds
via jasmonic acid. On the other hand, the absence of a variety of compounds may
indicate that other mediators are involved. In the future, blocking experiments
could confirm the role of jasmonic acid in the process of signal transaction.

Further insight into which terpenes are used by the parasitoid for host
location will be obtained from electrophysiological studies. The activity of
extracts obtained from jasmonic acid-induced leaves will provide access to larger
amounts of volatiles relative to those from headspace techniques. Preparative
chromatography will be performed to elucidate the function of single compo-
nents in the behavior of Oomyzus gallerucae.
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Abstract—The novel naturally occurring 2-octanoylcyclohexane-1,3-dione 1
was isolated in its enol form from P. guttiferum (Araceae). Its chemical
ecological relevance is discussed. There was mass spectral evidence for the
presence of small amounts of the homologous 2-decanoyl and 2-dodecanoyl
derivatives.

Key Words—Philodendron guttiferum, Araceae, 2-acylcyclohexane-1,3-di-
ones, kairomone, ecological relevance.

INTRODUCTION

There are approximately 300 species of the genus Philodendron that are native to
the tropical Americas and the West Indies. Several of these have been used in folk
medicine for treatment of various ailments such as skin infections, boils, stom-
ach disorders, and snake bites (Schultes and Raffauf, 1990). They have also been
used as a contraceptive and a fish poison (Schultes and Raffauf, 1990). In particu-
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lar, Philodendron guttiferum Kunth, (Araceae) is a “tree-loving” epiphytic species,
common in the primary forest, that exudes a latex. It has been used in Ecuadorian
traditional medicine as an antimicrobial agent. Our preliminary pharmacological
tests of the crude extracts indicated moderate antiinflammatory, antiviral, and toxic
properties. This, coupled with our observations of some interesting features in the
1H NMR spectrum, prompted further investigation. The aim of our study was to
isolate and characterize the biologically active compounds.

METHODS AND MATERIAL

Plant Material. P. guttiferum was collected in 1990 in the Provincia del
Napo, Ecuador. A voucher specimen, F. G. 390, is kept in the Herbario Eco-
nomico, Escuela Politecnica National, Quito.

General Procedures. The NMR spectra were recorded with a 270-MHz
Jeol JNM EX-270/ 4000 instrument. Heteronuclear multiple quantum coher-
ence (HMQC) and heteronuclear multiple bond correlation (HMBC) experiments
were performed using a Varian VXR-400 NMR instrument. EI-MS and positive-
ion FAB-MS (with glycerol as matrix) spectra were recorded with a Jeol JMS
SX/ SX102A instrument. Analytical TLC was performed with silica gel 60 F254

on precoated aluminum sheets. Preparative TLC was carried out on silica gel 60
PF254+360-coated glass plates (20 × 20 × 0.25 and 0.50 mm; Merck, Darmstadt,
Germany). UV light at 245 and 366 nm, and iodine chamber or spraying with
vanillin–sulfuric acid were used to visualize compounds. MPLC was performed
using Separo AB, MPLC equipment (Baeckström Separo AB, Lidingö, Sweden).

Extraction. The whole plant was dried at 408C in the dark, in a ventilated
hood, and ground. The material, 0.54 kg, was extracted at room temperature three
times with light petroleum (40–608C) with occasional stirring and filtered, fol-
lowed by three extractions with methanol for seven days each time. The extracts
were evaporated in vacuo to give 7.7 and 42.5 g of a gelatinous and oily mate-
rial, respectively. The methanol extract was partitioned between ethyl acetate
and water to give 13 g of an ethyl acetate soluble fraction. An insoluble residue
of 1.5 g was discarded. The water phase was freeze-dried to give 27.4 g of
a crude material, which mainly consisted of carbohydrates. It was not further
investigated.

Isolation and Purification. The ethyl acetate fraction, 12.5 g, was subjected
to Separo column chromatography on silica gel 60 (30 g) with gradient elution
using hexane–CH2Cl2 and EtOAc–MeOH. From the nonpolar fractions, straight-
chain hydrocarbons, fatty acids, and fatty acid methyl esters were isolated. At
low solvent polarity 5 mg stigmasterol and 4 mg b-sitosterol were eluted and
purified by preparative TLC using CH2Cl2 and CHCl3–MeOH as eluents, respec-
tively. They were identified by their 1H NMR spectra and by comparison with
authentic specimens.
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The novel naturally occurring compound 1 was eluted as an oil at a slightly
higher eluent polarity and was purified by repeated MPLC and preparative TLC
by using CH2Cl2 as eluent, 39 mg. 1H NMR (CDCl3), d ppm: 0.89 (3H-14, t),
1.29 (8H-10-13, m), 1.59 (2H-9, quint), 1.98 (2H-4, quint), 2.47 (2H-3, t), 2.64
(2H-5, t), 2.97 (2H-8, t). 13C NMR (CDCl3), d ppm: 14.09 (C-14), 19.07 (C-4),
22.60 (C-13), 24.60 (C-9), 29.09 (C-10), 29.34 (C-11), 31.72 (C-12), 33.21 (C-
5), 38.69 (C-3), 40.50 (C-8), 112.85 (C-1), 194.68 (C-2), 198.36 (C-6), 206.09
(C-7). FAB-MS (positive mode) m/ z (rel. int.): 239, (M+1)+ ion, (98), 139 (18),
125 (13), 80 (28), 67 (35), 41 (55), corresponding to a molecular composition
of C14H22O3.

The mass spectra of the main chromatographic fractions containing 1
showed also small peaks at m/ z 267 and m/ z 295, (M+1)+ ions and fragmenta-
tion peaks indicating the presence of the homologous compounds C16H26O3 and
C18H30O3, 2, R1 c (CH2)8CH3, R2 c H and R1 c (CH2)10CH3, R2 c H, respec-
tively. Inspection of the 1H NMR spectrum of the crude petroleum ether extract
showed that considerable amounts of metabolites of type 1 were present.

RESULTS AND DISCUSSION

The 1H NMR spectrum of 1 showed only absorptions in the saturated
aliphatic region, d 2.97–0.89. The 13C NMR spectrum was revealing in that it
showed three C——O groups, C-2,6,7 but only one olfenic C-1 atom at d 112.8,
indicating an enolic fragment. This information, together with further HMBC
experiments, led to the simple structure 1 for the component (Figure 1). The
three strongly electron withdrawing acyl groups increase the acidity of the cen-
tral H-1 atom sufficiently to transform the compound into its enol form, and 1
is consequently a chelating agent. Compound 1 has not been isolated previously
from natural sources.

A literature search showed, however, that 1 was previously prepared by

FIG. 1. 2-Octanoylcyclohexane-1,3-dione and its dodecanoyl derivative. R1 c (CH2)10CH3;
R2 c Hx.
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chemical synthesis (Mudd, 1981) for the purpose of preparing model compounds
for kairomones identified in the Mediterranean flour moth Ephestia kuehniella
Zeller (Mudd, 1978, 1981, 1983) and other pyralid species (Corbet, 1971, 1973).
Our 13C assignments are in agreement with the literature (Mudd, 1981). The
dodecanoyl derivatives 2, R1 c (CH2)10CH3, R2 c H (Figure 1), has also been
prepared by chemical synthesis (Oliver and Lusby, 1988).

Several insects secrete 2-acylcyclohexane-1,3-diones, 2. R1 is usually a sat-
urated or unsaturated long chained alkyl group and R2 is H or OH. Metabolites
of this type are biologically active as insecticides and fungicides and affect the
egg laying behavior and crowding in insects, hence controlling the population
density (Corbet, 1971, 1973; Mudd et al., 1984). They act both as kairomones,
attracting their predators, and allomones, of advantage to the host by regulating
overcrowding. It is therefore conceivable that 1 in P. guttiferum acts as a pro-
tecting agent associated with the regulation of the number of feeding insects. It
is not known whether these cyclic triketones are synthesized by the larva or are
sequestered from the food. A compound related to 2, R1 c (CH2)10Ph, R2 c OH,
was isolated from Brazilian Virola and Horsfeldia species (Kato et al., 1992, and
references therein). The possibility that the kairomones are sequestered from the
food can not be excluded. A comprehensive review of the occurrence, biologi-
cal effects, biogenesis, etc., of 2-acylcycloalkane-1,3-diones has recently been
published (Rubinov et al., 1995).

Compounds 1 and 2 are biosynthetically closely related to the 2-acylresor-
cinols, which also have been found in the larval secretions, Stephanitis species
(Oliver et al., 1985, 1990). These derivatives are reported to strongly inhibit PGH
synthetase (Jurenka et al., 1989). A slightly different (folding of the polyketide
chains in the biosynthesis leads to the 5-alkyl-1,3-resorcinols by decarboxylation.
5-Heptadecatri-8(Z),11(Z)-enylresorcinol was in fact isolated from Philodendron
scandens (Reffstrup et al., 1982). Resorcinols were not observed in our extracts.

Since the 1H NMR spectra of 1 and 2 are not particularly different from
those of many fatty acids or hydrocarbons, always present in large quantities
in plant extracts, the presence of minor amounts of this type compounds may
occasionally have escaped detection in plants.
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Abstract—We examined the behavior of Formosan subterranean termites
toward one of the components of vetiver grass oil, the roots of which
manufacture insect repellents. We found nootkatone, a sesquiterpene ketone,
isolated from vetiver oil is a strong repellent and toxicant to Formosan
subterranean termites. The lowest effective concentration tested was 10 mg/ g
substrate. This is the first report of nootkatone being a repellent to insects.

Key Words—Vetiveria zizanioides, vetiver oil, sesquiterpenes, ketones.

INTRODUCTION

The Formosan subterranean termite is the most destructive termite species
wherever it occurs in the world. These termites search for and find cellulose
largely using chemical cues from the wood itself (Amburgey and Smythe, 1977;
Reinhard et al., 1997), and they exhibit similar chemoresponses to a variety of
chemicals. For example, trail-following behavior has been shown to naphtha-
lene, a well-known insect toxicant (Chen et al., 1998b,c), 2-naphthalenemethanol
(Henderson et al., 1996), and 2-phenoxyethanol, a component of some ballpoint
inks (Chen et al., 1998a). Formosan subterranean termites live in a miasma of
chemicals present in their nests, many of which appear to be plant derived (Chen
et al., 1998b; Henderson et al., 1999). Our recent investigations have focused

*To whom correspondence should be addressed.
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on natural plant extracts that may disrupt this insect’s ability to recruit food
sources.

Vetiver grass (Vetiveria zizanioides, Linn Nash), a fast-growing native plant
of India, is a distant relative of maize, sorghum, sugarcane and lemongrass
(National Research Council, 1993). The plant has been used in India for weaving
mats, baskets, fans, sachets, and ornaments that have insect repellent properties.
Clothes moths, head lice, and bedbugs are thought to be repelled by vetiver grass
so fashioned (National Research Council, 1993). The Formosan subterranean
termite, Coptotermes formosanus Shiraki, readily consumes sugarcane, causing
agricultural damage to the crop in some countries (Chen and Henderson, 1996;
National Research Council, 1993). Therefore, it was not readily apparent that
termites would be repelled by components of vetiver grass. The compounds in
vetiver oil that repel cockroaches and flies are believed to include a- and b-
vetivone, khusimone, khusistone, zizanal, and epizizanal (Jain et al., 1982).

Preliminary studies using dried vetiver root in a sand substrate (1 : 10 ratio)
indicated that Formosan subterranean termites were effectively repelled from
tunneling to a food source (Henderson et al., unpublished data). Gas chro-
matographic and mass spectrometric analysis of vetiver oil separated on silica
columns, along with behavioral bioassays, allowed us to identify nootkatone as
a repellent to Formosan subterranean termites.

METHODS AND MATERIALS

Extraction of Vetiver Oil from Roots

We examined the extracts from the roots to determine which components of
the oil were repellent. The roots of fresh Louisiana-grown vetiver grass Vetiveria
zizanioides (provided by the Donald O. Heumann Greenhouse and Laboratory,
Poydras, Louisiana) were cleaned, dried at room temperature, and ground with
a blender. Vetiver oil was obtained by petroleum ether extraction of the dried
roots. The components of vetiver oil were isolated by silica column (2.5 × 20
cm) and eluted with hexane and increasing amounts of methylene chloride. Five
fractions were obtained by eluting with hexane–CH2Cl2: 80 : 20 for fraction 1,
70 : 30 for fraction 2, 60 : 40 for fraction 3; 40 : 60 for fraction 4, and 20 : 80
for fraction 5. Examination of sesquiterpenic ketones were visualized for their
intrinsic fluorescence under UV light (Andersen, 1970) since they are potential
insect repellents. The fractions detected by UV were further isolated by prepar-
ative TLC (Analtech, Newark, Delaware) using CHCl3 as a mobile phase. The
bands were visualized by charring the plate at 1208C after spraying with 50%
sulfuric acid.

Gas chromatography–mass spectrometry (GC-MS) was performed on a
Finnigan GCQ (Trace GC 2000 coupled with Polaris MSD). A silica capillary
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MS column, DB-5MS (30 m × 0.25 mm × 0.25 mm; J&W Scientific, Folsom,
California), was operated at 608C for 1 min, increased to 1508C at 2.58C/ min
held for 15 min at this temperature and increased to 2608C at 58C/ min, where
is was finally held for 10 min. The injector port was operated in splitless mode
at 2508C, and helium was used as carrier gas at 0.8 m/ min. The mass spectral
detector (MSD) was set on full-scan mode (m/ z 41–400). The authentic stan-
dard of nootkatone (crystalline, 97%) was purchased from Lancaster Synthesis
Inc. (Windham, New Hampshire). Both a- and b-vetivone were kindly provided
by Professor Ekkhard Winterfeldt (Institut für Organische Chemie, Technische
Universität, Berlin).

Termite Bioassay

Experiment 1. A three-compartment plastic container (18 × 18 × 4 cm;
Pioneer Packaging Co., North Dixon, Kentucky) was used for the termite bioas-
says. A small hole (0.5 cm diameter) was melted at the bottom of each of two
inner walls, connecting the bioassay chamber compartments. For testing, 50 mg
of nootkatone was dissolved in 10 ml ethanol as a stock solution. Five concentra-
tions of nootkatone were placed into a sand substrate in the middle compartment
of the biossay chamber: 0 (control), 10, 20, 100, and 200 mg/ g sand. Four repli-
cates were conducted for each concentration. For each concentration, 500 g of
blasting sand was mixed with a series of dilutions of the stock solution (except
for 0 mg/ g) in 25 ml of ethanol in a glass pan and dried in a hood for 2 hr.
The following day, 115 g of untreated blasting sand was added to one end of
each compartment (home compartment), and 115 g of treated sand at one of
five concentrations was added to the middle compartment. The 0-mg concen-
tration was treated only with 25 ml of ethanol. Filter paper (Whatman No. 1,
2.3 cm diameter) was dried at 708C for 3 hr and cooled to room temperature
for 30 min before weighing. A weighed filter paper with 200 ml distilled water
added was placed in the third compartment farthest from the introduction end.
Ten milliliters of distilled water was added to the treated and untreated sand in
the other compartments just prior to the introduction of termites. Fifty workers
and five soldiers of Formosan subterranean termites from a large colony col-
lected in Algiers, Louisiana, on November 18, 1997, were placed in the home
compartment. The containers were covered with lids and kept in a dark incu-
bator at 298C. On day 16, each apparatus was dismantled, living termites were
counted, and filter papers were cleaned, dried at 708C for 3 hr, cooled for 30
min, and weighed. Consumption was calculated as the difference between the
weight of filter paper before and after the 16-day incubation. The tunnels ter-
mites constructed in the sand were copied using a scanner for measurement of
total tunnel lengths.

Experiment 2. The materials and methods were the same as described for
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experiment 1, except: (a) the concentrations of nootkatone used to treat the sand
in the middle compartment were slightly different; (b) observations of tunneling
were recorded several times during the experiment; and (c) 50 g sand was placed
in the third compartment under the filter paper disk and was moistened every
two days with 0.3 ml of distilled water. For this experiment the concentrations
of nootkatone were 0 (control), 5, 10, 20, 40, and 100 mg/ g sand. Four repli-
cates were performed for each concentration. Every two days all containers were
checked for tunneling activity and the evaluating criterion was: 0 c termites on
the surface (no tunneling); 1 c tunneling in the first chamber; 2 c tunneling in
the first and in the middle (treated) chamber; 3 c tunneling in all chambers.

Statistical Analysis

For experiment 1, the differences among treatments in filter paper consump-
tion, tunnel length, and percentage mortality were analyzed by ANOVA. For
experiment 2, we used a nonparametric analysis of variance (Kruskal-Wallis
ANOVA) in order to analyze trends in tunneling differences between days of
observation. At the end of the experiment, differences among treatments were
analyzed as in experiment 1. For both experiments, differences between treat-
ments were analyzed by Tukey’s studentized range test (HSD). Although per-
centage values were transformed to arc-sin of the square root for data analysis,
nontransformed means are reported.

RESULTS

Identification of Nootkatone as Active Fraction from Vetiver Oil

Three fractions (3–5) contained autofluorescing bands detected by UV. Each
fraction was further separated by preparative TCL with CHCl3 as a mobile phase.
In fraction 4, bands 1 and 2 autofluoresced, and were examined by GC-MS.
Nootkatone was a major constituent of band 2 (Figure 1A). The chromatograph
of authentic nootkatone is shown in Figure 1B. The nootkatone identification
was verified by comparing the mass spectrum of its GC peak (Figure 2A) with
authentic nootkatone (Figure 2B).

Termite Bioactivity of Nootkatone

Experiment 1. The mean consumption of filter paper decreased significantly
in the presence of nootkatone; the decrease in consumption was concentration
dependent (Table 1). Even at the lowest concentration tested (10 mg/ g sand),
nootkatone significantly decreased feeding as compared with the control. Little
consumption of filter paper was found when concentrations of nootkatone were
higher than 20 mg/ g. Termite mortality increased as nootkatone concentrations
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FIG. 1. Gas chromatography of band 2 (A) and the standard of nootkatone (B). The reten-
tion time of nootkatone in band 2 is 53.22 min (first peak) and in the standard is 53.35
min.

increased (Table 1). All concentrations of nootkatone had a significant impact on
mortality when compared with the control. Ninety percent mortality or greater
was observed in all chambers when nootkatone concentrations were ≥100 mg/ g
sand. The presence of nootkatone substantially decreased the tunneling activity
even at the lowest concentration of 10 mg/ g sand (Table 1). At higher concentra-
tions of nootkatone (20 mg/ g and higher), no tunneling was visible in the middle
chamber.

Experiment 2. Units treated with different concentration of nootkatone
showed significantly different levels of tunneling activity. On day two, signifi-
cant differences were detected among treatments (H c 20.47, df c 5, P c 0.001,
Kruskal-Wallis ANOVA); almost all groups treated with lowest concentrations
were able to tunnel in the first and even in the middle (treated) chamber, while
termites faced with the highest concentration remained on the surface. The same
trend is confirmed on day 6 (H c 17.39, df c 5, P c 0.0038), where some ter-
mite groups (control and concentration 3) tunneled into the feeding chamber,
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FIG. 2. Mass spectrum of the nootkatone peak in band 2 (A) and authentic nootkatone (B).
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TABLE 1. MEAN (±SD) OF PAPER CONSUMPTION, PERCENT MORTALITY, AND TUNNELING

LENGTH OF FORMOSAN SUBTERRANEAN TERMITE AFTER 16-DAY EXPOSURE

(EXPERIMENT 1)a

Concentration of Weight loss of Termite
nootkatone filter paper mortality Tunneling length
(mg/ g sand) (mg) (%) (cm)

0 10.500 ± 2.867A 58.50 ± 8.72A 27.000 ± 6.072A
10 1.900 ± 0.641B 88.50 ± 10.12B 7.225 ± 2.155B
20 0.525 ± 0.709B 87.00 ± 18.22B 0.000 ± 0.000B

100 0.025 ± 0.050B 90.50 ± 11.72B 0.000 ± 0.000B
200 0.275 ± 0.050B 95.00 ± 8.718B 0.000 ± 0.000B

a Four replicates were included for each treatment. Means within a column followed by the same
letter are not significantly different (ANOVA: F c 9.39, df c 4 and P < 0.0005 for paper
consumption; F c 4.22, df c 4, P < 0.0174 for percentage mortality and F c 43.1, df c 4, P < 0.0001
for tunneling length.)

and on day 11 (H c 14.52, df c 5, P c 0.0126) (Table 2). As in experiment
1, significant differences were detected in filter paper consumption, where only
the controls and groups treated with 20 and 40 mg/ g sand of nootkatone could
eat some filter paper. Differences were also detected in tunnel length: only the
controls and units treated with the lowest concentration of nootkatone showed
tunneling behavior. Due to high variability between units belonging to the same
treatment group, no significant differences were detected on termite mortality.

TABLE 2. MEAN (±SD) OF PAPER CONSUMPTION, PERCENT MORTALITY, AND TUNNELING

LENGTH OF FORMOSAN SUBTERRANEAN TERMITES AFTER 16-DAY EXPOSURE

(EXPERIMENT 2)a

Concentration of Weight loss of
nootkatone filter paper % termite Tunneling length
(mg/ g sand) (mg) mortality (cm)

0 3.675 ± 3.500 A 27.727 ± 10.111 A 29.450 ± 8.065 A
5 0.150 ± 0.300 B 36.364 ± 7.120 A 24.975 ± 14.558 A

10 0.650 ± 1.300 AB 52.273 ± 45.281 A 11.000 ± 16.818 AB
20 0.300 ± 0.600 AB 48.182 ± 36.980 A 2.250 ± 2.872 B
40 0 ± 0B 39.091 ± 32.710 A 0 ± 0 B

100 0 ± 0B 58.636 ± 33.008 A 0 ± 0 B

a Four replicates were included for each treatment. Means within a column followed by the same
letter are not significantly different (ANOVA: F c 3.416, df c 5, P c 0.024 for paper consumption;
F c 0.580, df c 5, P c 0.715 for percentage mortality and F c 7.215, df c 5, P c 0.0007 for tunneling
length.)
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DISCUSSION

Vetiver oil is a complex essential oil containing several hundred individual
compounds. Of them, 92 compounds have been characterized and can be divided
into 33 esters, 36 sesquiterpenic hydrocarbons, 5 bi- and tricyclic sesquiterpenic
alcohols, 9 ketones, 3 aldehydes, and 6 acids (Cazaussus et al., 1989). Nootka-
tone, 4,4a,5,6,7,8-hexahydro-6-isopropenyl-4,4a-dimethyl-2(3H)-naphthalone, is
a mildly pungent sesquiterpene ketone found in the oil of Alaska yellow cedar,
Chamaecyparis nootkatensis (Lamb) Spach (Erdtman and Hirose, 1962) and in
a great number of citrus oils, especially oil from grapefruit, Citrus pavadisi Calli
(MacLeod and Buigues, 1964). Nootkatone is widely used in the perfume and
flavor industries, being essentially nontoxic to humans (National Research Coun-
cil, 1993).

Our studies determined that nootkatone has potential as a termite repel-
lent barrier. Considering tunneling behavior as a measurement of termite activ-
ity, these results confirmed that nootkatone effects termite vigor. Termites from
colonies treated with lower concentrations of nootkatone were able to dig tun-
nels in the home and in the treated chamber, and this ability was negatively
correlated with the concentration of nootkatone. Termites treated with the high-
est concentrations of nootkatone were not able to dig tunnels, even in the home
chamber, possibly because of the nootkatone vapors acting as an inhibitor of
termite mobility. We believe that a concentration of nootkatone bewteen 10 and
1000 mg/ g, preferably between 10 and 200 mg/ g, may be useful in repelling
and killing termites. We are also evaluating nootkatone as a chemical that could
be of value against termites in structural wood treatments or cellulose mulch
applications (Henderson et al., unpublished data).

A barrier created by plants that manufacture a termite repellent could poten-
tially provide long-lasting repellency. Vetiver grass is a fast growing plant with
a huge spongy mass of roots. The roots grow to depths of 3 m, and with a little
attention the plant could live for 50–60 years (National Research Council, 1993).
Since the oil occurs primarily in the roots, a low-cost way to prevent invasion by
subterranean termites and other insidious underground insects may be to plant a
solid band of vetiver grass around a house. Recently, we found that some of the
insect repellents found in the roots also occur in the soil surrounding the plant
(Henderson et al., in preparation).

Vetiver oil is one of the most complex essential oils (Cazaussus et al., 1989).
In addition to nootkatone, we also have found that vetiver oil itself and its major
components a- and b-vetivone were powerful repellents and toxicants against
Formosan subterranean termite (Zhu et al., in preparation). Jain et al. (1982)
reported six substances in vetiver oil that have potent topical irritant activity on
cockroaches and flies.
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Abstract—Slimy sculpins (Cottus cognatus) are small benthic fish that
commonly co-occur with predatory fishes throughout most of their range in
North America. In two laboratory experiments we examined the nature and
extent of responses of slimy sculpins to chemosensory cues from predatory
brook trout (Salvelinus fontinalis) and chemical alarm cues released by
conspecific sculpins. Sculpins responded to three different classes of chemical
stimuli: (1) cues of predatory brook trout, (2) damage-released alarm cues
from conspecific sculpins, and (3) disturbance cues from conspecific sculpins.
Sculpins did not distinguish between trout fed different diets; however, the
presence of damage-released alarm cues did enhance the intensity of response
to the predator chemicals. A histological analysis of the skin of sculpins
revealed the presence of large sacciform cells that may act as the source of
chemical alarm signals.
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INTRODUCTION

Predation is one of the most important selective forces shaping the behavior,
morphology, and life-history characteristics of prey animals (Sih, 1987; Lima
and Dill, 1990; Chivers and Smith, 1998). A fundamental way in which aquatic
organisms assess predation risk is by using chemosensory information (Chivers
and Smith, 1998; Kats and Dill, 1998). Under many circumstances chemical
cues may be the best source of information available for prey to assess their
risk. For example, chemical cues are probably of prime importance when high
habitat complexity, low light levels, or high turbidity limit visual cues.

Prey animals assess predation risk using chemical cues from two sources.
The first source, generally termed “predator chemicals” or alternatively “preda-
tor kairomones,” is cues released directly from the predator (reviewed by Kats
and Dill, 1998). The second source of chemicals is termed “alarm pheromones”
or more generally “chemical alarm signals” (reviewed by Chivers and Smith,
1998). Alarm pheromones are chemicals released by conspecific prey animals
when they detect or are captured by a predator. This class of chemicals is further
categorized based on the point in the predation sequence upon which the chemi-
cal signal is released. Signals released by prey animals that are disturbed, but
not injured, are referred to as disturbance signals. Those signals emitted by prey
animals only following their capture by a predator are referred to as damage-
released alarm signals. The classic Schreckstoff alarm system, characteristic of
minnows and other ostariophysan fishes, is probably the best-known example of
a damage-released alarm pheromone system. In this system, the pheromone is
contained in specialized cells in the epidermis of the fishes (Smith, 1992; Chivers
and Smith, 1998).

Damage-released chemical alarm systems are widespread in aquatic organ-
isms. For example, there are estimated to be about 7000 species that possess the
Schreckstoff alarm system (Smith, 1992). In addition, there are alarm systems in
other groups of fishes (reviewed by Chivers and Smith, 1998), as well as in lar-
val amphibians (Hews and Blaustein, 1985; Hews, 1988), gastropods (Appleton
and Palmer, 1988), echinoderms (Lawrence, 1991), sea anemones (Howe and
Sheike, 1975) insect larvae (Chivers et al., 1996; Huryn and Chivers, 1999) and
crustaceans (Wudkevich et al., 1997; Hazlett, 1994).

Relatively little is known regarding the existence of disturbance signals in
aquatic organisms. Disturbance signals are known in one species of crayfish
(Hazlett, 1985, 1989), one species of hermit crab (Hazlett, 1990a), one species
of larval frog (Kiesecker et al., 1999) and two species of fishes (Wisenden et
al., 1995; Jordão and Volpato, 2000).

Antipredator responses to predator chemicals are common among a diver-
sity of aquatic organisms, including fishes (reviewed by Kats and Dill, 1998).
Several studies have documented that the presence and/ or intensity of an
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antipredator response of prey to predator chemicals is dependent upon the diet
of the predator. In some cases, the prey animals will respond to the predator only
when it is fed conspecifics of the prey (e.g., Mathis and Smith, 1993; Chivers et
al., 1996). In other cases, the prey will respond to the predator regardless of the
predator’s diet, but the intensity of the response is stronger when the predator
is fed conspecifics of the prey (Wilson and Lefcort, 1993).

We conducted a series of laboratory studies to examine chemosensory
assessment of predation risk by slimy sculpins (Cottus cognatus). Slimy sculpins
are small benthic fish that inhabit streams and lakes throughout much of north-
ern North America. The sculpins used in our study were collected from streams
in central Maine, where they co-occurred with predatory brook trout (Salvelinus
fontinalis).

In our experiments we tested whether sculpins exhibited an antipredator
response to either chemical cues from predatory brook trout, damage-released
alarm cues from injured conspecifics, or cues of disturbed conspecifics. Addi-
tional experiments examined whether the diet of the brook trout influenced the
intensity of the antipredator response of the sculpins and whether chemical alarm
signals, presented simultaneously with cues of the predator, enhanced the inten-
sity of the antipredator response. We also completed a histological examination
of the skin of sculpins. The source of damage-released alarm pheromones of
Ostariophysan fishes is large club cells in the epidermis (Smith, 1992). Similarly,
the source of damage-released alarm cues of sculpins may be large sacciform
cells in the epidermis (Hugie et al., 1991).

METHODS AND MATERIALS

Fish Collection and Maintenance

In the summer of 1998, we collected slimy sculpins from two adjoining
streams in central Maine (Spruce Mountain Brook and White Brook, 69812′W
45829′N. Both streams contain brook trout. The fish were caught by backpack
electrofishing and were transferred to our laboratory at the University of Maine.
The fish were maintained in a 350-liter stream tank at 12–138C on a 14L : 10D
photoperiod. The stream tank was supplied with fresh well water at a rate of
1 liter/ min. The fish were fed twice daily ad libitum with frozen brine shrimp
(Artemia salina).

Brook trout were supplied by the Enfield State Fish Hatchery (Maine
Department of Inland Fisheries and Wildlife). They were maintained in a 888-
liter circular tank with the same temperature and photoperiod as the sculpins.
As a standard diet, the trout were fed previously frozen brine shrimp and com-
mercial trout (Corey Feed Mills). Specific experiments required us to change the
diet of some trout (see experiment 2).
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Skin Histology

Over the past two years we have made histological examinations of 19
sculpins. Immediately after they were killed, the tissue from the anterior dor-
sal region was excised and fixed in glutaraldehyde and osmium tetroxide using
the microwave enhanced fixation method (Giberson and Demaree, 1995). The
tissue was embedded in Epon-Aldarite and 1.5-mm-thick sections were made. We
identified the sacciform cells by negative staining with periodic-Schiff’s reagent
and counterstaining with hemotoxylin.

Experiment 1: Responses of Sculpins to Alarm, Disturbance, and Predator
Cues

Behavioural Assay. All experiments took place in a gravitational flow-
through test apparatus (modified from Petranka et al., 1987). The testing appa-
ratus consisted of two tiers of tanks. The lower test chambers were transparent
plastic storage containers (35 × 50 × 17 cm), each of which had a thin layer of
light-colored gravel that matched the substrate color of the stream where the fish
were collected. The testing chambers each contained a centrally located shelter
object consisting of one third of an overturned ceramic flower pot. Above each
test tank there were two header tanks into which the stimuli were placed. The
header tanks were nontransparent plastic storage containers (31 × 42 × 15 cm).
Throughout the acclimation and testing periods, well water flowed from one of
the stimulus tanks into the test chamber at a rate of approximately 1.5 liters/ min.

Test fish were introduced to the test tank approximately 22 hr before they
were tested. Each morning approximately 6 hr before the observations began,
the test fish were each fed 1.5 ml of brine shrimp. The tests were conducted
between 13:00 and 16:00 hr. Immediately before all trials, 20 ml of food-odor
stimulus was added to the prestimulus tank. This was prepared by taking 1 ml
of previously frozen brine shrimp and adding it to 75 ml of well water. After
settling, the top layer was decanted and became the food-odor stimulus. Decant-
ing ensured that no small pieces of food were present in the food-odor stimulus.
We added 20 ml of food-odor stimulus because this was sufficient to encourage
fish to move and explore the tank in search of food. All trials began 1 min after
addition of the food-odor stimulus. For each trial we observed the behavior of
sculpins for 10 min prior to the introduction of cues to the test tank. Cues were
introduced by moving the inlet hose from one header tank to the other header
tank that contained the appropriate stimulus. One minute after moving the inlet
hose, we resumed recording the behavior of the sculpins for an additional 10-min
poststimulus period. Moving the hose between the header tanks did not interrupt
the water flow to the test tanks. Dye trials indicated that it took 45 sec for the
stimulus water to reach the test tank after moving the inlet hose. The dye was
evenly dispersed in the test tank within 1.5 min.
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During the 10-min prestimulus and 10-min poststimulus periods, the fol-
lowing behaviors were recorded at 15-sec intervals: (1) number of short moves,
(2) number of long moves and (3) shelter use. Short moves included all move-
ments that were less than two body lengths. These are the most common types of
sculpin movements. The fish made rapid “hops” along the substrate that ended in
a rigid alert posture. Long moves included all movements that were greater than
two body lengths. They typically occurred when the fish swam into the water
column and glided back to the substrate.

Experimental Treatments and Preparation of Test Stimuli. In this experi-
ment we exposed individual sculpin to chemical cues from: (1) predatory brook
trout, (2) injured sculpins, (3) disturbed sculpins (chased with a model fish preda-
tor), with controls of (4) injured swordtails (Xiphophorous helleri), (5) undis-
turbed sculpins, and (6) a model fish predator. There were 20 replicates of each
treatment. The order of treatments was randomized.

To prepare the brook trout stimulus we randomly removed a single brook
trout from our holding tank of approximately 50 trout and placed it into the
stimulus container 3 hr prior to the test. A sample of 14 stimulus trout had a
mean (±SD) standard length of 129 ± 9 mm.

We used 1.5 cm2 of sculpin skin to prepare the damage-released alarm cue
for every two trials. This amount of skin is similar to that used in several other
studies (reviewed by Chivers and Smith, 1998). A sculpin was humanely killed
by pithing and decapitation. The skin was removed and separated as much as
possible from the adhering muscle tissue and was homogenized in distilled water.
The volume of the homogenate was brought up to 100 ml, strained through a
fine mesh net, and divided into halves. This solution was added to the stimulus
tank just before the beginning of the trial. This allowed the stimulus to disperse
evenly in the stimulus tank before the trial.

In the disturbed sculpin treatment, five randomly selected sculpin were placed
into the stimulus collecting tanks at 08:00 hr after being fed. All fish were chosen
from a pool of previously tested sculpin. At the end of the prestimulus recording
period, the sculpin were chased around the tank with a model fish predator. Care
was taken to make sure that the sculpin were not accidentally hit during this proce-
dure. They were chased for the entire 1-min interval between the pre- and post-
stimulus periods. The predatory fish model was a reinforced 6-inch soft fishing
lure. We used five sender fish to produce the disturbance cue because sculpins fre-
quently occur at high densities in the stream where they were collected.

In the undisturbed sculpin control treatment, five randomly selected sculpin
were placed into the stimulus tanks at 08:00 hr after being fed. All fish were
chosen from the same pool of fish used in the disturbed sculpin treatment. In
this treatment, the sculpin were not chased around the tank with a model fish
predator after the prestimulus period. Consequently, the only chemical cues were
from undisturbed conspecifics.
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To determine whether the fish model itself had any effect on sculpin behav-
ior, we included a model-only control. Here the model was moved about the tank
in the same manner as it was during the disturbed conspecific treatment. How-
ever, there were no sculpin present in the stimulus tank.

Stimuli from injured swordtails was prepared in the same manner as the
stimuli from injured sculpins. We tested sculpins for a response to swordtails in
order to control for a generalized response to injured fish skin. Swordtails were
chosen because they are not closely related to sculpins nor do they co-occur with
them. The swordtails were bought from a local commercial dealer as adults and
maintained on Tetramin flake food.

Statistical Analyses. For each trial we calculated the difference in number
of short moves and number of observations under the shelter between the pre-
and post-stimulus periods. Long movements were rare and hence were dropped
from the analysis. Positive values indicated increased movement and/ or shel-
ter use following addition of the stimulus; negative values indicate decreased
activity and/ or shelter use. Medians of each treatment were compared to the
undisturbed sculpin control treatment using one-tailed Wilcoxon Mann-Whit-
ney tests (Siegel and Castellan, 1988). The family-wise error rate was assessed
and controlled using the modified Bonferroni test following Keppel (1982). The
modified Bonferroni test specifies that corrections to the family-wise error rate
be introduced only when the number of comparisons exceeds k − 1, where k is
the number of treatments (Keppel, 1982). In this experiment, there was a total of
six treatments. Since the analysis was restricted to five preplanned comparisons
that were based on specific a priori predictions, the rejection probability (P) was
set at 0.05 for each comparison (Keppel, 1982).

Experiment 2: Effects of Alarm Cues on Intensity of Sculpin Antipredator
Responses

This experiment tested whether alarm cues in the diet of the trout had any
influence on the antipredator responses of sculpin and whether chemical alarm
signals presented simultaneously with cues of the predator enhanced the intensity
of the anti-predator response. The sculpins used in this experiment were collected
in November 1998 and were maintained as in experiment 1. The mean (±SD)
standard length of sculpins used was 49.2 ± 5.1 mm. The trout used in this
experiment were taken from those being held at our laboratory.

Four trout were housed in each of three 105-liter plastic aquaria, each
of which had an air stone and was supplied with well water at a rate of 0.5
liters/ min. Trout in the three containers were fed ad libitum every other day
with brine shrimp, commercial trout pellets (a component of which is fishmeal),
or pieces of freshly killed sculpin. The mean (±SD) standard length for the trout
was 141 ± 7 mm, 143 ± 8 mm, and 146 ± 9 mm in the brine shrimp, trout, and
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sculpin diet treatments, respectively. The fish were fed for at least seven days
prior to being used as stimulus donors.

In this experiment, individual sculpins were exposed to one of the following
five chemical treatments: (1) trout that had been fed sculpin, (2) trout that had
been fed commercial trout pellets, (3) trout that had been fed brine shrimp, (4)
trout fed on brine shrimp pluse 50 ml of injured sculpin cue (prepared as in
experiment 1) or (5) 50 ml of distilled water. There were 20 replicates of each
treatment. The order of the treatments was randomized.

The experimental protocol was nearly identical to experiment 1 except
that observations were completed between 17:00 and 18:00 hr. All relative
times remained constant between all experiments. As in the first experiment,
we recorded the number of short moves and shelter use at 15-second intervals.
However, we also recorded data on two additional response variables. In this
experiment we recorded short moves only if they occurred out from under the
shelter. During the first experiment, we observed that sculpins that moved to
shelter often spent considerable time moving under the shelter. Movements under
the shelter are probably not as risky as movements out of the shelter. We also
recorded an index of total area of the tank used by the sculpins. We divided the
total area of the tank (50 × 30 cm) into nine sections and summed the number
of squares that the sculpins used before and after addition of the stimuli.

We employed the same generalized statistical approach as in experiment
1 except that we completed five preplanned comparisons. Because this experi-
ment had five treatments, our rejection probability (P) was set at 0.04 for each
comparison (Keppel, 1982).

RESULTS

Histology. We observed large sacciform cells in all 19 sculpins that we
examined (Figure 1).

Experiment 1: Responses of Sculpins to Alarm, Disturbance, and Predator
Cues. We observed that sculpins exhibited an antipredator response to chemical
cues of brook trout, injured conspecifics, and disturbed conspecifics (Figure 2).
However, there were some differences in the form of the response between treat-
ments. In comparison to the undisturbed control treatment, sculpins responded
to trout cues by decreasing their number of short moves (U c 61.5, P < 0.001),
but they did not increase shelter use (U c 175.5, P c 0.231). Similarly, sculpins
in the disturbed conspecific treatment decreased the number of short moves (U
c 137.5, P c 0.046), but did not increase shelter use (U c 193, P c 0.581) when
compared to the undisturbed controls. In response to cues of injured conspecifics,
sculpins increased their shelter use (U c 138.5, P c 0.034) but did not decrease
number of short moves (U c 151, P c 0.092) when compared to the undisturbed
controls.
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FIG. 1. Micrographs showing a sacciform cell of a slimy sculpin.

In relation to the undisturbed control treatment, sculpins did not increase
shelter use or decrease the number of short movements in response to either the
swordtail cues (shelter: U c 159.5, P c 0.115; movement: U c 180.5, P c 0.299)
or the model (shelter: U c 186.5, P c 0.652; movement: U c 186.5, P c 0.358).

Experiment 2: Effects of Alarm Cues on Intensity of Sculpin Antipredator
Responses. We observed that sculpins responded to chemical cues of brook trout
regardless of the diet of the trout (Figure 3). In relation to the distilled water
control, sculpins exposed to trout fed sculpins decreased movement (U c 113.5,
P c 0.007), decreased area use (U c 111, P c 0.004), and increased shelter use
(U c 105, P c 0.004). Similarly, sculpins exposed to trout fed commercial trout
pellets decreased movement (U c 108, P c 0.005), decreased area use (U c 107,
P c 0.006), and increased shelter use (U c 127, P c 0.019) in relation to the
distilled water control.

Sculpins exposed to trout fed brine shrimp decreased movements (U c 123,
P c 0.014), decreased area use (U c 125.5, P c 0.013) and increased shelter use
(U c 125.5, P c 0.016) in relation to the distilled water control. In response to
a combination of cues of trout fed brine shrimp plus cues of injured sculpins,
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FIG. 2. Mean (±SE) change in shelter use and number of short moves by slimy sculpins
following exposure to chemical cues. Treatments include: predatory brook trout, injured
sculpins, and disturbed sculpins. Controls include: undisturbed sculpins, injured sword-
tails and a model fish predator.

sculpins decreased movements (U c 93.5, P c 0.002), decreased area use (U c

78.5, P < 0.001), and increased shelter use (U c 100.5, P c 0.003) in relation
to the distilled water control. Even though sculpins responded to both cues of
trout fed brine shrimp and cues of trout fed brine shrimp plus cues of injured
sculpin, there was a difference in the intensity of response. Sculpins exposed to
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FIG. 3. Mean (±SE) change in shelter use, area use and number of short moves by slimy
sculpins following exposure to chemical cues. Treatments include: brook trout fed sculpin,
brook trout fed commercial pellets, brook trout fed brine shrimp, and brook trout fed brine
shrimp + cues of injured sculpin. The control was distilled water.
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cues of trout feeding on brine shrimp and alarm cues responded more strongly in
terms of reducing area use than those exposed to cues of trout feeding on brine
shrimp (U c 132, P c 0.026). There was no significant difference in the intensity
of response when considering movement (U c 150.5, P c 0.08) or shelter use
(U c 167.5, P c 0.173).

DISCUSSION

Our data provide evidence that slimy sculpins can assess predation risk
by using a diversity of chemosensory information. In our original experiment,
we documented that sculpins responded to three different classes of chemical
stimuli: (1) predator chemicals, (2) damage-released alarm cues, and (3) cues of
disturbed conspecifics. Additionally, we found that damage-released alarm cues
enhanced the intensity of responses to predator chemicals.

The antipredator responses that we observed included reductions in activity
and movement to shelter. Each of these responses would likely make the sculpins
less visible to visually hunting predators such as brook trout.

Our data provide insights into the taxonomic distribution of damage-
released alarm signals among members of the sculpin family (Family Cotti-
dae). To date, five of approximately 300 species have been tested for responses
to damage-released alarm cues. Neither Cottus gobio (Schutz, 1956) nor Myx-
ocephalus scorpius (Pfeiffer, 1960) appear to respond to conspecific alarm
pheromones, but Oligocottus maculosus (Hugie et al., 1991; Houtman and Dill,
1994), Cottus perplexus (Chivers et al., 2000), and Cottus cognatus (this study)
do show responses. Additional studies are needed to elucidate taxonomic patterns
of responses in this group. Specifically, we suggest that additional species in the
genus Cottus be tested. Moreover, we suggest that Cottus gobio be re-examined.

The source of the damage-released signals of many fishes is thought to be spe-
cialized cells within the epidermis (reviewed by Smith, 1992). Club cells of ostar-
iophysan fishes contain the Schreckstoff alarm signal. During the breeding season
male minnows lose their club cells and simultaneously lose their ability to elicit a
fright reaction in conspecifics (Smith, 1976). In other species of fishes that have
been tested for an alarm response, many have been found to have similar large
elonage vacuolated cells in their epidermis. However, there has been no extensive
testing of most taxonomic groups for either behavioral responses or histology. In
particular, the link between specialized epidermal cells and the fright reaction for
fishes other than ostariophysans needs to be examined. Certain fishes outside the
Superorder Ostariophysi have sacciform cells that are thought to be analogous to
ostariophysan club cells. Darters have been shown to have both a fright reaction
to damage-released pheromones and possess sacciform cells (Smith, 1979, 1982).
Similarly, Hugie et al. (1991) showed that tidepool sculpin possess both sacciform
cells and a fright reaction to cues of injured conspecifics. Our results concur with
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the generalized patterns observed in these other fishes. We observed that slimy
sculpins possessed both large sacciform cells and a response to damage-released
alarm signals. We speculate that damage-released alarm cues are contained in the
large sacciform cells; however, additional studies are needed.

Experiments testing for the presence of disturbance signals among fishes
have only recently began. Wisenden et al. (1995) showed that Iowa darters
(Etheostoma exile) exposed to a predator model released disturbance chemicals
that caused an increase in vigilance in nearby conspecifics that could not see
the predator model. Jordão and Volpato (2000) described similar results for the
pacus (Piaractus mesopotamicus). Our results demonstrate that slimy sculpins
exhibit an antipredator response to chemical stimuli from disturbed conspecifics.
Several authors have speculated that the source of disturbance signals may be
ammonia released from urine or across the gills during periods of increased
activity (Hazlett, 1989, 1990b; Kiesecker et al., 1999). Kiesecker et al. (1999)
showed that red-legged frog tadpoles release ammonia upon being disturbed by
a predator. Conspecific tadpoles respond with antipredator behavior upon detect-
ing a pulse of ammonia. Similar results are known for crayfish (Hazlett, 1990b).
Additional studies are needed to determine whether ammonia is a component of
disturbance signals in fishes.

Behavioral responses of prey animals to chemical stimuli from predators
appears widespread, but such responses have not specifically been tested in
sculpins (Kats and Dill, 1998). Ours is the first study to document that sculpins
respond to chemical stimuli from predators. In our experiment, we observed that
sculpins responded to brook trout regardless of the diet of the trout. Moreover,
the intensity of response to the trout was similar regardless of the trout’s recent
diet. Some studies have documented that the diet of the predator influences the
antipredator responses of prey animals. For example, Wilson and Lefcort (1993)
showed that red-legged frog tadpoles respond more strongly to chemical stimuli
from newts (Taricha granulosa) that have fed on tadpoles than newts that fed on
invertebrates. Mathis and Smith (1993) showed that predator-naı̈ve fathead min-
nows (Pimephales promelas) only respond to chemical stimuli from pike (Esox
lucius) if the pike recently consumed minnows. In contrast, experienced min-
nows showed an antipredator response to chemicals from pike regardless of the
pike’s recent diet. The sculpins used in our study were wild-captured and hence
experienced with brook trout. They responded to the trout regardless of its recent
diet. This response makes good sense. Trout probably forage opportunistically on
sculpins and hence are always a threat to them. A knowledge of the last meal eaten
by the trout may provide little valuable information to the sculpin.

We found evidence that the presence of a damage-released alarm signal
enhances the intensity of response to the predator. Scrimgeour et al. (1994) pro-
vided similar evidence for larval mayflies (Baetis tricaudatus). These results
indicate that cues of the predator and alarm signals may compliment each other
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to indicate a higher degree of threat than does either signal alone. The infor-
mation received by the prey upon detecting predator chemicals is that there is
a predator in the vicinity. When damage-released alarm cues are detected with
predator chemicals, then the prey is aware of a predator that is actively hunting.
The possibility exists that sculpins were not responding more intensely to the
two cues because they compliment each other. Instead, the sculpins may have
been responding to a quantitative difference in the amount of predation risk cue
that they received. Additional experiments are needed to differentiate these pos-
sibilities.
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Abstract—Protease inhibitors (PIs) are plant compounds that can inhibit
proteases of mammal, insect, or pathogen origin and are frequently induced
by mechanical wounding, insect feeding, or pathogen infection. Nicotiana
attenuata is a species that induces nicotine, volatiles, and phenolics in response
to damage. Here we examine the distribution of PIs in N. attenuata to
determine if they are part of the induced response in this species and if this
response is ontogenetically constrained. We found that N. attenuata shoot
extracts inhibited trypsin (Tryp) and chymotrypsin (Chym) activities, while
root extracts inhibited Tryp, Chym, and the bacterial protease subtilisin (Sub).
The highest TrypPI levels were found at midday in the source-sink transition
leaf, while older or younger leaves contained lower TrypPI levels and did
not show significant diurnal fluctuations. Rosette plants, bolting plants, and
flowering plants all contained TrypPIs in leaves, stems, and flowers, while
seed capsules, seeds, and young seedlings did not contain any PIs. PIs in
N. attenuata rosette plants were induced by Manduca sexta larval feeding,
methyl jasmonate (MeJA) treatment, wounding, and application of M. sexta
oral secretion and regurgitant. The response to MeJA application was stronger
and longer lasting than to mechanical wounding. The direction and magnitude
of the systemic response to mechanical wounding or larval damage depended
on the age of the leaf that was damaged and the frequency of wounding. The
systemic signal for TrypPI induction appears to follow source-sink relations
in the plant and to be regulated by the octadecanoid pathway. Interestingly, by
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3 Current address: Netherlands Institute of Ecology, Centre for Terrestrial Ecology, Multitrophic Inter-
actions Department, P.O. Box 40, 6666 ZG Heteren, The Netherlands.
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the time plants reach the flowering stage, they had lost the ability to increase
PI levels after MeJA treatment. We concluded that plant ontogeny constrains
both constitutive and inducible PI production in N. attenuata.

Key Words—Induced responses, Manduca sexta, mechanical damage,
methyl jasmonate, Nicotiana attenuata, octadecanoid pathway, ontogenetic
constraints, protease inhibitors, source-sink relations.

INTRODUCTION

Protease inhibitors (PIs) are a class of compounds found in a wide range of plant
families and are well studied for their activity as antiherbivore compounds (Ryan,
1990; Bode and Huber, 1992; Koiwa et al., 1997). Both in vitro experiments
with insect gut extracts and in planta experiments with genetically transformed
plants have shown that PIs can inhibit digestive enzymes and reduce growth of
lepidopteran and coleopteran larvae (Johnson et al., 1989; McManus et al., 1994;
Broadway, 1995; Heath et al., 1997). Additionally, some plants produce PIs that
specifically inhibit proteases of pathogens (Geoffroy et al., 1990; Balandin et
al., 1995). Many PIs have been found to be inducible after wounding, insect
feeding, pathogen infection, or application of plant hormones, such as jasmonic
acid (JA), abscisic acid (ABA), or ethylene (Peña-Cortes et al., 1988; Geoffroy
et al., 1990; Farmer et al., 1992; Balandin et al., 1995; Koiwa et al., 1997).

Both constitutive and inducible PI levels in plants can be extremely vari-
able, even within related plant species. Several types of PIs that differ in structure
and activity are found within the genus Nicotiana alone. N. tabacum, for exam-
ple, contains a PI that inhibits bacterial and fungal proteases and is a member
of the potato PI-I family (Pot I) (Bode and Huber, 1992; Koiwa et al., 1997),
and two PIs belonging to the potato PI-II family (Pot II) that inhibit trypsin
(Tryp) and chymotrypsin (Chym) (Pearce et al., 1993; Balandin et al., 1995). N.
alata and N. plumbaginifolia both produce PIs belonging to the Pot II family,
which consist of a large precursor protein that is posttranslationally processed
into smaller Tryp- or Chym-inhibiting subunits (Atkinson et al., 1993; Ausloos
et al., 1995). Not all PIs are present constitutively (Fujita et al., 1993; Pearce
et al., 1993; Balandin et al., 1995) and of those that are, not all are inducible
(Hildmann et al., 1992; Botella et al., 1996).

The magnitude of PI induction may also vary depending on the amount
of damage (Pearce et al., 1993; Alarcon and Malone, 1995), the type of herbi-
vore that is feeding (Stout et al., 1998), or on the inducing agent that is applied
(Botella et al., 1996). The induced PI response may be local and restricted to the
treated leaves or organ (Jongsma et al., 1994; Balandin et al., 1995) or occur sys-
temically throughout the plant (Pearce et al., 1993; Alarcon and Malone, 1995;
Orians et al., 2000). Moreover, the ability of the plant to produce or induce PIs
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may be age-dependent (Alarcon and Malone, 1995; Botella et al., 1996) or organ
specific (Pearce et al., 1993; Ausloos et al., 1995), which suggests that in some
plant species the expression of PIs is developmentally constrained. It is gener-
ally thought that this huge variation in types, distribution, and inducibility of
PIs among plants is tightly linked with the ecological role of PIs in each species
(Jongsma, 1995).

Nicotiana attenuata Torr. ex Watts (Solanaceae) is a native tobacco species
that displays a remarkable array of inducible defenses in response to herbivores.
Leaf damage and application of methyljasmonate (MeJA) significantly induce
nicotine levels (Baldwin, 1999), volatile emissions (Halitschke et al., 2000; Kahl
et al., 2000), and phenolic concentrations (M. Keinänen, personal communication)
in this species. In addition to these defense compounds, it is likely that N. attenu-
ata is also able to produce PIs. Closely related plant species, such as N. tabacum
(Jongsma et al., 1994), N. alata (Heath et al., 1997), and N. plumbaginafolia (Aus-
loos et al., 1995), are known to produce several types of inducible PIs, all of which
belong to the serine PIs (Koiwa et al., 1997). Hence, it may be expected that PIs
are a significant part of the chemical changes causing increased resistance against
herbivores after jasmonate treatment (Baldwin, 1998; van Dam et al., 2000).

Similar to other inducible defenses in native tobacco species, variations in
induced PI patterns between and within N. attenuata plants may be develop-
mentally constrained. For example, the systemic induction of both nicotine and
volatiles in Nicotiana spp. depends on the developmental stage of the plant and
the leaves. In N. sylvestris, a systemic increase in whole-plant nicotine is only
elicited when old or mature leaves are wounded. This increase is due to increases
in de novo nicotine synthesis. Once plants reach reproductive maturity at the
elongating or flowering stage, they lose the ability to induce de novo nicotine
production after damage (Ohnmeiss and Baldwin, 2000). The elicitation of sys-
temic volatile emission in N. attenuata rosette plants is maximal when the second
fully expanded leaf is damaged (Halitschke et al., 2000). Similar effects have
been reported for systemic PI induction in poplar (Davis et al., 1991) and tomato
(Orians et al., 2000), which suggests that plant ontogeny may account for some
of the observed patterns in PI induction.

Here we show that N. attenuata contains different PIs in shoots and roots
that can inhibit at least three different serine proteases. We found diurnal fluc-
tuations in PI levels in the leaves of rosette plants, an increase in PI levels with
development, and a decrease in PI inducibility in flowering plants. PIs in N.
attenuata rosette plants can be induced by caterpillar feeding, MeJA applica-
tion, wounding, and application of larval orval secretion and regurgitant, but the
direction and magnitude of the systemic response depends on the age of the leaf
that is damaged. We conclude that the systemic transport of the signal trigger-
ing PI induction follows source-sink relations in the plant and is at least partly
regulated by the octadecanoid pathway.
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METHODS AND MATERIALS

Plant Culture

Nicotiana attenuata Torr. ex Watts. (Solanaceae) seeds, from a bulk collec-
tion from several plants from a natural population in Utah (Baldwin, 1998), ger-
minated and grew for two weeks in peat soil soaked in 50× diluted liquid smoke
(House of Herbs, Passaic, New Jersey) to synchronize germination (Baldwin et
al., 1994b). For hydroponic plants, seedlings were first transferred to commu-
nal hydroponic boxes filled with 0.292 g/ liter. Peters Hydro Sol (Scotts Europe,
Heerlen, The Netherlands), supplemented with 0.193 g/ liter Ca(NO3)2, to syn-
chronize growth and five days later to individual 1-liter containers filled with
No-N solution, supplemented with 2 mmol/ liter KNO3 (Ohnmeiss and Baldwin,
1994). Unless otherwise indicated, hydroponic plants were used for experiments
five to seven days after transfer to 1-liter containers. Soil-grown plants were
transferred as seedlings to either 200 ml or 1-liter pots (depending on the dura-
tion of the experiment) filled with a peat-based substrate (TerraBril, Brill Sub-
strate Co., Georgsdorf, Germany). Soil-grown plants were watered with deminer-
alized water every other day. All plants were placed on tables in a growth room
at 328C/ 16-hr light, 278C/ 8-hr dark, 65% relative humidity with 1000–1500
mM/ m2/ sec PAR at plant growing level.

Protease Inhibitor Extraction and Determination

Plant samples for PI analysis were weighed in an Eppendorf tube (∼300 mg
fresh wt), flash frozen in liquid N2, ground with a pestle, and thawed on ice. If
individual leaves were harvested, midribs were removed before weighing. After
addition of 0.3 ml protein extraction buffer (Jongsma et al., 1994), the samples
were vortexed and centifuged at 48C for 20 min at 12,000g. The supernatant
was transferred to a fresh Eppendorf tube and kept on ice until protein and PI
analysis. Protein content of the samples was determined in triplicate using the
method of Bradford (1976). PI activities were analyzed with the radial diffu-
sion assay described by Jongsma et al. (1993, 1994), using either 42 nM bovine
trypsin (Tryp; type III) (Fluka, Buchs, Switzerland), 42 nM bovine chymotrypsin
(Chym; type II) (Sigma, St. Louis, Missouri) or 212 nM subtilisin Carlsbergh,
(Sub; protease type VIII, bacteria) (Sigma) dissolved in agar. The active sites
of all proteases were titrated to obtain the molar concentration of active enzyme
before they were used for PI analysis (Jongsma et al., 1994). The detection limit
of this method is ∼0.2 mM PI (Jongsma et al., 1993). For TrypPI activities, a
series of soybean Tryp inhibitor (STI) (Boehringer Mannheim, Mannheim, Ger-
many) solutions were used to obtain a reference curve. To determine ChymPI
and SubPI activities, we made reference extracts of N. attenuata plant material
and determined their activity by titrating Chym or Sub with these extracts, using
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benzoyl-tyrosine-p-nitroanilide (BTNA) (Bachem, Bubendorf, Switzerland) or
N-acetyl-DL-phenylalanine-b naphthylester (APNE, Sigma) as substrate, respec-
tively. Dilution series of these extracts with known ChymPI or SubPI activities
were used to obtain a reference curve. PI activities are expressed as nanomoles
per milligram of protein (Jongsma et al., 1994).

Types of PIs

In addition to the radial diffusion assay, we used spectrophotometric assays
to test for the presence of inhibitors of five model target proteases belonging to
the three different classes of proteases (serine, cysteine, and aspartic proteases)
that have been described in the Solanaceae (Brzin et al., 1988; Mareš et al., 1989;
Ryan, 1990). The inhibitory activity against Tryp, Chym, Sub (all serine proteases),
papain (cysteine protease), and cathepsin D (aspartic protease) was measured in
root, shoot, and seed extracts with assays that had an approximate detection limit
of 0.02 mM. The TrypPI assay contained 4.6 pmol Tryp per well in 0.1 M Tris HC
buffer with 10 mM CaCl2, pH 7.6. After 15 min incubation at room temperature
with inhibitor extract, 10 ml of a 50 mM benzoyl-argenine-p-nitroanilide (BANA)
(Sigma) solution in dimethylsulfoxide (DMSO) was added to a final concentration
of 2 mM BANA per well. After 30 min of incubation at 378C the absorbance was
measured at 405 nm. The ChymPI assay was performed similarly, but contained
11.8 pmol of Chym per well and was incubated for 1 hr at 378C with 0.37 mM
BTNA as substrate. SubPI activities were determined with 16.1 pmol Sub per well
in 0.1 M Tris HCl containing 10 mM CaCl2 and 0.05% Tween, APNE (0.48 mM)
as substrate, and with an incubation time of 30 min at 378C. Absorbance was mea-
sured at 520 nm immediately after adding 30 ml of a 1.6 mg/ ml solution of Fast
Blue (Fluka) in 0.1 M Tris HCl buffer, pH 7.6 Papain PI activity was measured
similar to TrypPI activity, but in 0.1 M Na phosphate buffer, pH 6.0, containing
25 mM dithiothreitol, with papain (twice crystallized, Sigma) instead of trypsin
and an incubation time of 1 hr at 378C. PI assay with cathepsin D, isolated from
bovine spleen (Fusek et al., 1992) was performed in Eppendorf tubes with 200 ml
of preincubation mixture containing 25 pmol of cathepsin D and inhibitor extract.
The pH of extract solutions was adjusted to 3.6 by adding 10 ml of 10% acetic acid
per 100 ml extract solution. After 15 min of preincubation at room temperature, 1
ml of 2% hemoglobin in 0.1 M Na acetate buffer, pH 3.6, was added and incubation
containued for 60 min at 378C. The reaction was stopped by adding of 250 ml of
25% trichloracetic acid. The supernatant was collected by centrifugation (10 min
at 10,000g) of the samples and its absorbance was measured at 280 nm.

Diurnal Fluctuations of PI Levels

Eighteen soil-grown rosette plants were selected two weeks after their trans-
fer to 1-liter pots. On each plant, the leaf at node 0, defined as the leaf that is
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FIG. 1. (A) Numbering of the leaves at different phyllotaxic positions (nodes) on rosette
plants of N. attenuata following Schittko et al. (2000). The leaf at node 0 has just com-
pleted the source-sink transition. (B) Schematic of the organs at different ontogenetic
stages of N. attenuata plants. Time (in days) corresponds to the time line for the experi-
ment measuring constitutive and induced PI activities in different developmental stages.
RL c rosette leaves, SL c stem leaves, S c stems, IF c inflorescence, YF c young flower
(unopened), OF c open flower, SC c seed capsules.

one phyllotaxic position younger than the first fully expanded leaf (Schittko et
al., 2000) (Figure 1A) and the leaves at node 2 (older, fully expanded leaf) and
node −2 (younger leaf) were labeled. The labeled leaves were harvested at 4-hr
intervals (three plants per interval) during a 24-hr period to determine TrypPI
activities.

Time Course of Induction

Plants were soil-grown as in the diurnal fluctuation experiment. On each
plant, the leaf at node 0 was labeled and either damaged by removing a 2-mm
strip perpendicular to the midrib with a scalpel each day (Jongsma et al., 1994),
treated with 250 mg MeJA in lanolin (Baldwin, 1996), or left untreated. MeJA is
deesterified to JA by plant esterases upon treatment and is a convenient way to
introduce JA into plants. MeJA (Sigma) was close to its thermodynamic equi-
librium (90.1% (1R,2R)-MeJA and 8.3% (1R,2S)-MeJA for the two naturally
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occurring epimers. The labeled leaves were harvested at one, two, four, and eight
days after the start of the experiment and extracted for TrypPI activities. Sam-
pling took place at approx. 13:00 hr each harvest day (three plants per treatment
per harvest). The plants whose labeled leaves were harvested were discarded.
The TrypPI activities in the treated leaves were expressed relative to average
activity of untreated leaves harvested at the same time.

Constitutive and Induced PI Activities in Different Developmental Stages

Minimal Seedling Size for PI Detection. Seeds were sown on day 0 and 14
days later, seedlings were transferred to 200-ml pots with soil. On days 18, 19,
20, and 21, a number of seedlings were excised with a scalpel at soil level to
obtain 1–1.5 g fresh weight (FW) per sample (10, 6, 5, and 2 seedlings, respec-
tively). The seedlings were extracted for TrypPI as above, with the addition of
an extra concentration step in which proteins and PIs were precipitated with
ice-cold, saturated (NH4)2SO4 (Jongsma et al., 1994).

Developmental Changes. Seeds were sown as above (day 0). On day 15,
seedlings were first transferred to communal hydroponic boxes to synchronize
growth and five days later, to 2-liter pots filled with a high-N soil–Perlite mixture
(van Dam and Baldwin, 1998). On day 23, three rosette plants (Figure 1B) were
randomly selected to measure PI activities at the start of the experiment. Simulta-
neously, six plants were treated with 250 mg MeJA in 0.22 ml lanolin applied to
two fully expanded leaves on each plant and three other plants were treated with
0.22 ml pure lanolin. On day 28, three MeJA-treated and three lanolin-treated
rosettes were harvested by cutting of the shoot at the root–shoot interface. On day
35, three bolting plants (Figure 1B) were treated with MeJA, as above, and three
other bolting plants were treated with pure lanolin. On day 39, we harvested the
remaining three plants induced at the rosette stage on day 23, the three bolting
plants induced on day 34, and the three bolting plants treated with lanolin on day
34. The entire shoot was cut off at the root–shoot interface and rosette leaves,
stems, stem leaves, and inflorescences were separated (Figure 1B), weighed, and
extracted for determination of TrypPI activity. On day 44, three flowering plants
were treated with 250 mg MeJA on two rosette leaves and three other flowering
plants were treated with pure lanolin. These plants were harvested on day 49
and separated into rosette leaves, stems, stem leaves, young unopened flowers,
open flowers, and green seed capsules (Figure 1B). Additionally, we extracted
three samples of seeds from the seed stock we used to grow the plants.

Local and Systemic Induction by MeJA Addition to Roots and Shoots

Nine hydroponically grown rosette plants were divided in groups of three
and treated with either 250 mg MeJA in 0.02 ml lanolin paste on two fully
expanded leaves (Baldwin, 1996), 250 mg MeJA as an aqueous solution to the
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roots in the hydroponic solution (Lynds and Baldwin, 1998), or 0.02 ml pure
lanolin paste to the shoot (control). Four days later, shoots and roots of the plants
were harvested separately, flash frozen with liquid N2, and ground with mortar
and pestle. A 300-mg aliquot from each plant was extracted to determine TrypPI
and ChymPI activities.

Local and Systemic Induction by Caterpillars

Six 2-day-old first instar Manduca sexta larvae (Carolina Scientific Supply
Co, Burlington, North Carolina) were placed individually on the leaf at node 1
of six 2-week-old N. attenuata rosette plants. To prevent the larvae from moving
to other leaves, leaves and larvae were enclosed in a 50-ml polystyrene container
with a clear lid (Neupack Verpackungen, Hamburg, Germany). The petiole of the
leaf was carefully slid through a slit in the side of the cup and the lids were per-
forated to allow for gas exchange and prevent condensation. Another six plants
were fitted with similar cup over their node 1 leaf, but without a larva, to con-
trol for cup effects. Two days after the larvae had been placed on the plants,
larvae and cups were removed from all plants and the damaged leaf at node 1,
the leaf at node 3 (older than damaged leaf) and the leaf at node −1 (younger)
of three control and three damaged plants were harvested. Before extraction, the
leaves were photocopied on paper. The leaf area before feeding was estimated
by cutting out the contour of the leaf as it was before damage and weighing the
paper to the nearest 0.1 mg. Then the parts consumed by the larvae were cut out
and the leaf copy was weighed again. The percentage leaf area consumed was
calculated as [(mg before − mg after)/ mg before] × 100%. The second group of
three control and three damaged plants were harvested for TrypPI analysis four
days after start of the experiment.

Local and Systemic Induction by Wounding at Different Leaf Positions

Twelve hydroponically grown plants in 1-liter pots were assigned randomly
to one of four treatments (three plants each): (1) leaf at node 4 (older leaf)
damaged, (2) leaf at node 0 (source-sink transition leaf) damaged, (3) leaf at
node −4 damaged (younger leaf) damaged, or (4) no damage (control). The
leaves were damaged daily by cutting off a 2-mm strip perpendicular to the
midrib with a scalpel. Simultaneously with the first damage event, the plants
were supplied with 1 mM KNO3. Two days after the first damage event, the
roots and the leaves at node 4, 0, and −4 were harvested on all plants for TrypPI
and SubPI (roots only) analysis.

Local and Systemic Induction by Wounding or OS

Twenty hydroponically grown plants on 1-liter pots were assigned to the
following treatments (four per treatment): (1) a single damage event and appli-
cation of 15 ml water to the node 1 leaf; (2) as 1, but application of 15 ml undi-
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luted, boiled, and filtered (0.45 mm filter pore size) M. sexta oral secretion and
regurgitant (OS) (Schittko et al., 2000); (3) daily damage and daily application
of 15 ml water; (4) as 3, but daily application of 15 ml M. sexta OS; and (5)
control, leaf node 1 labeled at the start of the experiment but no damage treat-
ment. Leaves were damaged by rolling a pattern wheel parallel to the midrib
once on each side of the leaf, which created a standardized number of puncture
wounds (Ohnmeiss and Baldwin, 1994). Water or OS was applied and rubbed in
the leaf puncture wounds with a latex-gloved finger immediately after damage.
Three days later, the damaged and treated leaves plus the leaves at node −1 were
harvested to assess TrypPI activity.

Statistical Analysis

The data were analyzed using Statview (SAS Institute Inc., Cary, North
Carolina) statistical software. Test values were calculated using type III SS and
PI activity values were arcsine square root transformed before analysis. The PI
levels of the time-course experiment and of the rosette plants in the different
developmental stages experiment were analyzed by single ANOVA. Data sets
with multiple dependent variables, such as PI levels in leaves and/ or organs
on the same plant, were analyzed by MANOVA. If the MANOVA produced
a P value <0.05, it was followed by univariate ANOVAs for the individual
effects and Fisher LSD post-hoc tests to detect significant differences between
groups. Differences between treatment and organs in bolting and flowering plants
in the developmental changes experiment were analyzed by separate ANOVAs
with treatment and organ as main effects, because the data did not allow for
MANOVA analysis due to lack of degrees of freedom. P values were corrected
with the Bonferroni correction for multiple comparisons (Holm, 1979).

RESULTS

Types of PIs. All N. attenuata extracts exclusively contained serine PIs:
we found TrypPI and ChymPI activity in the shoots and TrypPI, ChymPI, and
SubPIs in the roots (Table 1). We detected neither PI activity directed against
serine proteases in the seeds nor cysteine protease (papain) or aspartic protease
(cathepsin D) inhibiting activity in any of the organs tested (Table 1). TrypPI
activities in shoot extracts were consistently about four to five times higher than
ChymPI activity in the same extract. Because TrypPI constituted the major part
of the activity and was easier to detect, we used TrypPI as a proxy for total
TrypPI and ChymPI activity in most of the following experiments.

Diurnal Fluctuations of PI Levels. The diurnal fluctuations in PI activity
differed between leaves on different positions (MANOVA, F15,28 c 2.05, P c

0.049). TrypPI levels in the source-sink transition leaf (node 0) fluctuated sig-
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TABLE 1. PRESENCE OF DIFFERENT TYPES OF CONSTITUTIVE PI ACTIVITIES IN ORGANS

OF UNTREATED N. attenuata PLANTS MEASURED BY SPECTROPHOTOMETRIC METHODSa

Organ TrypPI ChymPI SubPI Papain PI Cathepsin D PI

Roots + + + − −

Shoots + + − − −

Seeds − − − − n.a.

a + c present, − c not detectable, n.a. c not analyzed.

nificantly during the day (ANOVA, F5,12 c 3.767, P c 0.028), being the highest
in the middle of the light period and lowest at the end of the night (Figure 2A).
Younger or older leaves had much lower PI levels during the daytime and showed
no significant fluctuations (ANOVA, both P > 0.1). These data underscore the
importance of controlling for diurnal and ontogenetic effects when quantifying
PI dynamics.

Time Course of Induction. Both mechanical damage and application of 250
mg MeJA induced TrypPI levels locally in node 0 leaves above those measured
in untreated controls (Figure 2B; ANOVA, treatment effect, F1,15 c 57.113, P <
0.001). TrypPI induction for both treatments was maximal after four days, but
the effect of MeJA-application was signficantly stronger than that of damage
(Figure 2B; treatment × harvest day effect, F3,18 c 4.548, P c 0.0173).

Constitutive and Induced PI Activities in Different Developmental Stages.
Similar to seeds, very small seedlings do not contain detectable levels of TrypPI.
We did not detect TrypPI activity until day 19 (six pooled seedlings, 1.0803 g
FW). Seedlings harvested later, i.e., at day 20 and 21 also contained detectable
TrypPI activities, and in subsequent experiments we only used plants that were
21 days old or older.

Rosette plants treated with MeJA had significantly higher TrypPI levels in
their shoots than did untreated controls harvested at the same time or rosette
plants harvested at the start of the experiment (Figure 3A; ANOVA, F2,6 c

48.686, P < 0.001). These MeJA-induced PI levls were lost in plants that were
harvested 16 days later: bolting plants treated with MeJA as a rosette plant did
not contain significantly higher PI levels than untreated bolting plants harvested
at the same time (Figure 3B; Fisher LSD, P c 0.41). Bolting plants treated with
MeJA five-days before harvest, however, contained significantly higher PI lev-
els than did the other two groups (Figure 3B; ANOVA, treatment effect F2,24 c

5.752, P c 0.009, Fisher LSD comparisons with both other groups P < 0.024).
Additionally, a significant difference in PI activity levels was found between
organs on bolting plants (ANOVA, F3,24 c 27.071, P < 0.001), but the induced
increase was similar in all organs (Figure 3B). Contrary to the patterns observed
in younger plants, flowering plants that were treated with MeJA did not signifi-
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FIG. 2. (A) Diurnal fluctuations in TrypPI levels (mean ± SE, N c 3) in N. attenuata
rosette plants in leaves at different phyllotaxic positions, harvested at 4-hr intervals. Cir-
cles: leaf at node 0 (source-sink transition leaf ), triangles: leaves at node −2 (younger
leaf ), squares: leaf at node 2 (older leaf ). (B) Relative increase of local TrypPI levels
(means ± SE, N c 3) in time of the leaf at node 0 of N. attenuata rosette plants, after
this leaf had been treated on day 0 with 250 mg MeJA or damaged daily by cutting with
a scalpel. PI induction is expressed relative to the average PI level of node 0 leaves of
untreated plants that were harvested at the same time intervals.

cantly increase TrypPI levels in any of their organs (Figure 3C; treatment effect
F1,24 c 0.741, P c 0.40). Again, TrypPI levels differed significantly between
organs (F5,24 c 13.038, P < 0.001). We did not detect any TrypPI activity in
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FIG. 3. TrypPI levels (mean ± SE, N c 3) in the different organs of control and MeJA-
treated (250 mg/ plant) N. attenuata plants in different developmental stages. (A) Rosette
plants, harvested at day 23 (Start) or at day 28 (Con, MeJA). (B) Bolting plants, harvested
on day 39, either treated with MeJA as rosette plants on day 23 (Rosette-MeJA), on day 34
when bolting (Bolting-MeJA) or treated with pure lanolin (Bolting-Con). (C) Flowering
plants, treated with MeJA or pure lanolin (control) on day 44 and harvested on day 49.
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FIG. 4. Total PI activities, separated into TrypPI (hatched) and ChymPI (open) levels
(mean ± SE, N c 3) in roots and shoots of hydroponically grown N. attenuata rosette
plants two days after addition of MeJA to the roots or the shoots.

the seed capsules, which were still green at the time of harvest, nor in the seed
samples (data not shown).

Local and Systemic Induction by MeJA Addition to Roots and Shoots.
MeJA treatment significantly increased PI activities compared to those in control
plants (Figure 4; MANOVA, treatment effect F8,6 c 9.161, P c 0.0073). Overall,
leaf PI levels were significantly higher in the shoots than in the roots (Paired t
test with Bonferroni correction for multiple comparisons, Tryp t8 c 5.121, P c

0.0018, Chym, t8 c 3.482, P c 0.0083). Although MeJA application also had a
systemic effect, the strongest PI induction was in the treated organ (Figure 4).
MeJA application to the roots induced total root PI activity levels to 6.0 times
that of untreated roots, and leaf PI levels to 3.7 times that of control shoots
(Figure 4, ROOT treatment). Leaf MeJA application, however, increased total
leaf PI levels by a factor 8.2 and total root PI to only 2.1 times that of control
plants (Figure 4, SHOOT treatment). Root ChymPI activity was only detectable
in roots treated with MeJA and not in the roots of shoot-treated plants or control
plants (Figure 4). SubPI levels in the roots did not significantly change in any
of the MeJA treatments (data not shown).

Local and Systemic Induction by Caterpillars. On average, the M. sexta
larvae consumed 13.2% (±3.7 SE) of the leaf they were confined to. This rel-
atively small amount of damage significantly induced overall TrypPI activities
in the plants they fed on (Figure 5, MANOVA treatment effect F3,8 c 9.19, P
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FIG. 5. TrypPI levels (mean ± SE, N c 3) after 2 and 4 days in leaves of N. attenuata
rosette plants after 2 days of M. sexta larvae feeding on the leaf growing at node 1. Open
bars: leaves at node 3 (older than damaged leaf ), solid bars: leaves at node 1, hatched
bars: leaves at node −1 (younger). Arrows identify the leaves that were damaged by the
larvae.

c 0.012). The elevated PI levels were maintained for two days after the larvae
had been removed (Figure 5, no significant treatment × day effect). Although the
response was clearly systemic, the increase in PI activity was higher in damaged
leaves and younger leaves than in older leaves (Figure 5). This indicates that the
signal inducing PI activity levels is mainly transported acropetally within the
shoot.

Local and Systemic Induction by Wounding at Different Leaf Positions.
Mechanical damage significantly increased TrypPI levels in damaged shoots
(Figure 6, MANOVA treatment effect F9,15 c 2.845, P c 0.036). There was
both a local and a systemic effect, but within the shoot, systemic increased were
detected only in leaves that were younger than the damaged leaf (Figure 6). For
example, when node 0 leaves were damaged, TrypPI levels increased only in the
damaged and younger leaves. When young leaves were damaged, none of the
older leaves were significantly induced. This confirmed our previous observation
that, within the shoots, the PI inducing signal is transported acropetally. Overall,
the shoot response to damage on old leaves was the weakest (Figure 6). In the
roots, however, both TrypPI and SubPI levels changed, although inversely, in
response to damage (Figure 6, insert), but only TryPI levels did so significantly



PROTEASE INHIBITOR RESPONSE IN N. attenuata 561

FIG. 6. TrypPI levels in shoots and TrypPI and SubPI levels (mean ± SE, N c 3) in roots
(insert) of hydroponically grown N. attenuata rosette plants 2 days after the first damage.
Different leaf positions were damaged daily with a scalpel. Open bars: leaf at node 4,
solid bars: leaf at node 0, hatched bars: leaf at node −4. Arrows identify the leaf positions
that were damaged in each group.

(ANOVA for TrypPI, treatment effect P3,7 c 6.454, P c 0.02). TrypPI levels were
highest in roots of plants whose oldest leaves were damaged (Figure 6, insert).
This indicates that in these plants some of the inducing signal was transported
to the roots as well.

Local and Systemic Induction by Wounding and Regurgitant. Three days
after the first treatment, TrypPI levels were significantly different between treat-
ments (Figure 7, MANOVA F8,28 c 3.111, P c 0.012). The TrypPI levels in
plants damaged once with or without application of OS were not significantly
different from the control plants (Figure 7, Fisher LSD post-hoc test for both
damaged and younger leaves, P > 0.1). Plants that were damaged repeatedly
had significantly higher PI levels in the damaged leaves (Fisher LSD test on PI
levels in damaged leaves, P < 0.01). Only when plants were repeatedly treated
with OS were the PI levels in younger leaves higher than in those of the controls
(Fisher LSD, P c 0.0067).



VAN DAM, HORN, MAREŠ, AND BALDWIN562

FIG. 7. TrypPI levels (mean ± SE, N c 4) of leaves on N. attenuata rosette plants 3 days
after the first damage. 1 × wound c leaf at node 1 was damaged with a pattern wheel
once on day 0 and 15 ml water was applied to the wound site, 1 × OS c same as 1 ×
wound plus 15 ml boiled and filtered M. sexta oral secretion and regurgitant (OS) was
applied to the wound site, wound c leaf at node 1 was damaged and treated with 15 ml
water daily for 3 days, OS c same as wound, but treated with 15 ml OS on the damaged
site daily for 3 days. Solid bars: treated leaf (leaf at node 1), open bars: leaf at node −1
(younger).

DISCUSSION

Similar to what has been reported for other Nicotiana species, we found
only inhibitors of serine proteases in N. attenuata. Preliminary results from affin-
ity chromatography purification, followed by gel filtration and MALDITOF anal-
ysis indicate that the TrypPI/ ChymPI activity from shoot extracts resides in a
mixture of high and low MW proteins, the former weighing ∼5.7 kDa (M. Horn
and M. Mareš, unpublished results). This is similar to the structure of the Pot-II
PI found in N. alata. This PI is synthesized as a 42-kDa precursor, which is pro-
teolytically processed into five 6-kDa subunits, four of which inhibit Tryp and
one Chym, and one, smaller, 5-kDa Chym-inhibiting unit (Atkinson et al., 1993;
Heath et al., 1995; Lee et al., 1999). Our observation that the TrypPI activities
were consistently 4–5 times higher than ChymPI activity in shoot extracts sup-
ports the proposition that the PIs in N. attenuata and N. alata, which belong to
closely related sections within the genus Nicotiana (Goodspeed, 1954), share a
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similar structure. The occurrence of similar types of PIs with different activities
may provide broad-range plant resistance and possibly prevent herbivores from
easily adapting their digestive enzymes and becoming resistant to plant defense
(Broadway, 1995; Jongsma and Bolter, 1997).

Contrary to what has been found in N. tabacum (Geoffroy et al., 1990; Heitz
et al., 1993), we did not find any Sub-inhibiting activity in shoots of N. attenu-
ata. SubPI activity was found exclusively in the roots and was not significantly
induced by either wounding or MeJA application. It is possible that SubPI activi-
ties increase specifically after pathogen infection (Geoffroy et al., 1990; Balandin
et al., 1995) or elicitation by salicylic acid (SA) (Heitz et al., 1993). Affinity
chromatography followed by gel filtration and SDS-PAGE revealed that the con-
stitutive root SubPI consists of a 29-kDa protein that also inhibits Tryp (M. Horn
and M. Mareš, unpublished results). It is generally thought that TrypPI/ ChymPIs
are targeted against insect or mammalian herbivores (Jongsma and Bolter, 1997),
while SubPIs are considered defenses against pathogenic microorganisms (Geof-
froy et al., 1990; Heitz et al., 1993). Given the abundance of microorganisms
in the soil, the potential danger of attack by pathogens is much larger for roots
than for shoots. This may explain our observation that N. attenuata contained
relatively high constitutive SubPI in their roots.

We also found considerable variation in PI levels in time: within one pho-
toperiod the PI level in source-sink transition leaves, growing at node 0, fluctu-
ated dramatically. This variation suggests that PIs, in addition to being antiherbi-
vore compounds, may be directly involved in the regulation of plant metabolism
(Bode and Huber, 1992; Koiwa et al., 1997; Solomon et al., 1999).

On a larger time scale, PI levels in the plant changed during ontogeny. Seeds
and very small seedlings did not contain any TrypPIs, while in rosette plants,
PI levels increased with plant size. Within bolting and flowering plants, young,
unopened flowers and rosette leaves had the highest PI levels. Apparently, these
high PI levels in the flowers decrease after pollination, because open flowers
contained lower PIs levels while seed capsules did not contain PIs at all. This
is consistent with data on PI levels in reproductive organs of N. plumbaginifolia
and N. tabacum (Pearce et al., 1993; Ausloos et al., 1995). In N. plumbaginifolia,
PI levels were high in all floral parts, but dropped dramatically after pollination
(Ausloos et al., 1995). No PI activity was found in the mature fruit or seeds
of N. tabacum (Pearce et al., 1993; Ausloos et al., 1995). The high PI levels
in the young flowers and flower parts may protect these valuable organs against
herbivores and pathogens (Atkinson et al., 1993), while it was postulated that low
PI level in mature fruits and seeds could facilitate seed dispersal by frugivores
(Ausloos et al., 1995). In any case, the lack of PIs in the unripe fruits, seeds, and
young seedlings of N. attenuata rules out a direct involvement in seed storage
processes or germination (Koiwa et al., 1997).

TrypPI levels were locally and systemically induced by wounding, herbi-
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vore feeding, and application of herbivore OS and MeJA, all of which are known
to trigger the octadecanoid signaling pathway in plants (Koiwa et al., 1997).
Alternatively, PI induction can also be enhanced (Fritig et al., 1998) or reduced
(O’Donnell et al., 1996) by SA, which is involved in the systemic induction
of pathogenesis-related proteins (Reymond and Farmer, 1998). Spray applica-
tion of a 50 mM SA solution to shoots or of 1 mM SA to the roots, however,
did not significantly change TrypPI levels in hydroponically grown N. attenuata
plants (N. M. van Dam, unpublished results). These data indicate that for Tryp-
PIs induction in N. attenuata JA may be the signal responsible for the systemic
response: [14C]JA tracer studies showed that JA applied to one fully expanded
leaf is transported systemically throughout rosette plants (Zhang and Baldwin,
1997). Endogenous JA production increases with the number of wounds a leaf
receives and results in proportional increases in whole-plant nicotine produc-
tion (Baldwin et al., 1997). Similarly, we found that plants damaged daily with
a pattern wheel had higher induced PI levels than plants subjected to a sin-
gle damage event. The JA signaling pathway is also involved in systemic plant
signaling after herbivore feeding. Application of M. sexta OS to N. attenuata
leaves elicits both a localized JA burst (McCloud and Baldwin, 1997; Kahl et
al., 2000) and a systemic signal that rapidly elicits JA amplification in leaf parts
remote from the wound site (Schittko et al., 2000). In tomato plants JA is a spe-
cific systemic elicitor of both PI-I and PI-II mRNA transcription (Farmer et al.,
1992). However, these results do not rule out that other signals, e.g., systemin-
like molecules (Constabel et al., 1998), electrical signals (Wildon et al., 1992),
ethylene (O’Donnell et al., 1996), or ABA (Peña-Cortes et al., 1988) may also
be involved in systemic PI induction in N. attenuata.

Both local and systemic responses were influenced by induction treat-
ment: TrypPI induction was stronger after MeJA treatment than after mechanical
wounding. Replicated wounding, however, resulted in significantly higher local
PI levels than a single wounding event, while additional application of M. sexta
OS enhanced the systemic response. This indicates that the plant can discrimi-
nate between wounding and larval attack and possibly uses different signal path-
ways for local and systemic induction of PIs (Lightner et al., 1993; Koiwa et
al., 1997; Reymond and Farmer, 1998). Application of M. sexta regurgitant also
induces ethylene production in N. attenuata (Kahl et al., 2000), a plant hormone
known to enhance the PI response to wounding (Heitz et al., 1993; O’Donnell
et al., 1996) but to reduce the nicotine response (McCloud and Baldwin, 1997;
Kahl et al., 2000). Such interactions between different signaling hormones may
fine-tune the plant response towards specific attackers (Reymond and Farmer,
1998).

In contrast to induced increases in nicotine levels (Baldwin et al., 1994a),
induction of TrypPI activity in N. attenuata is transient: 16 days after application
of 250 mg MeJA, TrypPI levels were not different from those in untreated plants.
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Possibly, PIs are metabolized to recycle valuable resources, e.g., N, that were
used to construct them. This may be correlated with the resource costs of de
novo production of PIs at induction, which may be even larger than the 6% of
current N uptake invested in nicotine production (Baldwin et al., 1998). Similar
to nicotine induction (Ohnmeiss and Baldwin, 2000), de novo PI induction is
limited to the early stages of plant development: flowering plants treated with
MeJA did not significantly increase local or systemic PI levels.

The within-plant pattern of systemic PI induction in N. attenuata rosette
plants strongly suggests that the signal triggering remote PI induction follows
source-sink relationships within the plant. When recently fully expanded, source
leaves were damaged by herbivores or cutting, PI levels increased in all organs
that receive photosynthetic products from these leaves, i.e., the younger leaves
and, to a lesser extent, roots. If young sink leaves were damaged, PI levels
increased only locally in this leaf and not in any other plant parts. Source-
sink related induction patterns have been described in detail for PIs in poplar
(Davis et al., 1991) and tomato (Orians et al., 2000). These results suggest that
the systemic signal is transported in the phloem together with sucrose. Interest-
ingly, damage to older leaves did not trigger such a strong systemic response in
younger leaves as damage on younger source leaves, a pattern also reported from
N. tabacum (Pearce et al., 1993). Possibly, these leaves export the majority of
their photosynthetic products and systemic induction signals to the roots, which
is consistent with the significantly larger TrypPI response in the roots when old
leaves were damaged. Alternatively, older leaves may be less sensitive to leaf
damage and produce less wound signal (Ohnmeiss and Baldwin, 2000).

PI induction is constrained by plant ontogeny, as has been described for the
induction of nicotine (Ohnmeiss and Baldwin, 2000) and volatile emissions (Hal-
itschke et al., 2000). N. attenuata is thus spatially and temporally limited in its
ability to deploy certain defenses against herbivores. This ontogenetic constraint
may be due to metabolic limitations: flowering plants preferentially allocate their
resources to seed production and therefore may be physiologically prevented
from allocating resources to functions that are not directly involved in fitness
output, e.g., induced defense production. This may be an optimal strategy if leaf
loss, e.g., to herbivores, in the flowering stage does not reduce lifetime seed
output (Ohnmeiss and Baldwin, 2000). It remains a challenge to ecophysiolo-
gists to resolve the physiological and ecological significance of such ontogenetic
constraints.
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Abstract—Ectal mandibular glands of insects are exocrine glands localized
in the anterior–lateral region of the head, close to the base of the mandibles.
In social wasps, the gland is composed of secretory cells and a reservoir
into which the secretion accumulates. At the time of emission the secretion
flows onto a specialized cuticular area on the outside of the base of the
mandibles. Secretion of Polistes dominulus is emitted only when wasps are
greatly disturbed or in the presence of predators, and its function seems to be
mainly defensive. Morphometric studies did not reveal any size differences
between the glands of the queens and those of the workers. GC-MS analyses of
the glands identified 32 compounds, mainly acids and aldehydes in the range
C2–C18. The overall odor, caused by the mixture of aldehydes, is distinct.
Workers do not respond strongly to the odor. The secretion probably serves
as a warning signal to vertebrate predators.

Key Words—Ectal mandibular glands, colony defense, Polistes dominulus,
social wasps, acids, aldehydes.

*To whom correspondence should be addressed. turillazzi@DBAG.UNIFI.IT
4 Current address: Department of Ecology and Evolutionary Biology, 6100 Main Street, Houston,
Texas 77005-1892, USA. E-mail: Fortang@ruf.rice.edu



FORTUNATO ET AL.570

INTRODUCTION

Exocrine glands are found widely among social insects where they have various
functions. Twenty-one different glands have been described in social bees, 39 in
ants, 11 in termites, and 23 in social wasps (Billen and Morgan, 1998; Down-
ing, 1991; Fortunato et al., 1998, 2000a; Jeanne, 1996; Landolt and Akre, 1979;
Nedel, 1960). Some of these glands are common to all social Hymenoptera,
even though their functions may vary across species, castes, or ages. Exocrine
glands can produce a great variety of organic compounds, from low-molecular-
weight substances to proteins. These glandular substances can be utilized as nest
materials, in immature brood rearing, in the defense against predators or micro-
organisms, and, quite frequently, in chemical communication (pheromones and
allomones). Despite this wide range of products, exocrine glands belong to only
three structural types, described by Noirot and Quennedey (1974). Secretory cells
possess a great functional plasticity and can produce very different secretions
with slight variations in their morphology and ultrastructural organization.

Ectal mandibular glands are cephalic glands located in the anterior-lateral
region of the head and are the only head glands in wasps that possess a reservoir
(Landolt and Akre, 1979; Downing, 1991). This reservoir constitutes the largest
part of the gland and is surrounded (although not completely) by secretory cells
of type 3. The secretion produced is stored in the reservoir, and a sclerotized
glandular duct connects the reservoir with the outside, opening directly at the
base of the internal mandibular surface (Fortunato et al., 2000b). The location
of the exit hole is consistent with the function that the secretion has in most
species of aculeate social Hymenoptera. In honeybees, these glands are partic-
ularly developed in queens, where they produce sexual pheromones during the
nuptial flight and, later, secrete a complex mixture of compounds that has a func-
tion in colony control. In worker bees, these glands are less well developed and
the function of their secretion varies with the age of the individual (Free, 1987).
In males the glands are quite reduced (Lensky et al., 1985) and their function is
unknown.

In stingless bees (Meliponini), mandibular glands produce trail-following
pheromones (Lindauer and Kerr, 1960), and in Trigona (Oxytrigona) a caus-
tic secretion is released by biting (Michener, 1974). In ants, the secretions of
these glands are often used as alarm or defensive pheromones (Buschinger and
Maschwitz, 1984). In bumble-bees, they are the source of the secretion that males
lay on various substrata during patrolling flights and serve to attract females to
mating sites (Bergman and Bergström, 1997; Roubik, 1989).

Little information exists on the function of these glands in social wasps
(Landolt and Akre, 1979). Downing and Jeanne (1983) suggested that the func-
tion in Polistes fuscatus was related to dominance hierarchy. A role in repro-
ductive behavior is hypothesized for males of P. major (Wenzel, 1987) and of
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some Stenogastrinae (Fortunato, personal observations). Polistes dominulus is a
species widely distributed in southern Europe, North Africa, the Middle East, and
part of Asia. Since 1980 it has also begun to colonize the United States (Cervo
et al., 2000). It is characterized by an annual colony cycle (Turillazzi, 1980)
with nests founded by one or more mated females in early spring (Pardi, 1942).
The first individuals to emerge from these new nests are workers; reproductives
begin to appear in late July and August. We report here morphological measure-
ments of the ectal mandibular glands and chemical analysis of the secretion of
Polistes dominulus, together with behavioral data demonstrating the function of
the glands.

METHODS AND MATERIALS

Morphometric and Histological Measurements. For this study we used
individuals from laboratory and field colonies from 1995 to 1998. Morphological
measurements were made on intact glands dissected from wasps collected in the
field. Profiles of glands were drawn with a camera lucida under a stereoscopic
light microscope at 50× magnification, and glandular surfaces were measured
with a computer by using the Java software program. Measurements were nor-
malized by dividing by the head surface of the same animal. Measurements were
recorded in pixels, since the size relative to the head, not the absolute metric
measure, was required. Cells were counted after fixing glands in Pampl’s solu-
tion, rehydrating for 10 min, and coloring for 10 min in Emallume followed by
a toning in fresh water for 15 min. This dye stains nuclei brown-red and cyto-
plasm pink. Finally, glands were dipped in Vaseline and cells were separated
with micro-needles on a slide, covered with a cover glass, and counted under a
light microscope at 400× magnification.

Chemical Analyses. Chemical analyses were made at the CISM laboratory
of the University of Florence and at the Chemical Ecology Group at Keele. At
Florence mandibular glands were dissected in distilled water and their reser-
voirs squeezed to expel their contents. The secretion was particularly evident as
it floated on water and could be collected by means of a micro-syringe and then
directly injected into the gas chromatograph. GC-MS analyses were performed
on a Saturn 2000 instrument (Varian, Walnut Creek, California), equipped with
a fused silica capillary column (30 m × 0.25 mm coated with a 0.25-mm-thick
film of 5% phenyl–95% dimethylsiloxane), with helium carrier gas at constant
head pressure (6.7 psi). The oven temperature was initially 408C for 4 min, then
increased to 1008C at a rate of 208C/ min, then at 58C/ min to 3008C and main-
tained there for 4 min. The injector and transfer line temperatures were 2508C
and 2808C, respectively. Injections were in splitless mode, with the ion trap mass
spectrometer in EI mode, acquiring the mass range from m/ z 40 to m/ z 400, or
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in positive CI mode, using acetonitrile as the reactant gas, acquiring the mass
range from m/ z 70 to m/ z 400. Compound identification was by comparison
with standard mass spectral data bases, and molecular masses obtained from the
CI spectra.

For the analyses at Keele, glands were dissected in Italy and directly
inserted in glass capillaries that were then scaled in a flame according to the
method of Morgan (1990) and sent to England by mail. At Keele samples were
analyzed on a Hewlett-Packard 5890 gas chromatograph directly coupled to a
5970B quadrupole mass spectrometer by using 70 eV electron impact ionization,
with control by a HP 5972/ 5971 Chemstation. Individual glands were chro-
matographed on a 15-m × 0.32-mm-ID column (bonded polyethylene glycol
stationary phase, 0.25-mm thickness, Stabilwax, Restek) with quartz glass injec-
tion liners (produced in the lab at Keele) with a plug of Restek silanized glass
wool. Samples were injected in splitless mode (injection temperature 2508C) by
crushing the capillary tubes immediately inside the injector port after insertion,
as described by Maile et al. (1998), with helium as the carrier gas at a flow of 1
ml/ min, and an oven temperature programmed to increase from 408C (3 min) at
118C/ min to a maximum of 2008C. The split valve was closed before crushing
the sample and reopened 45 sec later. Mass spectra were scanned from m/ z 35
to m/ z 550 with a scanning time of about 2.4 sec.

Compounds were identified by comparing their mass spectra with standard
mass spectral data bases. The identity of the simple acids was confirmed by
coinjection of synthetic standards (Sigma-Aldrich Co. Ltd., Gillingham, UK). As
the chromatograms were characterized by many coeluting compounds, single ion
monitoring at m/ z 60 was used to recognize all the acids. Because the detector
response for this wide range of compounds varies greatly, for quantification,
calibration curves of six different concentrations of solutions of all the even-
numbered acids from acetic to stearic acid were constructed. These calibration
curves were used for quantification for compounds of appropriate chain lengths
by comparison of peak areas.

Behavioral Observations. Colonies in various stages of development were
used for behavioral observation both in the lab and in the field. The characteristic
aromatic odor of the ectal mandibular gland secretion is easily detectable, and
this made it possible for us to know when it was emitted. We relied on this
property to study the factors involved in its emission with the evident limitations
of such a type of test. Field nests were studied at sites in the countryside around
Florence. Laboratory colonies were reared in glass cages (15 × 15 × 15 cm) with
a ceiling of glass and steel mesh and supplied with water and food ab libitum.

To evaluate the possible alarm function of the secretion, the glands were
dissected from individuals belonging to the same or to alien colonies under a
stereoscopic light microscope and were presented to the colonies by using for-
ceps. In a second experiment, (one to four) dissected glands were crushed on
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25-mm2 pieces of blotting paper and brought close to the colonies. As a control,
clean blotting paper squares (or with other crushed body glands) were presented
before and after the experiment. Video recordings were made in daylight with
a Sony Handicam 8 mm with a macro lens, while night video recording was
possible with an infrared micro-video camera and a portable lamp with IR filter.

RESULTS

Morphometric Analysis. Mandibular gland size relative to body size as
measured by head area is given in Table 1. There was no significant dif-
ference between foundresses and workers or between dominant and surbor-
dinate foundresses taken from six different postemergence colonies. The size
of glands dissected from preemergence foundresses, from workers collected in
July–August, and from males collected on nests in September was statistically
different only for workers versus males. This last difference could probably be
due to the young age of the males. The number of type three secretory cells in
foundresses was, on average (±SD) 98.38, ±11.187 (N c 21, range 80–121).

Chemical Analysis of Secretion. The secretion was complex and variable
from one individual to another, but in each was dominated by a series of aliphatic
acids from C2 to C18 (Figure 1), with relatively more of the even-numbered car-
bon atoms (Table 2). None of the acids were identified as being responsible for
the characteristic odor of the freshly discharged secretion. Except for acetic and
butyric acids, they have little or no odor. Small amounts of C7–C12 aldehydes
and some alcohols related to these acids were also present. Where identifiable,

TABLE 1. GLAND SIZE, RELATIVE TO HEAD SIZE, MEASURED AS COMPUTER PIXELS,
COLLECTED FOR GROUPS OF Polistes dominulusa

Gland size
Group N (pixels ± SD) Significance

Foundresses*b 12 121.381 ± 26.873
Workers*b 12 116.425 ± 32.114 Student’s t, NS
Dominant foundresses*,b 6 112.852 ± 19.003
Subordinate foundresses*,b 6 129.910 ± 32.451 Student’s t, NS
Pre-emergent foundresses† 14 1502 ± 91.726 Statistically different only for

males vs. workers, ANOVA,
Workers collected July-August† 23 1544 ± 65.564 F c 3.625, df c 2 and 50,
Males on nests, September† 16 1476 ± 88.745 P c 0.0339,

Fisher’s test, P c 0.0113

a Data marked with † were measured under different computer conditions from those marked with
*. Data collected by the two different methods cannot be compared.

b Wasps were taken from six different postemergent colonies.
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TABLE 2. MAJOR CHEMICAL COMPOUNDS DETECTED IN MANDIBULAR GLAND SECRETION
OF WORKERS AND FOUNDRESSES OF Polistes dominulus COLONIES AND THOSE DETECTED

AS TRACES (t)a

Mean secretion % of
Compound Peak [ng, (min–max)] total

Acetic acid 1 11.1 5.1
(1.7–30.4)

Butanoic acid 2 4.8 1.4
(0–23.5)

Isovaleric acid 3 16.7 5.0
(0–69.9)

Hexanoic acid 4 15.2 2.5
(1.3–53.1)

Heptanal t
Heptanoic acid 5 18.4 3.4

(0.9–46.9)
Octanal t
Octanoic acid 6 64.3 12.7

(3.0–156.9)
Nonanal t
2-Nonenal t
4-Nonenal t
Nonanoic acid 7 46.8 9.6

(6.8–95.4)
2-Decen-1-ol t
Decanal t
2-Decenal t
4-Decenal t
Decanoic acid 8 24.4 3.9

(2.5–63.3)
(x)-Decenoic acid 9 5.7 0.9

(0–20.3)
( y)-Decenoic acid 10 14.2 3.1

(2.0–36.8)
Undecanal t
4-Undecenal t
Dodecanal t
(x)-Dodecenal t
Geranylacetone t
Geranylisopropanol t
Dodecanoic acid 11 26.6 4.3

(1.1–64.4)
Tetradecanoic acid 12 101.5 9.9

(1.8–311.3)
Pentadecanoic acid 13 61.9 5.3

(0–182.6)
Hexadecenal t
Hexadecanoic acid 14 335.6 25.9

(3.3–881.2)
Hexadecenoic acid 15 93.8 1.4

(0–296.2)
Heptadecanoic acid 16 12.4 0.8

(0–34.5)
Octadecanoic acid 17 329.2 3.4

(0–704.0)
Octadecenoic acid 18 416.3 1.4

(0–925.3)
Total 1599.3 100

a The amount of each compound detected in a whole gland (ng) and the relative proportion of each
compound (%) are given. Peak numbers refer to Figure 1.
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FIG. 1. Total ion chromatogram of the mandibular glands of a single worker of Polistes
dominulus. The numbers correspond to those in Table 2.

these aldehydes are listed as traces in Table 1. The amounts of each component
were in the low nanogram amounts, which made identification from the spectra
difficult.

Behavior. Wasps release the secretion in a detectable quantity when iso-
lated insects or colonies are greatly disturbed or attacked by a predator. Emission
was perceived in 70 of 70 isolated females when they were trapped by their legs
with forceps and in 50 of 50 colonies disturbed by the sudden approach of a hand
or face to their cages. Individuals of any rank, caste, or sex can emit secretion
at any moment of the colonial or life cycle (including hibernating females) both
during the day or night. Emission occurs both from animals taken from nests or
captured during foraging or mating flights.

Various factors can cause the emission of the secretion: capture, mechanical
vibrations transmitted to the nest through the substrate, emission of CO2 at the nest,
presentation of possible predators to the colony (Vespa crabro), etc. Observations
and video sequences showed that the approach of a predator to the nest first alerts
the wasps, with raising of the wings and of the body. Rapid movements on the nests
accompanied by mandible opening and wing beating follow, the latter producing
an audible buzzing and circulation of air. The diffusion of the characteristic odor
of the secretion, easily appreciated at this stage, is helped by the air disturbance
by the wing beating. When the stimulus is particularly intense (this occurs espe-
cially after a flow of CO2 over the nest) and at night, passage between all the vari-
ous phases can be quite short. In the dark, wasps do not abandon the nest to attack,
and this causes a cumulative higher release of secretion in the nest surroundings.
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Wasps trapped by forceps and observed under a microscope are seen to open their
mandibles to a maximum (more than 908), uncover the basal internal surface (usu-
ally covered by the sides of the clypeus) and expose the specialized cuticular area
with the glands opening (Fortunato et al., 2000b). In some cases, the emission of
a little drop of secretion can be distinctly seen. Wasps can remain in this position
for a few seconds to 1 min and can repeat the emission a number of times, even if
the smell is less and less detectable.

After emission and when the colony is calm again, wasps begin intense and
prolonged self-grooming.

Experiments on Possible Alarm Function of Secretion. In preliminary
experiments, single mandibular glands were brought close to a colony on the
tip of dissecting forceps. In no case was any particular alarm reaction observed
from the wasps, and some of them only inspected and antennated the glands.
In a second experiment, crushed glands on blotting paper were presented close
to the colonies. The experiment was repeated on eight different colonies and
in no case (0 of 8 trials) was any reaction observed different from the control.
The same response occurred if mandibular glands were presented when crushed
together with other glands (such as venom and salivary glands) (0 of 6 trials).

DISCUSSION

Morphometric analysis shows that there are no differences between domi-
nant and subordinate females and between foundresses and workers of P. domin-
ulus in the size of ectal mandibular glands. This is consistent with findings in
P. fuscatus by Downing and Jeanne (1983), who measured the total size of the
gland. However, this does not seem to be a good indicator of the actual func-
tional activity of the glandular cells, as it is mainly determined by the size of
the reservoir. On the other hand, it is known that glandular cells are particularly
active in preemergence foundresses with respect to other phases of the seasonal
cycle (Fortunato et al., 2000b). The preemergence phase is critical for Polistes,
as nests are under heavy predation pressure (Yamane, 1996).

Chemical analysis of the secretion has identified a range of acids (Table 2),
which are irritant and inclined to spread on insect cuticle. Many compounds that
we identified have already been described as defensive secretions of other insects
(Blum, 1981; Whitman et al., 1990). The characteristic odor of the fresh secre-
tion is probably due to the mixture of aldehydes present but cannot be ascribed
to any particular one. An interesting comparison can be made with the Nasonov
secretion of Apis mellifera, which is produced in the glandular cells as a mixture
of geraniol and nerol, which are oxidized enzymically to the corresponding alde-
hydes, and the aldehydes, on emission, are partly oxidized in the air to geranic
and nerolic acids. The pheromone blend as detected is a mixture of alcohols,
aldehydes, and acids (Pickett et al., 1981).
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Wasps emit mandibular gland secretion only when a colony or a single ani-
mal is heavily disturbed; emission occurs at the end of a behavioral sequence that
is typical of various social wasps (Starr, 1990). It can occur in any part of the day
or of the colonial cycle. Rau reported a colony of Polistes variatus that, when
disturbed, emitted a strong and sweetish odor easily detectable by the observer
(Rau, 1939, page 37). There were no differences detectable between foundresses
and workers in nest defense; while males seem to release the secretion only
when captured. As our experiments indicate, the secretion does not possess an
alarm function but, according to behavioral observations and to the characteris-
tics of some of its compounds, it could be used as a defensive weapon. However,
although this effect is still to be clarified, some hypotheses can be proposed. If
the secretion is applied to an enemy body (other predatory insects) during a bite,
it can act as an irritant; if it is vaporized in the air, it could act as an odorous
warning mainly against vertebrate, macrosmatic, predators. The sting is efficient
against predators only when it is used in contact with an aggressor. Wasps can
prevent predators from approaching their colonies by attacking them in flight,
but at night Polistes do not fly. A nocturnal predator such as a rat could get close
enough to a nest to take advantage of the immature brood and to cause some
damage to a nest before being repelled by the occupants. If stung by the wasps,
the predators could connect the pain with the strong odor emitted by the insects
during the defensive reaction and manage to avoid future possible unpleasant
encounters. Thus, the odor (together with buzzing) would function in the dark
the same way as the color and alarm movements act in the light. Experimental
bioassays are necessary to confirm these hypotheses.
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Abstract—Ant–plant mutualisms may provide indirect evidence for costs of
antiherbivore defenses when plants demonstrate trade-offs between allocating
resources and energy into ant attractants versus chemical defenses. We tested
the hypothesis that ecological trade-offs in defenses are present in Piper
cenocladum. This plant possesses two distinct defenses: food bodies that
attract predatory ants that destory herbivore eggs and amides that deter
herbivores. Previous studies have demonstrated that the food bodies in P.
cenocladum are an effective defense because the ants deter herbivory by
specialist herbivores. Amides in other Piper species have been shown to have
toxic qualities, but we tested the additional hypothesis that these amides have
an actual defensive function in P. cenocladum. To test for ecological trade-offs
between the two putative defenses, fragments of P. cenocladum were examined
for the presence of amides both when the plant was producing food bodies and
when it was not producing food bodies. Plants with active ant colonies had
redundant defenses, producing food bodies and high levels of amides at the
same time, but we detected a trade-off in that they had significantly lower
levels of amides than did plants with no ants. To test for the defensive value
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of P. cenocladum amides, we used an ant bioassay and we examined herbivory
results from previous experiments with plants that had variable levels of
amides. These tests demonstrated that amides are deterrent to omnivorous ants,
leaf cutting ants, and orthopterans. In contrast, the resident Pheidole bicornis
ants are effective at deterring herbivory by specialist herbivores that oviposit
eggs on the plant but not at deterring herbivory by nonresident omnivores.
We concluded that although both amides and food body production appear to
be costly, redundancy in defenses is necessary to avoid damage by a complex
suit of herbivores.

Key Words—Piper cenocladum, ant plants, chemical defense, trade-offs,
amides, herbivory, predation, Costa Rica, mutualism.

INTRODUCTION

Defenses against herbivores are assumed to be costly in terms of fitness-enhanc-
ing functions (Cates and Orians, 1975; Levin, 1976; Fox, 1981; Gould, 1983,
1988; Gershenzon, 1994; Sagers and Coley, 1995; Elle et al., 1999), but these
costs are presumably outweighed by the benefits associated with lower levels of
herbivory (Zangerl and Bazzaz, 1992; Simms, 1992). As a result of these costs,
ecological and evolutionary defensive trade-offs are expected when resources
are limited (Rehr et al., 1973; Simms, 1992). For example, a plant that invests
heavily in trichomes as a defense should have low levels of chemical defenses
compared to a similar species that has a low density of foliar trichomes or com-
pared to an individual of the same species that has decreased its investment in tri-
chome production. Such trade-offs can be difficult to detect (Simms, 1992), and
some authors have even found that allocation of resources to multiple defenses is
common in plants that need to defend against many different types of herbivores
(e.g., Lindroth and Hwang, 1996).

While the presence of trade-offs is consistent with the hypothesis that
defenses are costly, allocation of resources to multiple defenses, or redundancy in
defenses (Romeo et al., 1996), does not imply absence of cost nor does it exclude
the possibility of ecological trade-offs. Limited resources can still cause reduc-
tion of one redundant defense in response to an increase in another. Nevertheless,
studies uncovering redundant defenses in ant–plant mutualisms have been used
to argue that trade-offs between antiherbivore defenses do not occur and that the
defenses are not costly because plants are able to allocate resources and energy
into chemical defenses as well as ant attractants (biotic defenses). Steward and
Keeler (1988) found that the mean number of different indole alkaloid com-
pounds was not lower in species of Ipomoea that produce extrafloral nectaries
compared to nonnectary plants; these results have been used as weak evidence
that neither alkaloids nor nectaries are costly (Simms, 1992). Letourneau and
Barbosa (1999) found that a mechanical defense (trichomes) in Endospermum
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was induced both in the presence and absence of a biotic defense (ant defend-
ers); this result implies that the mechanical defense is costly because it is induced
(Baldwin, 1998), but that there is no trade-off between the mechanical and biotic
defense. Janzen (1973) found that individuals of five Cecropia species found in
areas without mutualistic Azteca ants did not produce mullerian bodies for these
ants; he concluded that this biotic defense was metabolically expensive, but he
did not examine the system for trade-offs with production of chemical defenses.

Only one study with ant–plant mutualisms has indicated that a trade-off
may exist between biotic and chemical defenses, suggesting that both types of
defenses are costly. Rehr et al. (1973) found that Acacia species without mutu-
alistic Pseudomyrmex ants had leaves with cyanogenic glycosides, whereas a
species with resident ants did not have cyanogenic glycosides. Furthermore, diets
made from the nonant species adversely affected the feeding efficiency of Pro-
denia eridania (Noctuidae) larvae. These results have been used as evidence to
support the hypothesis that there are costs associated with biotic defenses as well
as chemical defenses (Simms, 1992). However, HCN did not affect the larvae in
this study (Rehr et al., 1973), thus their conclusions rely on the assumption that
the nonant Acacias contained an unidentified defensive compound that affects
herbivores; it is equally plausible that nutritional factors other than plant defenses
affected larval feeding efficiency.

We tested the general hypothesis of trade-offs in energy and resource allo-
cation to competing defenses using an ant plant that facultatively produces food
bodies in the presence of a specific ant species and that varies in levels of defen-
sive secondary compounds. Piper cenocladum (Piperaceae) is an understory
shrub that produces lipid- and amino acid-rich food bodies for a resident ant,
Pheidole bicornis (Formicidae: Myrmicinae), which protects the plants from spe-
cialist herbivores (Letourneau, 1983). Plants in the Piperaceae commonly have
high levels of secondary compounds that have antifeedant activities (reviewed by
Parmar et al., 1997), and P. cenocladum has high levels of three amides that may
be deterrent to herbivores (Dodson et al., 2000; Dyer and Letourneau, 1999a).
We conducted a study to test the hypothesis that production of food bodies and
secondary compounds is metabolically expensive so that high investment in one
defense will lead to absence or lower levels of the other defense. Regardless of
the presence of trade-offs, the fact remains that this plant species has redundancy
in its antiherbivore defenses; thus we also tested the hypothesis that the multiple
defenses are necessary because amides in P. cenocladum deter those consumers
that are not deterred by ants: generalist herbivores and omnivores.

METHODS AND MATERIALS

Study System. Piper cenocladum is an understory shrub (usually less than 4
m tall) common in lowland wet forests in Costa Rica (Burger, 1971). The species
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reproduces both vegetatively through layering (fallen shrubs root adventitiously)
or fragmentation (petioles and twigs break off and root) and through seed (Gart-
ner, 1989; Greig, 1993). The plant is commonly found as a shrub as well as a
fragment (Gartner, 1989), and the biology of the two architectures can be very
different (Dyer and Letourneau, 1999b). The leaves are large (most leaves fall
within the range of 86–430 cm2 when fully expanded) and long-lived (approxi-
mately 2 years), and opalescent food bodies are produced on the adaxial surface
of sheathing leaf bases (petiolar cavities) when occupied by Pheidole bicornis
ants.

The herbivores most commonly found feeding on Piper ant plants at
our study site are specialist lepidopterans and coleopterans. Feeding damage
from generalist herbivores, including leafcutter ants (Hymenoptera: Formici-
dae: Atta cephalotes) and orthopterans (Orthoptera: Tetigoniidae, Acrididae:
Microtylopteryx hebardi, and Eumasticidae: Homeomastax robertsi) is occasion-
ally found. The main herbivores that eat leaf tissue are geometrid moth larvae
(Lepidoptera: Geometridae: Cambogia sp. and Eois sp.), skippers (Lepidoptera:
Hesperiidae: Quadrus cerealis), saddleback caterpillars (Lepidoptera: Limacodi-
dae), weevils (Coleoptera: Curculionidae: Ambates spp.), and at least 10 species
of flea beetles (Coleoptera: Chrysomelidae: Physimera spp.) (Marquis, 1991;
Dyer, Letourneau, and G. Gentry unpublished data).

Pheidole bicornis is a small, dimorphic species that occupies Piper ceno-
cladum, harvests the food bodies produced by the plant, and removes insect eggs,
some vines, and small phylloplane particles from the leaves (Risch et al., 1977;
Letourneau, 1983, 1998). Production of food bodies by the plant is induced by
an unknown compound produced by the ants (Dodson et al., unpublished data),
and the food bodies are produced continually as a source of nutrition for the
ants, in contrast to the occasional herbivores ants collect from the plant surface
(Letourneau, unpublished data). Other species of Pheidole and other ants are
occasionally found in the petiolar cavities of P. cenocladum, but they do not
induce food body production by the plant.

The phytochemistry of the family Piperaceae and the genus Piper is well
documented. Members of the genus Piper are known to produce alkaloids, aro-
matic hydrocarbons, oxygenated cyclohexanes, terpenes, chalcones, flavones,
phenyl propenes, lignans, neolignans, and amides of a characteristic type some-
times referred to as Piper amides (reviewed by Parmar et al., 1997). These
amides contain a phenyl moiety with a variable length carbon side chain (typi-
cally with at least one unsaturation) ending in a carbonyl carbon. The nitrogen-
containing portion of the amide is derived from piperidine, pyrrole, or an isobutyl
group and may contain an unsaturation and/ or a carbonyl group. Piper ceno-
cladum contains several amides at high concentrations (up to 0.58% dry weight):
piplartine, 4′-desmethyl piplartine, and cenocladamide (Dodson et al., 2000). To
our knowledge, none of the other Piper ant plants (P. sagittifolium C.DC., P.



TRADE-OFFS IN Piper DEFENSES 585

obliquum Ruiz & Pavon, and P. fimbriulatum C.DC.) have been investigated for
secondary compounds. A closely related species without ant mutualists, Piper
imperiale, also contains high levels of amides (C. Dodson and J. Searcy, unpub-
lished data). Many Piper amides that have been investigated for biological activ-
ity have been demonstrated to be insecticidal (Gbewonyo et al., 1993; Su and
Horvat, 1981; Miyakado et al., 1989) or deterrent to leaf-cutting ants (Capron
and Wiemer, 1996). One of the amides in P. cenocladum, piplartine, is known
to be cytotoxic in vitro (Duh et al., 1990).

Study Site. Plant and insect collection areas were located at the La Selva
Biological Station, Heredia Province, Costa Rica, located at 10825′N, 84805′W
at ca. 100 m elevation on the Caribbean slope (Hartshorn and Hammel, 1994).
The natural history of this lowland wet forest is described in great detail in
McDade et al. (1994). We used plant fragments from previous experiments that
had been established on a hectare of primary forest at about 1400 m on the
Sendero Jaguar trail at La Selva. The soil at this site is the poorest of soil types
where P. cenocladum grows at La Selva (Sollins et al., 1994), and the understory
vegetation is similar to other primary and secondary forest areas where shrubs
and fragments are found.

Quantification of Amides. We examined amides in experimental fragments.
Plant samples were prepared as described in Dodson et al. (2000) and included 1-
g replicate samples from individual plant fragments from La Selva. We harvested
leaves from a two-year experimental study where fragments had been estab-
lished in the forest (see Dyer and Letourneau, 1999a, for complete methods).
The leaves were harvested from five samples of P. cenocladum fragments with
ants (each sample included a homogenate of plants, with a mean of 4.4 plants per
sample) and five samples of P. cenocladum fragments from that ants had been
excluded (a mean of 3.8 plants per sample). We chose most recently expanded
leaves that were similar in size and that had low levels of herbivory (<10%) and
low epiphyll loads. Ant exclusion was accomplished by applying to the peti-
oles one to two drops of dilute Diazinon insecticide (0.85 mg wettable powder
per liter of distilled water) every two to three months for 1.8 years (see Dyer
and Letourneau, 1999a for methods). Experiments examining the effects of these
dilute insecticide applications indicated no measurable effects of the insecticides
on plant biomass, herbivory, epiphyll cover, and other variables (Letourneau and
Dyer, 1998; Letourneau, Dyer, and G. Vega, unpublished observations). When
the plant fragments were harvested, mean number of ants per plant per sample
was 4 ± 3 SE for the ant exclusion plants and 129 ± 56 SE for the unmanipulated
ant plants. None of these 10 samples were manipulated in any other way (i.e.,
no fertilizer was added to the soil, light was not manipulated).

Leaves were dried at room temperature, ground, and extracted with 95%
ethanol; the amides being isolated, as well as most putative Piper plant defenses,
are stable at room temperature (Dodson et al., 2000; Parmar et al., 1997). The
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crude extract residue was resuspended in 3 : 1 water–ethanol, which was then
exhaustively extracted with chloroform and quantitatively analyzed by GC-MS
using commercially available piperine as an internal standard at the 80 mg/ ml
level. Five point calibrations (50, 100, 200, 300, and 500 mg/ ml) were prepared
using synthetic piplartine (r2

c 1.000) and synthetic 4′-desmethylpiplartine (r2

c 0.999). Cenocladamide is unstable in solution, so its structural isomer, 4′-
desmethylpiplartine was used as a standard, thus all concentrations we report
for cenocladamide are estimates (Dodson et al., 2000).

We used multivariate analysis of variance (MANOVA) to examine the
effects of ant exclusion on the concentrations of the three amides. We used pro-
file analysis (sensu Tabachnick and Fidell, 1996) to detect any differences in
responses of the three amides to the ant exclusion. The Wilks lambda statistic
was used for all hypothesis tests.

Assays for Other Compounds. To examine the possibility of trade-offs
between ant defense and other chemical defenses, we assayed for other common
defensive compounds. TLC and GC-MS of all crude residues and 1H NMR of
the other fractions obtained in previously described chromatography (Dodson et
al., 2000) were conducted to detect phenyl propanoids, aromatic hydrocarbons,
oxygenated cyclohexanes, lignans, and neolignans in bulk samples of naturally
occurring shrubs with and without ants. A separate sample of crude extract was
screened for alkaloids (differential pH partitioning and TLC with iodoplatinic
acid visualization).

Deterrence of Amides to Omnivores and Generalist Herbivores. Leaves
from bulk shrub samples with high (1.36% dry weight) versus low (0.41% dry
weight) levels of total amides were tested for palatability to insects using a bioas-
say with the giant tropical ant, Paraponera clavata (Formicidae: Ponerinae). The
two distinct levels of amides were obtained by using naturally occurring shrubs
without ants (high amides) and shrubs with ants (low amides). The Parapon-
era bioassay has successfully identified deterrent compounds in caterpillars and
herbivore toxins in plants such as nicotine and solapalmatine in normal plant
concentrations (Dyer, 1995, 1997; Dodson, Dyer, and G. Gentry, unpublished
data). The bioassay only uncovers very deterrent compounds because the ants
are less selective than other arthropods with respect to diet (Dyer, 1997), and
extracts that deterred the ants were even more deterrent to wasps and bugs (Dyer,
1997). Complete methods for the bioassay are in Dyer (1995). Briefly, 15 g dry
weight of each plant treatment (ants versus no ants) was extracted in 250 ml
methanol. A 6.7% solution of this extract in 20% (by weight) sugar water and
a control (6.7% methanol in 20% sugar water) were offered simultaneously to
ants in 2.4-ml microcentrifuge tubes. Tubes were weighed before and after being
exposed to foraging ants for 1 hr. A total of 150 extracts (each offered with a
control tube) per plant treatment were offered to 15 colonies found between 2000
and 3200 m along the Sendero Tres Rios trail at La Selva. Adjusted consump-
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tion differences (sensu Dyer, 1995) were calculated for each offering. This value
compares consumption of extract versus control vials, adjusting for total con-
sumption; for unpalatable extracts, a higher positive adjusted consumption dif-
ference indicates greater unpalatability. Mean adjusted consumption differences
for the two plant treatments (high versus low amides) were compared using a
t test (N c 15 colonies).

We conducted new analyses on folivory data from concurrent experiments
(Dyer and Letourneau, 1999a,b) to test the hypothesis that P. cenocladum amides
are deterrent to generalist herbivores. In one experiment (Dyer and Letourneau,
1999a,b) all leaves from 47 experimental plant fragments with ants and all leaves
from 44 fragments from which ants had been removed were examined for dam-
age from various orthopterans. This is the same experiment from which leaves
were harvested from fragments for the chemical analysis. In a second experi-
ment (Dyer and Letourneau, 1999b), all leaves from 40 shrubs with ants and
all leaves from 37 shrubs from which ants had been excluded were examined
for damage from Atta cephalotes and various orthopterans. We used chi-square
statistics to test hypotheses of association between presence of ants and presence
of herbivore damage.

RESULTS

Assays with the shrub samples for potential defenses other than amides
were negative. TLC and GC-MS of all crude residues and 1H NMR of the
other fractions obtained in the previously described chromatography (Dodson
et al.) indicates the absence of phenyl propanoids, aromatic hydrocarbons, oxy-
genated cyclohexanes, lignans, and neolignans. The screen for alkaloids was also
negative.

Plant fragments from which ants were excluded had significantly higher
concentrations of total amides (Table 1, F1,8 c 8.3, P c 0.02), and the profile
analysis revealed that the magnitude of this increase did not differ between the
three amides (P > 0.05 for all comparisons). For plant fragments maintained
with insecticide applications to remove ant colonies, overall amide concentra-
tions were 0.2 times greater than in plants with ants, which is a smaller differ-
ence than that reported for naturally occurring shrubs (3.3 times greater levels
of amides in shrubs without ants) (Dodson et al., 2000). The overall levels of
amides in fragments appear to be higher than those reported for naturally occur-
ring shrubs (Dodson et al., 2000), but other differences between the fragments
and shrubs were not controlled (i.e., many of the shrubs came from a different
site).

The bioassays demonstrated that leaves from shrubs without ants were sig-
nificantly more unpalatable than leaves from shrubs with ants. The mean adjusted
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TABLE 1. CONCENTRATIONS OF Piper AMIDES IN P. cenocladum EXPERIMENTAL

FRAGMENTS WITH AND WITHOUT Pheidole bicornis ANTSa

Concentration (% dry mass)

Compound Ants present Ants excluded

Piplartine 0.37 0.38
4′-desmethylpiplartine 0.39 0.43
Cenocladamide 0.64 0.93
Total amides 1.40 1.74

a Exclusion of ants was accomplished by applying dilute insecticide (Dyer and Letourneau, 1999a).

consumption difference was 0.055 for ant leaves and 0.266 for nonant leaves
(t28 c 2.8, P c 0.008). Both of these values are relatively high, and the value
for nonant leaves is not significantly different from plants with high levels of
toxic compounds such as nicotine from cigarette tobacco (Dodson, Dyer, and G.
Gentry, unpublished data).

Orthopteran damage was found on 18 of 91 P. cenocladum plants in the
fragments experiment, and 78% (14) of these were plants with ants (x2

1 c 6.1,
P c 0.01). In the shrub experiment, orthopteran damage was found on 43 of 77
plants, and 27 (63%) of these were plants with ants (x2

1 c 4.6, P c 0.03). Damage
from the leaf cutting ant, A. cephalotes, is generally rare on P. cenocladum, but
for the shrub experiment, 5 of 77 plants had ant damage, and all of these were
plants with ants (x2

1 c 4.9, P c 0.03).

DISCUSSION

A trade-off was evident between biotic and chemical defenses in experimen-
tal fragments of P. cenocladum. Overall levels of amides were higher when ants
were either absent or at very low numbers in P. cenocladum. These experimental
data corroborate correlational data that also demonstrated a defensive trade-off:
naturally occurring shrubs without ants had 3.3 times higher concentrations of
total amides than shrubs with ants (Dodson et al., 2000). Such a trade-off sug-
gests that both biotic and chemical defenses are costly. If both defenses were
low in material and energy costs, the plant would experience minimum tissue
loss from herbivores by having both the ants and high levels of the amides, since
it is likely that together they protect the plant against a broad range of different
herbivores. Letourneau (1983; also see Letourneau and Dyer, 1998) has demon-
strated that Pheidole bicornis ants cause lower lepidopteran folivory by remov-
ing eggs from the surface of the leaf. However, there is no evidence that these
ants are able to decrease levels of herbivory by orthopterans and Atta cephalotes
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(leaf cutting ants), since they are too small to deter such large herbivores. Piper
amides could deter orthopteran herbivory by decreasing their feeding efficiency
and deter A. cephalotes herbivory (Capron and Weimer, 1996) through some
other mechanism such as antifungal properties.

Examination of leaves from previous experiments (Dyer and Letourneau,
1999a,b) corroborated the hypothesis that P. cenocladum amides are deterrent
to generalist herbivores. Damage from leaf cutting ants and orthopterans was
more common on plants with ants, and we have demonstrated that P. ceno-
cladum shrubs and fragments with ants have lower levels of amides than those
without ants. Furthermore, the bioassays demonstrate that plants without ants
are more unpalatable than plants with ants. For the orthopteran data and the
bioassay data, the plants were the same plants that we analyzed for amides,
with ant-exclusion plants having higher levels of amides; thus, higher amide
concentrations are present in plants that are avoided more by orthopterans and
ants. However, orthopteran damage was still low when ants were present, and
the levels of amides in ant-containing plants were still high enough to deter
ants in the bioassay, so it is likely that plants are protected from generalists by
amides whether or not they have ants—the protection is simply enhanced when
the levels of amides increase. These results support recent hypotheses that stress
that importance of redundancy in defenses when faced with a diverse herbivore
assemblage (Romeo et al., 1996).

Since each mole of each amide contains a mole of nitrogen, the concentra-
tions found in both our manipulated plants and the naturally occurring shrubs
represent a considerable investment (Gershenzon, 1994) by these plants, which
are nutrient limited (Dyer and Letourneau, 1999a). Results from other studies
with P. cenocladum suggest that not only are amides costly, but they are more
expensive to synthesize than food bodies. Plants grown in an experiment where
all herbivores were excluded had a greater total biomass when ants were present
and the plants were presumably producing lower levels of amides (Dyer and
Letourneau, 1999a). Piper amides (Dodson et al., 2000) and food bodies (Risch
and Rickson, 1981) both represent considerable investments of nitrogen and car-
bon, but it is possible that the costs of biosynthetic machinery, storage structures
and enzymes, and overall investment of raw materials (reviewed by Gershenzon,
1994) for the amides is higher per plant than for the food bodies. One alternative
mechanism for this result, that the ants provide nutrients to the plants in the form
of nitrogenous wastes, has not been supported by experiments and field obser-
vations (Letourneau, 1983). It has not escaped our notice that other secondary
metabolites may also increase when ants are excluded. We have eliminated this
possibility for all probable candidates except the terpenes and flavanoids.

We cannot completely rule out the possibility that greater levels of her-
bivory on the ant-excluded plants induced increased levels of amides in those
plants. However, the correlational results for shrubs (Dodson et al., 2000) only
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included plants with low levels of herbivory (less than 10%) that had the same
leaf size, levels of damage, and epiphyll load. For the fragments, which had
lower levels of herbivory for ant versus nonant plants (Dyer and Letourneau,
1999a), the differences in amide concentrations were not as great as they were
in the shrubs, which suggests that induction was not an important mechanism in
our results. It is also possible that stressing the plants by adding insecticide to
the petioles induced an increase in defensive compounds, but we have evidence
that Diazinon has minimal physiological effects on P. cenocladum (Letourneau
and Dyer, 1998; Dyer and Letourneau, 1999b), and we did not add insecticides
to any of the shrub petioles.

Thus, in this ant–plant system, there appear to be trade-offs between invest-
ment in chemical defenses and ant attractants. Both shrubs and fragments utilize
the two defenses and both exhibit the trade-off. Redundancy in defenses is also
important to deter a diverse suite of herbivores, and the plant will invest in both
defenses if possible.
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Abstract—We investigated the effects of plant density on plant size, leaf
total soluble protein content, and constitutive and wound-induced levels
of proteinaceous trypsin inhibitors in pot-grown Brassica napus seedlings
in two greenhouse studies. We manipulated plant density by varying the
number of intraspecific neighbors surrounding a target plant in the center
of each pot. In general, constitutive and induced levels of trypsin inhibitors
were significantly reduced by competition in a density-dependent manner,
to the extent that induction was greatly reduced or abolished in target
plants surrounded by six neighbors. To investigate whether the effects of
plant density on inhibitor production were mediated by nutrient availability,
we manipulated the concentration of a complete fertilizer applied to target
plants surrounded by six neighbors in two greenhouse studies. In general,
constitutive and wound-induced levels of inhibitors in plants surrounded by
six neighbors were increased by nutrient addition in a dose-dependent manner,
such that wound-induction was completely restored in competing plants under
conditions of high nutrient availability. Leaf total soluble protein content,
measured only in the second trial of each experiment, was not affected by any
of the treatments. The effects of plant density, nutrient addition, and wounding
on inhibitor levels in all experiments were independent of their effecs on
above-ground plant size at the time of wounding. Overall, our results suggest
that decreasing nutrient availability mediates the density-dependent reductions
in inhibitor levels in B. napus seedings.

*To whom correspondence should be addressed. e-mail: don.cipollini@wright.edu
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Key Words:—Adaptive phenotypic plasticity; Brassica napus; competition;
constraints; costs of denfense; induced defense; insect herbivory; proteinase
inhibitors; trypsin inhibitors; wounding.

INTRODUCTION

Induced defenses to enemy attack have been demonstrated in over 100
plant–herbivore and plant–pathogen systems and appear to be a form of adap-
tive phenotypic plasticity (Karban and Baldwin, 1997; Cipollini, 1998; Baldwin,
1999; Agrawal 1999). If defense production is costly to fitness in plants, pheno-
typic plasticity in defense production may have evolved as a cost-saving strategy
that enables close phenotype–environment matching and maximizes plant fitness.
However, many factors can constrain the induction of defense, potentially plac-
ing limits on the benefits of inducibility and preventing perfect phenotype-envi-
ronment matching (DeWitt et al., 1998). For example, the degree of the induction
of defense traits and/ or biological resistance in plants can vary with such factors
as plant size and age, type and timing of damage, and environmental conditions
(Broadway and Missurelli, 1990; Karban; 1993; Baldwin and Schmelz, 1994;
Jongsma et al., 1994; Alarcon and Malone, 1995; Gianoli and Niemeyer, 1996;
Baldwin, 1999; Cipollini and Redman, 1999; Thaler et al., 1999).

Competition for limited resources is an important environmental factor
known to influence many plant processes from the individual to the population
and community level (Grace and Tilman, 1990). In terms of insect and disease
resistance, some plant populations have been found to be more susceptible to
insect attack or disease outbreaks when growing at high density (Colhoun, 1973;
Burdon, 1987; Reader, 1992; but see Karban, 1993; Morrison, 1996). For exam-
ple, we have found that interspecific competition with weeds increases herbivore
damage and aphid numbers on Brassica napus plants in the field (D. Cipollini
and J. Bergelson, unpublished data). This general phenomenon is thought to be
partly explained by the presence of favorable microenvironmental conditions
(e.g., high humidity, shelter from predators) and plant spatial distributions that
facilitate the rapid build-up and spread of insects or disease inoculum among
plants at high density (Colhoun, 1973; Reader, 1992). While these effects are
undoubtedly important, plants may be unable to fully express constitutive and
wound-induced defenses and/ or biological resistance under resource-limiting
conditions (like high density), thus contributing to their increased susceptibility
to natural enemy attack (Clay, 1990). For example, Karban et al. (1989) showed
that both reduced soil volume and increased plant density increasingly reduced
the induction of biological resistance to mites and Verticillium fungi in pot-grown
cotton. However, no measures of physiological or morphological defense traits
were made in this study to address possible mechanisms.



TRYPSIN INHIBITORS IN Brassica 595

Serine proteinase inhibitors are one class of constitutive and inducible
defense found widely throughout the plant kingdom. Serine proteinase inhibitors
(which are proteins) function by binding specifically with the protein binding site
of proteinases (e.g., trypsin and chymotrypsin of insects and mammals), thereby
competitively inhibiting their ability to bind and cleave proteins (see Koiwa et
al., 1997, for review). Although their effectiveness as a defense against herbi-
vores can vary by plant and herbivore species (Bolter and Jongsma, 1995; Broad-
way, 1995), proteinase inhibitors have been shown to reduce the growth and sur-
vival of many insects when present in artificial diets (e.g., Broadway and Duffey,
1986) and to reduce both insect feeding rate and performance when expressed
in transgenic plants (e.g., Johnson et al., 1990; McManus et al., 1994). More-
over, the induction of serine proteinase inhibitors by wounding or insect attack,
along with the induction of other defense proteins and compounds, is commonly
associated with induced resistance to insects (Broadway et al., 1986; Thaler et
al., 1996; Stout et al., 1998b).

We investigated some of the potential ecological constraints on the expres-
sion of a chemical defense by examining the effect of increasing plant den-
sity on constitutive and wound-induced levels of trypsin inhibitors in Brassica
napus L. To investigate whether effects of plant density were mediated by nutri-
ent availability, we examined the effects of increasing nutrient availability on
constitutive and wound-induced levels of trypsin inhibitors in plants grown at
high density. We also examined the extent to which variation in above-ground
growth or total leaf soluble protein content explained the effects of plant den-
sity and nutrient availability on inhibitor production. We found that constitu-
tive and local wound-induced levels of inhibitors were reduced by the presence
of competitors in a density-dependent fashion and that nutrient addition could
increasingly restore constitutive levels and wound-inducibility in plants grown
at high density. Effects of plant density and nutrient availability on inhibitor pro-
duction were independent of their effects on above-ground growth and were not
associated with total leaf soluble protein content.

METHODS AND MATERIALS

Plant Growth. Brassica napus L. (Brassicacae) is a self-compatible annual
plant that is grown commercially as an oilseed and forage crop that can occa-
sionally escape cultivation and become naturalized in some environments (Duke,
1983; D. Cipollini, personal observation). We used an agronomic cultivar of B.
napus (cv. Westar), commonly used in agroecological and physiological studies
(e.g., Bodnaryk, 1992; Cipollini and Bergelson 2000), in our experiments. Plants
were grown in ProMix BX potting soil from seed in 300 ml square pots (7 × 7
cm) in a greenhouse. To reduce genetic variation among replicate plants, we used
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seeds gathered from one self-pollinated maternal plant that had been grown under
greenhouse conditions very similar to those used in this experiment. Greenhouse
photoperiod during experiments was controlled at 16L : 8D. Natural daylengths
were extended as necessary with sodium vapor lamps, which were programmed
to turn on whenever natural light levels dipped below 400 mmol photons/ m2/ sec
[photosynthetically active radiation (PAR)] during the 16-hr light period. Mean
daytime irradiance during these experiments was ∼1000 mmol photons/ m2/ sec
PAR. Temperatures averaged 26 ± 38C during the light period and 21.5 ± 28C
during the dark period. Plants were watered daily with tap water and fertilized
as indicated in each experiment. The first trial of each of our experiments was
performed in the greenhouse at the University of Chicago (UC), while the sec-
ond trial of each of our experiments was performed in the greenhouse at Wright
State University (WSU). The major difference in conditions between the two
trials was that daylengths were extended with cool-white fluroescent lighting at
WSU, but other unknown differences certainly existed. Because of these differ-
ences, each trial was statistically analyzed separately to determine whether the
pattern of responses to the treatments in each experiment would be similar under
similar (but not identical) growing conditions.

Experiment 1: Effects of Plant Density on Growth and Trypsin Inhibitor
Production. In this experiment, we manipulated plant density within pots around
a target plant. This approach, termed the “target-neighbor” approach, has been
commonly used to examine the competitive strength of individual plants under
intra- or interspecific competition (Gibson et al., 1999). We grew target plants
from seed in the center of each pot at four densities: (1) alone, (2) surrounded
by two neighbors, (3) surrounded by four neighbors, or (4) surrounded by six
neighbors. These pot densities correspond to field densities of ∼15, 46, 75, and
105 plants/ m2, which are realistic for wild Brassica populations in the field (D.
Cipollini, personal observation). Two to three seeds were sown at each posi-
tion in each pot, and plants were selected for uniformity in size and thinned to
the proper density and spacing three days after germination. Neighbors in each
density treatment were spaced equidistant from the target plant and from each
other. All plants in each pot were of the same age. Plants were fertilized once
on day 7 following thinning with 50 ml of 200 ppm 15 : 16 : 17 N-P-K (plus
micronutrients) soluble fertilizer (Peter’s Peat-Lite Special).

Ten days after thinning, we randomly assigned half the target plants in each
density treatment to be wounded. We wounded plants by crushing the distal one
tenth of the first true leaf with sterilized needle-nosed pliers. Leaf crushing has
been widely used in studies on the regulation of proteinase inhibitors in plants
(e.g., Jongsma et al., 1994) and enables careful control of the amount and tim-
ing of damage applied to each leaf. We determined previously that this minimal
amount of damage could effectively induce trypsin inhibitors in this cultivar
of B. napus (Cipollini and Bergelson, 2000). The induction of trypsin inhibitor
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activity in Brassica oleraceae (Broadway and Missurelli, 1990), and Brassica
rapa (D. Cipollini, J. Busch, K. Stowe, E. Simms, and J. Bergelson, unpublished
data) by this type of mechanical wounding closely simulates that produced in
response to feeding by larval Trichoplusia ni. We expect that trypsin inhibitor
induction by mechanical wounding simulates induction by natural herbivory in
B. napus to a large degree, but the absence of herbivore saliva in mechanical
wounds and the lack of spatially and temporally variable feeding patterns typi-
cal of herbivores certainly influences the degree to which this is true. Prior to
wounding on day 10, we measured plant height and length of the first true leaf
on all damaged and undamaged target plants. Three days following wounding,
the first true leaves from wounded and unwounded target plants in each den-
sity treatment were harvested, placed individually in 1.7 ml microfuge tubes,
and frozen immediately in liquid nitrogen. Thus, this study focused on locally
induced, rather than systemically induced defenses. Leaf samples were stored
at −208C until analysis for trypsin inhibitor activity and soluble protein content
as described below. Plants were grown in a completely randomized design on
the greenhouse benches and randomly moved twice before wounding and once
following wounding. Treatments were replicated 6–10 times.

We analyzed height and leaf length data taken on day 10 with a one-way
ANOVA with density as the main effect. We analyzed trypsin inhibitor data
with a two-way ANOVA with density (four levels), wounding (+ or − ), and
their interaction as effects in the model, with and without leaf length and plant
height on day 10 as covariates. Because of unequal cell sample sizes, tests of
significance were based on type III sums of squares. Data in all experiments
were analyzed with SAS using the General Linear Models procedure (Release
6.12, SAS Institute Inc., Cary, North Carolina).

This entire experiment was repeated in a second trial, using five replicate
plants per treatment combination. In addition to all of the measures above, total
soluble protein content of the first true leaves (which required leaf weighing)
was measured for each target seedling in the second trial, as described below.
This was done to determine the relationship between trypsin inhibitor content (a
soluble protein) and total soluble protein content in first true leaves. Growth and
inhibitor data were analyzed separately for each trial. Total leaf protein data gen-
erated in the second trial were statistically analyzed in the same way as trypsin
inhibitor data.

Experiment 2: Effects of Nutrient Availability on Growth and Trypsin
Inhibitor Production. In this experiment, we manipulated nutrient availability
to plants through additions of 15 : 16 : 17 N-P-K (plus micronutrients) soluble
fertilizer to examine whether nutrient addition could ameliorate the effects of
high plant density on inhibitor production. Target plants in each pot were grown
surrounded by six neighbors, as described above. The soil used in this study con-
tains a small amount of nutrients that can be depleted by plants in the absence of
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additional fertilization, as evidenced by eventual growth limitation (D. Cipollini,
personal observation). We fertilized plants 7 and 10 days after thinning with
a 100-ml solution of fertilizer at one of the following four concentrations: 0,
50, 100, or 200 ppm. Ten days after thinning, we measured all target plants
and wounded half of them in each nutrient treatment as described above. First
true leaves were harvested from all target plants three days following wounding
and stored until analysis of trypsin inhibitor activity and soluble protein content.
Treatments were replicated 8–10 times.

We analyzed height and leaf length data taken on day 10 with a one-way
ANOVA with nutrient availability (four levels) as the main effect. We analyzed
trypsin inhibitor data with a two-way ANOVA with nutrient availability (four
levels), wounding (+ or − ), and their interaction as effects in the model, with
and without leaf length and plant height on day 10 as covariates. Again, because
of unequal cell sample sizes, tests of significance were based on type III sums
of squares.

This experiment was also repeated a second time with five replicate plants
per treatment combination. Total soluble protein contents of first true leaves were
measured in addition to all of the other measures, and total leaf protein data were
analyzed in the same way as inhibitor data. Data were analyzed separately for
each trial.

Protein Extraction and Analysis of Trypsin Inhibitor Activity and Total Pro-
tein Content. To extract soluble proteins, we first ground individual leaf sam-
ples directly in the microfuge tubes without buffer, using a Teflon minipestle. A
0.150-ml aliquot of ice-cold 1 mM HCl (Broadway and Missurelli, 1990) was
then placed in each tube, and the tubes were vortexed for 10 sec. Samples were
then centrifuged as 12,000 g for 12 min in a microfuge cooled to 48C. After cen-
trifugation, the cleared supernatants were transferred into new tubes and used as
the soluble protein extracts for both the trypsin inhibitor and total soluble protein
content measurements. Extracts were kept on ice throughout the entire procedure
and used immediately in chemical analyses.

We analyzed the trypsin inhibitor content of individual protein extracts
using a radial diffusion assay through a trypsin-containing agar (Jongsma et al.,
1993, 1994), as modified for B. napus in Cipollini and Bergelson (2000). In
both trials, soluble protein contents of each extract were quantified in all experi-
ments by the method of Bradford (1976), using the Bio-Rad protein dye reagent
and bovine serum albumin as the standard. We expressed trypsin inhibitor con-
tent of each extract as micrograms of trypsin inhibitor/ mg extract protein. This
measure should be interpreted as the amount of trypsin inhibitor present per unit
extractable soluble protein in a leaf. In the second trial of each density and nutri-
ent experiment, we measured the fresh weight of leaf samples prior to protein
extraction in order to determine total soluble protein content of leaf samples,
which we expressed as mg total protein/ g leaf fresh weight.
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RESULTS

Effects of Density on Growth, Inhibitor Production, and Protein Content.
In the first trial of this experiment (UC), we found that plant density affected
both height (F3,59 c 19.97, P < 0.001), and length of the first true leaf (F3,59

c 6.90, P < 0.001) of 10-day-old B. napus seedlings. Height of plants in this
experiment increased with increasing density, while leaf length decreased with
increasing density (Figure 1A). In the second trial (WSU), plant density affected
height (F3,36 c 3.29, P c 0.0316), and length of the first true leaf (F3,36 c 4.68,
P c 0.007), in a similar pattern as in the first trial, although plants were slightly
smaller overall (Figure 1B).

FIG. 1. Effects of plant density on plant height and length of the first true leaf in B. napus
seedlings. In trial 1 (A), each point is the mean (±SE) of 6–10 plants; in trial 2 (B), each
point is the mean (±SE) of 5 plants.
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TABLE 1. UNIVARIATE ANOVA OF EFFECTS OF DENSITY, WOUNDING, AND THEIR

INTERACTION ON TRYPSIN INHIBITOR LEVELS IN B. napus SEEDLINGS (TRIAL 1)

Source df MS F P

Density 3 508.86 56.9 < 0.001
Wounding 1 223.48 25.0 < 0.001
Density × 3 41.342 4.62 0.006

wounding
Error 55 491.66

In turn, we found that plant density, wounding, and their interaction all
affected trypsin inhibitor levels in B. napus seedlings in either one or both
trials (Tables 1 and 2). In unwounded plants, there was a density-dependent
decline in constitutive trypsin inhibitor levels in the first trial (Figure 2A), that
was not apparent in the second trial (Figure 2B). Wounding increased trypsin
inhibitor levels in B. napus seedlings in both trials, as expected, but the degree of
induction was dependent on plant density. In the first trial, inhibitor levels were
induced by ∼25% by wounding in plants grown alone, but the degree of induc-
tion declined with density to the extent that induction was completely abolished
in plants surrounded by six neighbors (Figure 2A). Although (perhaps because)
absolute levels of inhibitors were lower overall in the second trial, inhibitor lev-
els were induced by ∼170% by wounding in plants grown alone, but declined in
a density-dependent fashion (i.e., significant wounding × density interaction), to
the extent that inhibitor levels were induced by only ∼80% in plants surrounded
by six neighbors (Figure 2B).

In the second trial of this experiment, total soluble protein content of first
true leaves was not affected by density (F3,32 c 1.48, P c 0.239), wounding (F1,32

c 1.38, P c 0.249), or their interaction (F3,32 c 0.30, P c 0.823) (data not shown).
We also found that effects of density and wounding on inhibitor production

were largely independent of the effects of these factors on aboveground plant

TABLE 2. UNIVARIATE ANOVA OF EFFECTS OF DENSITY, WOUNDING, AND THEIR

INTERACTION ON TRYPSIN INHIBITOR LEVELS IN B. napus SEEDLINGS (TRIAL 2)

Source df MS F P

Density 3 9.5875 2.56 0.072
Wounding 1 217.01 57.9 < 0.001
Density × 3 13.625 3.64 0.023

wounding
Error 32 3.7428
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FIG. 2. Effects of plant density on constitutive and wound-induced TI activity in B. napus
seedlings. In trial 1 (A) each point is the mean (±SE) of 6–10 plants; in trial 2 (B), each
point is the mean (±SE) of 5 plants.

size in either trial. When either height or leaf length (on the day plants were
wounded) were used as covariates in the ANOVA, significant effects of plant
density, wounding, and their interaction on inhibitor levels were still apparent
(data not shown).

Effects of Nutrient Availability on Growth and Inhibitor Production. In the
first trial of this experiment, we found that nutrient availability had small but
significant effects on height (F3,68 c 2.83, P c 0.045) and leaf length (F3,68 c

16.51, P < 0.001) of plants surrounded by six neighbors. Plants were shorter
under no or low fertilization than at the highest fertilization level (Figure 3A).
Leaves were slightly longer at the highest nutrient level than in all of the other
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FIG. 3. Effects of nutrient availability on plant height and length of the first true leaf in
B. napus seedlings grown at high density. In trial 1 (A), each point is the mean (±SE) of
8–10 plants; in trial (B), each point is the mean (±SE) of 5 plants.

treatments. In the second trial, nutrient availability had no effect on height (F3,36

c 0.82, P c 0.492) or leaf length (F3,36 c 1.54, P c 0.224) (Figure 3B), and plants
were smaller than in trial 1 (Figure 3b).

In turn, we found that nutrient availability and wounding affected trypsin
inhibitor levels in plants surrounded by six neighbors. In the first trial (Table 3),
inhibitor levels increased with nutrient availability in a dose-dependent fash-
ion and were higher in wounded plants (Figure 4A). In addition, the degree
of induction of inhibitors by wounding was increased by nutrient availability
in an additive fashion. While there was little or no induction at low nutrient
availability, induction was completely restored by high nutrient availability to
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TABLE 3. UNIVARIATE ANOVA OF EFFECTS OF NUTRIENT AVAILABILITY (NUTRIENT),
WOUNDING, AND THEIR INTERACTION ON TRYPSIN INHIBITOR LEVELS IN HIGH-DENSITY

GROWN B. napus SEEDLINGS (TRIAL 1)

Source df MS F P

Nutrient 3 124.44 10.4 < 0.001
Wounding 1 157.65 13.2 < 0.001
Nutrient × 3 24.143 2.02 0.122

wounding
Error 55 657.14

levels found in plants grown alone (Figure 4A). In the second trial (Table 4),
inhibitor levels increased with nutrient availability in a dose-dependent fashion
and were higher in wounded plants (Figure 4B). However, the degree of induc-
tion of inhibitors by wounding was increased interactively by nutrient availabil-
ity. While inhibitors were induced by ∼30% in unfertilized seedlings, inhibitors
were induced by ∼167% in fully-fertilized seedlings, a degree of induction nearly
identical to that found in plants grown alone (Figure 4B).

In the second trial of this experiment, total soluble protein content of first
true leaves was not affected by nutrient (F3,32 c 0.34, P c 0.798), wounding
(F1,32 c 0.001, P c 0.962), or their interaction (F3,32 c 1.17, P c 0.335) (data not
shown).

As above, we found that effects of nutrient availability on inhibitor pro-
duction in this experiment were independent of the effects of these factors on
aboveground plant size in either trial. When either height or leaf length on the
day plants were wounded was used as the covariate in the ANOVA, significant
effects of nutrient availability and wounding on inhibitor levels were still appar-
ent (data not shown).

DISCUSSION

In this study, increased plant density and reduced nutrient availability were
found to be important constraints on the constitutive and wound-induced expres-
sion of trypsin inhibitors in pot-grown B. napus seedlings. While wounding sub-
stantially induced inhibitors in plants either grown alone or at high density with
ample fertilization, induction was either completely abolished or greatly reduced
in plants grown at high density and low levels of fertilization. Constitutive lev-
els of inhibitors were also low in competing plants without ample fertilization.
Although plants were slightly smaller and levels of inhibitors were lower over-
all in the second trial of each of our experiments, the pattern of effects was
largely the same as in the first trial. Our findings suggest that high density and/ or
reduced nutrient availability may be important ecological constraints on the abil-
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FIG. 4. Effects of nutrient availability on constitutive and wound-induced TI activity in
first true leaves of B. napus seedlings grown at high density. In trial 1 (A), each point is
the mean (±SE) of 8–10 plants; in trial 2 (B), each point is the mean (±SE) of 5 plants.

TABLE 4. UNIVARIATE ANOVA OF EFFECTS OF NUTRIENT AVAILABILITY (NUTRIENT),
WOUNDING, AND THEIR INTERACTION ON TRYPSIN INHIBITOR LEVELS IN HIGH-DENSITY

GROWN B. napus SEEDLINGS (TRIAL 2)

Source df MS F P

Nutrient 3 15.360 4.39 0.011
Wounding 1 294.84 84.3 < 0.001
Nutrient × 3 22.564 6.45 0.002

wounding
Error 32 3.4993



TRYPSIN INHIBITORS IN Brassica 605

ity of a plant to actively express chemical defenses to natural enemies. If this
finding is also true in the field, it may lead to increased herbivore damage under
such conditions. Furthermore, if the expression of chemical defenses is sensi-
tive to environmental conditions, then not only the benefits, but also the costs
of induced resistance in plants will likely vary across a range of environmen-
tal variation in the field (Baldwin, 1998; Baldwin et al., 1998). For example,
Bergelson has shown that fitness costs of the constitutive expression of resis-
tance in both wild lettuce (Bergelson, 1994b) and Arabidopsis thaliana (Bergel-
son 1994a) can vary with plant density and/ or nutrient availability. Likewise,
van Dam and Baldwin (1998) have shown that fitness costs of jasmonate-induced
defense in tobacco are more apparent when induced plants compete with an unin-
duced neighbor. Baldwin and Hamilton (2000) have shown that such costs are
associated with a reduced ability of jasmonate-induced plants to compete for
nitrogen with uninduced neighbors. To more fully understand the range of costs
and benefits of plant resistance, relevant environmental variables, such as com-
petition, should be incorporated more often into studies on the regulation and
ecological role of induced defenses.

In studies of the effects of environmental factors on the induction of
defense, it is important to distinguish whether the environmental factors directly
affect induction (e.g., through a resource-based constraint) or indirectly affect
induction through modulation of plant size or developmental stage. This is par-
ticularly important when induction is developmentally regulated, as is true for
the induction of trypsin inhibitors in Brassica oleracea (Broadway and Mis-
surelli, 1990) and the induction of oxidative enzymes in tomato (Cipollini and
Redman, 1999). Gianoli and Niemeyer (1996) have shown that increased tem-
perature reduced the induction of defensive hydroxamic acids by aphid feeding
in wheat. However, the effect of temperature on induction disappeared when
its effect on plant growth rate was statistically controlled. In our experiment,
significant effects of nutrient availability and plant density on inhibitor levels
were independent of the effect of these factors on above-ground plant size at
the time of wounding. When compared at a common size, increased plant den-
sity and reduced nutrient availability still constrained constitutive and induced
inhibitor production. The relationship between inhibitor production and below
ground growth is unknown, however. In turn, the effects of plant density, nutrient
availability, and wounding on inhibitor levels were not associated with effects
of these factors on leaf total soluble protein content, which were not signifi-
cant. This finding is important in order to demonstrate that the environmental
control of the constitutive or wound-induced production of inhibitors (which are
soluble proteins) is not simply passively tied to total soluble protein production
and that differences in inhibitor production among treatments are not an artifact
of the manner in which we expressed inhibitor content (micrograms of trypsin
inhibitors per milligram of extract protein).
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The finding that plant density and nutrient availability could regulate
inhibitor production independently from their effects on plant growth or total
protein production suggests that inhibitor production is tuned to internal resource
levels. Inhibitor induction in plants at high density and low nutrients levels may
have been passively limited by resource availability. If this were the case, how-
ever, we would expect that total leaf soluble protein contents also would have
been affected by high density or low nutrient levels, but they were not. On the
other hand, if inhibitor production is costly to fitness, plants may have prioritized
resources to important functions other than inhibitor production under conditions
of resource stress (perhaps toward the synthesis of proteins that improve nutrient
uptake) that may serve in some way to maximize growth or competitive ability.
Indeed, inhibitor production was much more greatly affected by density or nutri-
ent availability in our study than was above-ground growth. We do not know if
reduced inhibitor production and declines in inducibility are the direct result of
active suppression of inhibitor synthesis, the indirect result of resource limitation
caused by allocation of resources to other functions, or the result of some other
mechanism. If induced defense in plants is a form of adaptive phenotypic plastic-
ity and is produced optimally, as has been suggested (Cipollini, 1998; Agrawal
1999; Baldwin, 1999), the suppression of allocation to induced defenses in cer-
tain environments to the benefit of growth could be an ecological cost-saving
strategy with adaptive value. This possibility has rarely been considered, in part
because the degree of wound induction of some defense compounds, such as
furanocoumarins in parsnip (Zangerl and Berenbaum, 1994/ 95) and nicotine in
Nicotiana attenuata (Lynds and Baldwin, 1998), can show little sensitivity to
nutrient and/ or light availability. In the only study we are aware of that investi-
gated this possibility, Baldwin and Hamilton (2000) demonstrated that induction
of nicotine synthesis in competing Nicotiana sylvestris plants with methyl jas-
monate led to reduced fitness of plants grown with uninduced neighbors. To
apparently minimize such costs, however, competing jasmonate-induced plants
utilized a greater proportion of their acquired nitrogen in growth and reproduc-
tion than in nicotine synthesis relative to uninduced neighbors, which is consis-
tent with the mechanism that we suggest is driving our findings. If defense cost
savings under resource stress is the adaptive mechanism driving such results, it
will be interesting and important to identify situations under which such cost
savings ultimately translate into fitness benefits in the field.

While it is not known which nutrient may have been most limiting to
inhibitor production in our experiments, proteinase inhibitors are nitrogen-
rich proteins. Bolter et al. (1998) have shown that nitrogen deprivation se-
verely reduced the wound induction of cysteine proteinase inhibitors in potato
and tomato plants. In contrast, Stout et al. (1998a) have shown that nitrogen
availability had little effect on the induction of chymotrypsin inhibitor activity
in tomato, although inhibitor activity was not adjusted for extract protein con-
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tent in their study. Unfortunately, the relationship between the effects of nitrogen
availability on induced inhibitor levels and plant growth in either of these stud-
ies is not known. In our high-density treatments, plants exhibited a morphologi-
cal response indicative of the shade avoidance syndrome (e.g., increased stem
elongation at the expense of leaf area production) (Dudley and Schmitt, 1996;
Cipollini and Schultz, 1999). While this suggests that light limitation may have
partially mediated the results in our density experiments, it has been shown that
plants can induce the shade avoidance response using light cues reflected from
neighbors before significant light limitation occurs (Ballaré et al., 1990). Based
on the relative lack of mutual shading among plants grown at high density in
our study, we do not think that light was the primary limiting factor on inhibitor
production in our experiment. Instead, because nutrient addition could increas-
ingly restore constitutive and wound-induced levels of inhibitors in high density
plants to levels found in plants grown alone, we believe that the effects of den-
sity on inhibitor production in our study were largely mediated by nutrient avail-
ability (and possibly nitrogen availability in particular). Nonetheless, increased
light levels have been shown to increase serine proteinase inhibitor production in
wounded tomato plants (Gustafson and Ryan, 1976), and light limitation would
likely become more important as plants grow larger and the degree of mutual
shading increases.

Regardless of the underlying physiological mechanisms, our results suggest
that the ability of a brassicaceous plant to defend itself from natural enemy attack
by using proteinase inhibitors (or other chemical defenses) may be severely con-
strained when plants are growing at high density and/ or under conditions of
low nutrients in the field, which could lead to increased herbivore damage. We
recently found that weed competition can increase herbivore damage and aphid
number on this cultivar of B. napus in the field (D. Cipollini and J. Bergelson,
unpublished data), which may be related to dimished chemical defense produc-
tion at high density. The ecological consequences of such findings may be com-
pounded by the fact that plants are often less tolerant of leaf area removal when
growing at high density or at low resource levels (Lee and Bazzaz, 1980; Lentz
and Cipollini, 1998) and the fact that increased density can favor rapid herbivore
and pathogen population growth through mechanisms unrelated to plant tissue
quality (Reader, 1992). Moreover, our finding that plant density can profoundly
influence the expression of a chemical defense is ecologically relevant to brassi-
caceaous plants in the field, which exhibit only short-distance seed dispersal, and
thus often germinate and grow surrounded by a dense population of intraspecific
neighbors (D. Cipollini, personal observation).

Because the effect of plant density on plant defensive chemistry has rarely
been measured, it is not known the extent to which other classes of compounds,
either in brassicaceous plants or in other plants, show the same lability as trypsin
inhibitors in our study. For example, brassicaceous plants also rely to some
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degree on a variety of glucosinolates for defense against natural enemies (Bod-
naryk, 1992), but the effect of plant density on either constitutive or wound-
induced glucosinolate levels has never been studied to our knowledge. Hjal-
ten et al. (1994) have demonstrated that total phenolic concentration of birch
seedlings declines with increasing plant density, but inducibility of phenolics was
not examined in their study. In turn, although we can speculate on the ecological
consequences of our findings in the greenhouse, the effect of plant density on
induced biological resistance in the field has rarely been studied. In one study
in which it has, however, induced resistance to leaf miners in wild cotton by
early-season caterpillar damage tended to be more effective in plants grown at a
reduced density relative to those grown at an endemic density (Karban, 1993).
The ecological consequences of our findings at the biochemical level on the
resistance of brassicaceous plants in the field are currently being investigated.
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Abstract—Eleven allelochemicals (ferulic acid, cinnamic acid, 4-hydroxy-
benzoic acid, hydroxycinnamic acid, methyl propionate, oxalic acid, methyl-
malonic acid, p-anisic acid, butyric acid, 3-hydroxybutyric acid, and azulene)
were identified in the exudate of Cistus ladanifer L. We studied the effect of
each on germination, cotyledon emergence, root length, and cotyledon length
of Rumex crispus. Three groups were distinguished with respect to phytotoxic
activity: compounds with low activity (ferulic acid, 4-hydroxybenzoic acid,
oxalic acid, methylmalonic acid, p-anisic acid, hydroxybutyric acid, and
azulene), with intermediate activity (cinnamic acid and hydroxycinnamic
acid), and with high activity (methyl propionate and butyric acid). The effect
of the interaction of the compounds was studied. When acting conjointly, all
combinations tested produced a more negative effect on both germination and
seedling growth than when acting alone. The interaction affected cotyledon
emergence and root length more negatively than germination and cotyledon
length. When hydroxycinnamic acid and cinnamic acid were added to these
mixtures there was an enhancement in the phytotoxic activity, accentuating
the effect of the other allelochemicals.

Key Words: Allelopathy, allelochemicals, phenolic compounds, Cistus
ladanifer, Rumex crispus.

INTRODUCTION

Understanding the development, evolution, and structure of communities is
a major objective of ecology. For plants, the questions are little understood.
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Among the interactions, it has been suggested that allelopathy, defined as chemi-
cal plant–plant interaction whether positive or negative (Rice, 1984), is a major
factor in regulating plant community structure (Smith and Martin, 1994). It could
be regarded as a competitive phenomenon, and in habitats with limiting envi-
ronmental conditions, there may be an enhancement of competition in general.

Cistus ladanifer is involved in the reduction of the richness and diversity
of herbs in Mediterranean communities where it is present (Malato-Belı́z et al.,
1992). The cause may be responses to competition for nutrients, chemical inter-
ference, litterfall build-up, and penetration of light (Kuuluvaine, 1994). As we
have shown in earlier work (Chaves and Escudero, 1997), the exudate of Cistus
ladanifer leaves has phytotoxic activity that may be a cause of the reduction of
herbs growing near this species.

Different types of secondary metabolites act as allelochemicals, among
them phenols, terpenes, alkaloids, polyacetylenes, fatty acids, and steroids (Car-
balleira, 1980; Ballester et al., 1982; Kil and Yim, 1983; 1992; Wacker et al.,
1990; Odén et al., 1992; Macı́as et al., 1993; Li et al., 1993; Gallardo et al.,
1998). In many cases, compounds are found together in the growth medium, and
their effect on plant development may be the sum of their interactions. Although
there is little information on the interaction of phenols or other compounds as
to how they affect germination and seedling growth, there is evidence that a
mixture of phenols enhances their inhibitory action (Li et al., 1993).

The goal of the present work was to contribute to understanding the role of
Cistus ladanifer in determining the structure of the communities it dominates. To
this end, as we had shown previously that there are compounds in its exudate that
act negatively on the germination and subsequent development of herbs (Chaves
and Escudero, 1997), the next step was to determine the possible compounds
that are involved in this process. In particular, we set out to demonstrate the
potential of the identified compounds, determine the concentrations at which they
are active, and understand the possible effects deriving from the interactions of
the allelochemicals identified in the Cistus ladanifer exudate.

METHODS AND MATERIALS

Extraction of Exudate and Identification of Compounds

The exudate was extracted with chloroform. After evaporation, it was redis-
solved in hot methanol (10 ml/ mg extract) (Vogt and Gülz, 1991), and the
solution was stored at −208C for 12 hr, thereby provoking the precipitation of
methanol-insoluble compounds, mainly hydrocarbons and waxes. The soluble
material was directly chromatographed on Sephadex LH-20 (12.5 g Sephadex
LH-20 in a 25-cm-long × 1.5-cm-diam. column), with methanol as eluent. This
procedure separates the flavonoids (Chaves et al., 1998) from the rest of the
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compounds that are eluted first. It is this fraction that inhibits the germination
of the herb species tested (Chaves and Escudero, 1997). On analysis by GC-MS,
we identified the following compounds: ferulic acid (1), cinnamic acid (2), 4-hy-
droxybenzoic acid (3), hydroxycinnamic acid (4), methyl propionate (5), oxalic
acid (6), methylmalonic acid (7), p-anisic acid (8), butyric acid (9), 3-hydroxy-
butyric acid (10), and azulene (11).

Germination Bioassay

Chemically pure reagents were obtained from Sigma Chemical Co. The
species used to measure the effect of the compounds was Rumex crispus and was
chosen because its seed germination and seedling growth are affected negatively
when it is watered with the fraction of the exudate from which the compounds
have been identified (Chaves and Escudero, 1997). Rumex crispus is found in
the habitat of Cistus ladanifer. The seeds used for the bioassay were gathered
in their natural habitat at the end of summer.

We placed 50 seeds (four replicates for a total of 200 seeds) in 9-cm-diam
Petri dishes on Whatman No. 118 filter paper. The trial was initiated by adding
5 ml of the test solution or control (Milli Q water). The dishes were placed in
a culture chamber with controlled temperature and lighting: 258C constant tem-
perature, and a 16L : 8D photoperiod. Every two days, 1 ml of the correspond-
ing solutions (test or Milli Q water for the controls) was added to the dishes.
Germinated seeds were counted daily (germination was when the seed coat had
ruptured and the radicle had emerged). The experiment was continued for 10
days. We also counted cotyledon emergence, and at the end of the experiment
measured the cotyledon length and root length of 10 seedlings from each dish
(Jaderlund et al., 1996).

Several concentrations were tested for each compound, from the highest
concentration of 1 mM down to that where we had observed no effect on any
of the parameters. This lowest concentration depended on the compound: it was
0.5 mM for compounds 1, 6, 7, 8, 10, and 11; 0.1 mM for compounds 3 and 4;
0.05 mM for 2; and 0.001 mM for 5 and 9.

The effect of the interaction of the compounds was studied by considering
the action that each exerted separately, mixing those that acted negatively on
germination, cotyledon emergence, root length, and cotyledon length, as well as
a mixture of all compounds together. The seeds were watered with equimolar
concentrations of 1 and 0.5 mM of the different mixtures. The following mixtures
were tested:

Mixture 1: Compounds that inhibit root length when tested alone (3, 8,
11). Two solutions were prepared with equimolar concentrations of each of the
compounds: 1 mM + 1 mM + 1 mM and 0.5 mM + 0.5 mM + 0.5 mM.

Mixture 2: Compounds of mixture 1 plus hydroxycinnamic acid. Two solu-
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tions were prepared with equimolar concentrations of each of the compounds at
1 mM and 0.5 mM.

Mixture 3: Compounds of mixture 1 plus cinnamic acid. Two solutions
were prepared with equimolar concentrations of each of the compounds at 1
mM and 0.5 mM.

Mixture 4: Compounds of mixture 1 plus hydroxycinnamic and cinnamic
acids. Two solutions were prepared with equimolar concentrations of each of the
compounds at 1 mM and 0.5 mM.

Mixture 5: Compounds that inhibit cotyledon length when tested alone (1,
3, 6, 7, 8, 10). Two solutions were prepared with equimolar concentrations of
each of the compounds at 1 mM and at 0.5 mM.

Mixture 6: Compounds of mixture 5 plus hydroxycinnamic acid. Two solu-
tions were preared with equimolar concentrations of each of the compounds at
1 mM and 0.5 mM.

Mixture 7: Compounds of mixture 5 plus cinnamic acid. Two solutions
were prepared with equimolar concentrations of each of the compounds at 1
mM and 0.5 mM.

Mixture 8: Compounds of mixture 5 plus hydroxycinnamic and cinnamic
acids. Two solutions were prepared with equimolar concentrations of each of the
compounds at 1 mM and 0.5 mM.

Mixture 9: Mixture of hydroxycinnamic and cinnamic acids. Two solutions
were prepared with equimolar concentrations of each of the compounds at 1 mM
and 0.5 mM.

Mixture 10: Mixture of all the compounds. Two solutions were prepared
with equimolar concentrations of each of the compounds at 1 mM and 0.5 mM.

To eliminate effects of pH and osmotic potential, we measured these param-
eters for each solution. Osmotic pressure was measured with an HR-33T dew-
point microvoltmeter. The pH varied between 4.7 and 5.2 from one solution to
another, and the osmotic potential was low in all solutions, varying between 0.2
and 0.5 bars. There were no significant differences in pH or osmotic pressure
among solutions.

The results for germination, cotyledon emergence, inhibition of root length,
and inhibition of cotyledon length are expressed as percentages of the control
values. The significance level of comparisons among treatments was estimated
by using the Mann-Whitney U test. Differences were taken as significant with
P < 0.05.

RESULTS

Effect of Individual Allelochemicals on Germination, Cotyledon Emergence,
and Seedling Growth. For each compound, the lowest concentration tested was
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that at which there was no significant (P > 0.05) effect on the parameters being
studied. Three groups were distinguished with respect to phytotoxic activity:
compounds with low activity (1, 3, 6, 7, 8, 10, and 11); with intermediate activity
(2 and 4); and with strong activity (5 and 9) (data not shown).

With respect to germination and cotyledon emergence, compounds 1, 3, 6,
7, 8, 10, and 11 showed no significant effect (P > 0.05). They affected seedling
growth negatively, since they inhibited root length and cotyledon length (P <
0.05). Compounds 3, 8, and 11 inhibited root length at 1 mM concentration,
and compound 11 at 0.5 mM. All compounds, with the exception of 11, had a
negative action on cotyledon length. The most effective were 1 and 6, which
had an inhibitory effect from 0.5 mM. (data not shown).

Compounds 2 and 4 were more active than the previous group. Compound 2
inhibited germination at 1 mM and cotyledon emergence was negatively affected
by both: from 0.5 mM in the case of 2, and only at 1 mM for 4. For both alle-
lochemicals, we observed an increase in the percentage inhibition of cotyledon
emergence with concentration, but only 2 showed a significant positive correla-
tion with concentration (r2

c 0.99). (data not shown).
With respect to root length, compounds 4 and 2 were strong inhibitors at 1

mM, but the effect decreased at lower concentrations. For both compounds, the
inhibition of root length was concentration-dependent (r2

c 0.98 and r2
c 0.9

for 4 and 2, respectively). The cotyledon length was inhibited by 4 at only the
highest concentration and down to 0.5 mM for 2. There was also a concentration-
dependent relationship in this case (data not shown).

Both of the most active compounds, 5 and 9, completely inhibited germi-
nation down to 0.05 mM and had a strong effect at 0.01 mM. They were even
more effective in inhibiting cotyledon emergence, being active down to 0.001
mM for 5 and 0.01 mM for 9 (data not shown).

The root length was inhibited by 5 at concentrations above 0.01 mM, and
above 0.0001 mM for 9. Likewise, cotyledon length was affected at above 0.001
mM for 9, and 0.05 mM for 5 (data not shown).

Effect of Interactions of Allelochemicals on Rumex crispus Germination
and Seedling Growth. The results given in Tables 1–4 (below) show the effect
on germination of the conjoint action of the allelochemicals identified. All com-
binations tested produced a greater inhibition of seedling growth than when act-
ing alone.

Mixture 1, made up of 3, 8, 11, showed a negative effect (at 1 mM) on ger-
mination (Table 1), reducing germination by practically 60%. This effect disap-
peared at 0.5 mM. When hydroxycinnamic acid was added to this mixture, there
was an enhancement of the inhibition, and this was enhanced further with the
addition of cinnamic acid where the inhibitory action of the other compounds
was augmented even at 0.5 mM.

Mixture 2, made up of compounds 1, 3, 6, 7, 8, and 10, non of which inhib-
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TABLE 1. EFFECT OF TWO CONCENTRATIONS (1 mM AND 0.5 mM) OF MIX OF

ALLELOCHEMICALS IDENTIFIED FROM C. ladanifer EXUDATE ON R. crispus GERMINATION,
EXPRESSED AS PERCENTAGE RELATIVE TO CONTROL

Germination (%)

Treatmenta 1 mM 0.5 mM

1: 4-Hydroxybenzoic acid, P-anisic acid and azulene 40.3 97.3b

+ Hydroxycinnamic acid 20.8 74.3
+ Cinnamic acid 3.8 39.4
+ Cinnamic acid + hydroxycinnamic acid 4.5 34.4

2: Ferulic acid, 4-hydroxybenzoic acid, oxalic acid,
methylmalonic acid, p-anisic acid
and 3-hydroxybutyric acid 10.0 49.7

+ Hydroxycinnamic acid 7.9 38.3
+ Cinnamic acid 0.6 20.5
+ Cinnamic acid + hydroxycinnamic acid 0.0 18.5

3: Cinnamic acid and hydroxycinnamic acid 15.4 72.2
4: Ferulic acid, cinnamic acid, 4-hydroxybenzoic acid,

hydroxycinnamic acid, oxalic acid, methylmalonic acid,
p-anisic acid, 3-hydroxybutyric acid and azulene. 0.6 7.4

a 1: Mix of compounds that inhibit root length when tested alone; 2: mix of compounds that inhibit
cotyledon length; 3: mix of compounds that inhibit cotyledon birth and (weakly) germination; 4:
mix of all compounds.

b Not significantly different (P > 0.05) from control (Mann-Whitney U test).

ited germination individually, afected germination negatively when they acted
jointly (Table 1). As in the previous case, the addition of hydroxycinnamic acid
(4), enhanced the inhibitory action, reducing germination practically to zero.

Cotyledon emergence (Table 2) was strongly affected by the compounds
acting conjointly. The interaction affected cotyledon emergence more negatively
than germination. As with germination, the addition of cinnamic acid enhanced
the effect, reducing cotyledon emergence practically to zero. At a lower con-
centration (0.5 mM), the effect was attenuated, except for the mixture of all the
allelochemicals.

Root length and cotyledon length were affected differently. Root length
was negatively affected by all mixtures (Table 3). At the 1 mM concentration,
the reduction was so great that the seedlings were practically nonviable. The
cotyledon length, however, as can be seen from Table 4, in those treatments
where there was cotyledon emergence, was less negatively affected; mixture 1
(compounds 3, 8, and 11, at 1 mM did not significantly affect this parameter.
Hydroxycinnamic acid, when added to mixture 1, greatly enhanced the inhibitory
activity (at 1 mM).
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TABLE 2. EFFECT OF TWO CONCENTRATIONS (1 mM AND 0.5 mM) OF MIX OF

ALLELOCHEMICALS IDENTIFIED FROM C. ladanifer EXUDATE ON EMERGENCE OF

COTYLEDONS Of R. crispus, EXPRESSED AS PERCENTAGE RELATIVE TO CONTROL

Cotyledons
emergence (%)

Treatmenta 1 mM 0.5 mM

1: 4-Hydroxybenzoic acid, P-anisic acid and azulene 36.7 76.0
+ Hydroxycinnamic acid 2.1 53.3
+ Cinnamic acid 1.4 24.4
+ Cinnamic acid + hydroxycinnamic acid 0.0 20.5

2: Ferulic acid, 4-hydroxybenzoic acid, oxalic acid,
methylmalonic acid, p-anisic acid
and 3-hydroxybutyric acid 5.2 39.8

+ Hydroxycinnamic acid 0.0 19.0
+ Cinnamic acid 0.0 6.0
+ Cinnamic acid + hydroxycinnamic acid 0.0 4.9

3: Cinnamic acid and hydroxycinnamic acid 5.3 49.0
4: Ferulic acid, cinnamic acid, 4-hydroxybenzoic acid,

hydroxycinnamic acid, oxalic acid, methylmalonic acid,
p-anisic acid, 3-hydroxybutyric acid and azulene. 0.0 0.0

a 1: Mix of compounds that inhibit root length when tested alone; 2: mix of compounds that inhibit
cotyledon length; 3: mix of compounds that inhibit cotyledon birth and (weakly) germination; 4:
mix of all compounds.

DISCUSSION

In earlier studies (Chaves and Escudero, 1997) we saw the allelopathic
potential of the exudate secreted by cistus ladanifer leaves. In this work, we
tried to understand this species’ activity by determining the chemical nature of
the compounds and by quantifying their phytotoxic activity. At least 11 com-
pounds were found to possess activity, although at different levels of effective-
ness. Two of them, methyl propionate and butyric acid, inhibited germination
even at low concentrations. These compounds also are present in the exudate
at low concentrations (Chaves et al., unpublished). The remaining compounds
mostly affect seedling growth, inhibiting root length and cotyledon length. This
effect may have equally negative consequences, since root growth is important
for any species to become established under natural conditions.

The concentrations at which these compounds are effective are consistent
with the findings of other workers (Kuiters, 1989; Li et al., 1993), who reported
that some phenolic acids, such as cinnamic acid, have the same effect and activ-
ity on germination and seedling growth. The effective concentration is around
0.1–1 mM in inhibiting seedling growth or germination. Those authors found that
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TABLE 3. EFFECT OF TWO CONCENTRATIONS (1 mM AND 0.5 mM) OF MIX OF

ALLELOCHEMICALS IDENTIFIED FROM C. ladanifer EXUDATE ON R. crispus ROOT LENGTH,
EXPRESSED AS PERCENTAGE RELATIVE TO CONTROL

Root length (%)

Treatmenta 1 mM 0.5 mM

1: 4-Hydroxybenzoic acid, P-anisic acid and azulene 8.7 79.0
+ Hydroxycinnamic acid 3.9 18.0
+ Cinnamic acid 3.9 12.0
+ Cinnamic acid + hydroxycinnamic acid 3.9 3.9

2: Ferulic acid, 4-hydroxybenzoic acid, oxalic acid,
methylmalonic acid, p-anisic acid
and 3-hydroxybutyric acid 3.9 10.8

+ Hydroxycinnamic acid 6.8 6.5
+ Cinnamic acid 0.9 3.9
+ Cinnamic acid + hydroxycinnamic acid 0.0 4.9

3: Cinnamic acid and hydroxycinnamic acid 4.6 37.5
4: Ferulic acid, cinnamic acid, 4-hydroxybenzoic acid,

hydroxycinnamic acid, oxalic acid, methylmalonic acid,
p-anisic acid, 3-hydroxybutyric acid and azulene. 1.2 7.5

a 1: Mix of compounds that inhibit root length when tested alone; 2: mix of compounds that inhibit
cotyledon length; 3: mix of compounds that inhibit cotyledon birth and (weakly) germination; 4:
mix of all compounds.

ferulic acid, however, inhibits germination at 1 mM, whereas in our experiment
it inhibited seedling growth only, not germination. Blum and Rebbeck (1989)
report that while ferulic acid inhibits root length, the roots are thicker, and they
suggest that this compound may stimulate the initiation of secondary roots. We
did not observe this phenomenon in our trials, nor any stimulatory effect on
germination at low concentrations (Milborrow, 1984). The effect of these com-
pounds has been shown to be species-dependent (Haugland and Brandsaeter,
1996), and this effect may be due to the difference in seed size, permeability,
differential uptake, and metabolism.

Phenolic acids have been shown to inhibit the length of roots more than
shoots (Li et al., 1993). We observed this phenomenon for cinnamic and hy-
droxycinnamic acids, with there also being a concentration-dependent relation-
ship (r2

c 0.98 and 0.92, respectively). This was not found to be the case, how-
ever, with ferulic and 4-hydroxybenzoic acids. Ferulic acid did not inhibit this
parameter but did inhibit cotyledon length, and 4-hydroxybenzoic acid, while
having an inhibitory effect, had more influence on cotyledon length. In contrast,
azulene, which is not a phenolic, had a strong effect on root length but none on
cotyledon length.

Compounds that have phytotoxic activity usually derive from various
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TABLE 4. EFFECT OF TWO CONCENTRATIONS (1 mM AND 0.5 mM) OF MIX OF

ALLELOCHEMICALS IDENTIFIED FROM C. ladanifer EXUDATE ON LENGTH OF R. crispus
COTYLEDONS, EXPRESSED AS PERCENTAGE RELATIVE TO CONTROL

Length of cotyledon (%)

Treatmenta 1 mM 0.5 mM

1: 4-Hydroxybenzoic acid, P-anisic acid and azulene 90.0b 92.0b

+ Hydroxycinnamic acid 19.0 82.0
+ Cinnamic acid 40.0 61.0
+ Cinnamic acid + hydroxycinnamic acid 0.0 82.0

2: Ferulic acid, 4-hydroxybenzoic acid, oxalic acid,
methylmalonic acid, p-anisic acid
and 3-hydroxybutyric acid 34.0 102.0b

+ Hydroxycinnamic acid 0.0 59.0
+ Cinnamic acid 0.0 52.0
+ Cinnamic acid + hydroxycinnamic acid 0.0 22.0

3: Cinnamic acid and hydroxycinnamic acid 52.8 86.1b

4: Ferulic acid, cinnamic acid, 4-hydroxybenzoic acid,
hydroxycinnamic acid, oxalic acid, methylmalonic acid,
p-anisic acid, 3-hydroxybutyric acid and azulene. 0.0 0.0

a 1: Mix of compounds that inhibit root length when tested alone; 2: mix of compounds that inhibit
cotyledon length; 3: mix of compounds that inhibit cotyledon birth and (weakly) germination; 4:
mix of all compounds.

b Not significantly different (P > 0.05) from control (Mann-Whitney U test).

sources, and it is a complicated task to determine their origin. Their effect, how-
ever, is determined by their conjoint action, and, as we found here, this action is
more effective than when they act alone. Most previous reports of the interaction
among phenols have not been subjected to rigorous examination. The present
work has shown that a mixture of compounds, even of those with a weak nega-
tive effect, phytotoxic accentuates effects. This effect is enhanced when cinnamic
and hydroxycinnamic acids are present. Li et al. (1993) have demonstrated syn-
ergy in the action of such phenolic acids as caffeic, ferulic, and cinnamic acids.
This synergy implies that a high concentration is probably unnecessary for them
to be active. Many of them have been identified in soils at low concentrations
(Blum et al., 1989; Lyu et al., 1990; Lehman et al., 1994; Inderjit and Dakshini,
1991, 1992), and synergy may compensate for the low concentrations.

There is a growing understanding of the function and mode of action of
these compounds. Neither pH nor osmotic pressure seem to be responsible for
the observed negative effects (Rikala and Jozefek, 1990; Nilsson, 1992). Other
theories are defended by Pandey (1994), Jaderlund et al. (1996), and Gallardo
et al. (1998). For example, plants consume less water in the presence of such
compounds, leading to root dysfunction, and the action of phenolic compounds
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might be involved in lowering membrane integrity and disrupting enzymatic
pathways.
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flavonoids of Cistus ladanifer L. By high-performance liquid chromatography-particle beam
mass spectrometry. J. Chromatogr. A. 799:111–115.
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ODÉN, P. C., BRANDTBERG, P. O., ANDERSON, R. GREG, R., ZACKRISSON, O., and NILSSON,
M. C. 1992. Isolation and characterization of a germination inhibition from leaves of empetrum
hermaphroditum Hagerup. Scand. J. For. Res. 7:497–502.

PANDEY, D. K. 1994. Inhibition of salvinia (Salvinia molesta Mitchell) by parthenium (Parthenium
hysterophorus L.). I. Effect of leaf residue and allelochemicals. J. Chem. Ecol. 20:3111–3122.

RICE, E. L. 1984. Allelopathy. Academic Press, Orlando, Florida.
RIKALA, R., and JOZEFEK, H. J. 1990. Effects of dolomite lime and wood ash on peat substrate and

development of tree seedlings. Silvia Fenn. 24(4):323–334.
SMITH, A. E., and MARTIN, L. D. 1994. Allelopathic characteristics of 3 cool-season grass species

in the forage ecosystem. Agron. J. 86:243–246.
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Abstract—Of the aglycone flavonoids identified in the exudate of cistus
ladanifer, two, the flavone apigenin-4′-(O)-methyl and the flavonol kaemp-
ferol-3,7-di(O)-methyl inhibit development of the seedlings of Rumex crispus
at 0.5 and 1 mM. Additive effects were observed between the major flavonols
of the exudate kaempferol-3-(O)-methyl and kaempferol-3,7-di-(O)-methyl
in inhibiting the size of the cotyledons and delaying the germination and
cotyledon emergence. The presence of apigenin-4′-(O)-methyl, kaempferol-
3,7-di-(O)-methyl, and kaempferol-3-(O)-methyl was detected in the soils
associated with C. ladanifer during the summer and autumn months. That
these compounds are present in the soil and are not restricted to the leaves
provides support for the hypothesis that C. ladanifer has allelopathic potential.
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INTRODUCTION

C. ladanifer is a species that secretes an exudate rich in phenolics. The flavonoids
show a marked qualitative and quantitative seasonal variation depending on fac-
tors such as moisture stress, ultraviolet radiation, and high temperatures (Chaves
et al., 1993, 1997). The exudate becomes enriched in flavonoids during sum-
mer, when the flavonols (kaempferols) are more prevalent than the flavones (api-
genins). Given the phytotoxicity of C. ladanifer that was demonstrated in earlier
studies (Chaves and Escudero, 1997) and that some of the compounds respon-
sible for the effect form part of the mixture of aglycone flavonoids extracted from
its leaf exudate, the aim of the present study was to gain deeper knowledge of
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the potential allelopathic activity presented by this species. We set two objec-
tives: (1) to determine which of the aglycone flavonoids identified in C. ladanifer
exudate might be responsible for the phytotoxic effect that was demonstrated in
earlier studies, by using R. crispus (an herb that is not found in the presence of
C. ladanifer) as a test bed; and (2) to check for the presence of these compounds
in the soil and determine at which times of ear they are present, to see whether
the compounds may be able to exert their effect in their natural setting.

METHODS AND MATERIALS

Sample Collection. C. ladanifer leaves for flavonoid extraction were gath-
ered in spring and summer (young leaves). Samples were taken in these two
seasons because of the qualitative and quantitative seasonal variation in leaf
flavonoid content (Chaves et al., 1993, 1997); a greater amount of flavones are
extracted in spring, and flavonols in summer.

The Rumex crispus seeds used for the germination trials were collected at
the end of the summer from meadows in its natural habitat. This species was
chosen because its seed and seedling growth are affected negatively when they
are watered with the fraction of exudate that contains flavonoids. (Chaves and
Escudero, 1997).

After first having cleared the existing herb vegetation, soil samples were
collected from the surface (less than 5 cm), this being the depth to which herb
seeds are usually found. Each month, three soil samples were taken from beneath
C. ladanifer plants, and another two samples as controls away from the influ-
ence of this plant. The sampling months were from April (when the secretion of
flavonoids begins in the leaves) to November (when the secretion stabilizes).

Extraction of Flavonoids. The flavonoids identified in C. ladanifer (Chaves
et al., 1998) are not commercially available and therefore were extracted from
the exudate. The exudate was extracted with chloroform. For separation of
the flavonoids, the extract was dissolved in hot methanol (10 ml/ mg extract)
(Vogt and Gülz, 1991), and the solution stored at −208C for 12 hr, provoking
the precipitation of methanol-insoluble compounds, mainly hydrocarbons and
waxes. The flavonoid-containing supernatant was directly chromatographed on
Sephadex LH-20 (12.5 g Sephadex LH-20) on a 25-cm-long × 1.5-cm-diam.
column) with methanol as the eluent. With this procedure, the flaonoids are sep-
arated from the terpenoids and other phenolics that elute first. Three extracts
were obtained, and these were subsequently analyzed by HPLC to determine
the fraction containing the flavonoids.

Separation and Purification of Exudate Flavonoids by HPLC. The
flavonoids were separated by using a semipreparative Nucleosil 5m C-18
(250 × 10 mm) column and a water–methanol–acetonitrile–tetrahydrofurane
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(56 : 16 : 6 : 22) solution at a flow rate of 1.75 ml/ min. They were detected with a
diode array at 350 nm wavelength. As the peak of each flavonoid was detected,
it was collected in a separate tube. To eliminate any possible contamination
from other compounds eluting close to the flavonoid being purified, the frac-
tion was again separated by HPLC with a methanol–water (80 : 20) solvent at a
2.5 ml/ min flow rate.

The flavonoids purified from the extract were: kaempferol-3-(O)-methyl
(K3), kaempferol-3,7-di-(O)-methyl (K3,7), apigenin-4′-(O)-methyl (Ap4′) and
apigenin-7-(O)-methyl (Ap7). Apigenin (Ap) was commercially available and
was purchased from Aldrich-Quimica.

Extraction of Flavonoids from Soil. The soil samples were air-dried and
stored in bags in darkness until analysis. Twenty-five grams of soil of each sam-
ple were extrated with 40 ml of methanol (Inderjit and Dakshini 1996b). The
mixture was vortexed for 2 hr and then filtered through Whatman filter paper.
The filtrate was evaporated and redissolved in 1 ml methanol.

HPLC Identification of Soil Flavonoids. The solution of soil extract was
assayed by HPLC. Aliquots of 200 ml were injected into a Nucleosil 5m C-18 (15
× 4.5 mm) analytical column with a water–methanol–acetonitle–tetrahydrofurane
(56 : 16 : 6 : 22) solution at a flow rate of 0.7 ml/ min. Flavonoids were detected
with a diode array at a wavelength of 350 nm. The templates used to quantify
the soil flavonoids were the purified flavonoids from the exudate.

Seed Germination. Rumex crispus seeds were watered with different con-
centrations of each of the flavonoids (Ap, Ap7, Ap4′, K3 and K3,7). The highest
concentration was 1 mM and the lowest 0.1 mM (recommended effective con-
centration) (Williams and Hoagland, 1982; Li et al., 1993; Inderjit and Dakshini,
1995). We also performed experiments with the two major flavonoids, K3 and
K3,7, together in order to analyze the interaction between these two flavonols.
Measurements of pH were made to eliminate the possibility that these might
influence observed trends. The pH of the extracts was 6.8 ± 0.2.

For each trial, 50 seeds (four replicates, 200 seeds in total) were placed in
Petri dishes on Whatman No. 118 filter paper and to each dish, 5 ml of the cor-
responding extract was added. Control dishes were watered with Milli Q water.
Dishes were placed in a culture chamber with controlled temperature and light-
ing: 16L : 8D at a constant temperature of 258C. The corresponding solutions
(extract or distilled water) were resupplied every two days. Germinated seeds
were counted daily (germination being taken to have occurred when the testa
had ruptured with the consequent appearance of the radicle). The experiment
was continued for 10 days. Cotyledon emergence was also recorded, and cotyle-
don size (length) and root length were determined at the end of the experiment
by measuring 10 seedlings (at random) for each dish (Jaderlund et al., 1996).

The results for root length inhibition and cotyledon size inhibition were
expressed as percentages with respect to the controls:
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Root length inhibition (%) c � root length with treatment
root length control � × 100

the lag in germination and cotyledon emergence was quantified by using the
Weibull function (Brown and Mayer, 1988). The form of the fitted Weibull func-
tion is: y c M{1− exp[−K(t− z)]c}; where y is the cumulative germination at time
t, and M, k, z, and c are empirically derived constants: M is the asymptote, k the
rate of increase, z the lag in germination, and c is a shape parameter. The value
of k, which represents the germination rate for each treatment, was estimated
with this function. The significance level of comparisons between treatments
was estimated by using the Mann-Whitney U test. Differences were taken as
significant with P < 0.05.

RESULTS

Seedling Germination and Growth. The germination and cotyledon emer-
gence percentages were not affected by any of the compounds (P > 0.05). The
root length (Table 1), was significantly inhibited (P < 0.05) only by the 1 and
0.5 mM concentrations of Ap4′ and K3,7 and the K3/ K3,7 mixture. In the case
of K3,7, inhibition was concentration dependent (r2

c 0.99). No concentration
dependence was detected for Ap4′ or for the K3/ K3,7 mixture. The K3,7 activity
at 0.5 mM was comparable to that of the flavone.

TABLE 1. EFFECT OF DIFFERENT CONCENTRATIONS OF FLAVONOIDS ISOLATED FROM

C. ladanifer EXUDATE ON R. crispus ROOT LENGTH AND COTYLEDON SIZEa

Concentration

Root length Cotyledon size

1 mM 0.5 mM 0.1 mM 1 mM 0.5 mM 0.1 mM

Apigenin 94.57 93.47 95.62 101.05 100.9 103.4
Apigenin 4′ 76.28b 71.37b 97.07 103.7 110.38 103.4
Apigenin 7 101.19 91.21 90.69 81.2 88.4 113.5
Kaempferol 3 98.9 99.04 88.39 97.26 96.75 113.5
Kaempferol 3.7 19.26b 72.39b 103.94 95.04 94.13 105.9
Kaempferol 3–3.7 69.54b 75.8b 78.57b 78.85b

a Expressed as percentage relative to the control. Apigenin 4′: apigenin-4-(O)-methyl; apigenin 7:
apigenin-7-(O)-methyl; kaempferol 3: kaempferol-3-(O)-methyl; kaempferol 3.7: kaempferol-3,7-
di-(O)-methyl; kaempferol 3–3.7: kaempferol-3-(O)-methyl and kaempferol-3,7-di-(O)-methyl.

b Significantly different P < 0.05 from controls (Mann-Whitney U test).
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TABLE 2. EFFECT OF DIFFERENT CONCENTRATIONS OF FLAVONOIDS ISOLATED FROM

C. ladanifer EXUDATE ON RATE OF GERMINATION AND COTYLEDON EMERGENCE OF

Rumex crispusa

Concentration

Root of germination Rate of cotyledon emergence

1 mM 0.5 mM 0.1 mM 1 mM 0.5 mM 0.1 mM

Control 0.72 0.35
Apigenin 0.71 0.73 0.69 0.34 0.33 0.34
Apigenin 4′ 0.03b 0.72 0.68 0.0008b 0.3 0.32
Apigenin 7 0.75 0.65 0.71 0.33 0.52 0.36
Kaempferol 3 0.78 0.94 0.75 0.37 0.45 0.39
Kaempferol 3.7 0.98 0.86 0.76 0.51 0.5 0.42
Kaempferol 3–3.7 0.43b 0.83 0.0002b 0.0005b

a The value expressed as germination rate is the estimated value of the parameter k in the
Weibull function. (see Methods and Materials). Apigenin 4′: apigenin-4-(O)-methyl; apigenin
7: apigenin-7-(O)-methyl; kaempferol 3: kaempferol-3-(O)-methyl; kaempferol 3.7: kaempferol-
3,7-di-(O)-methyl; kaempferol 3–3.7: kaempferol-3-(O)-methyl and kaempferol-3,7-di-(O)-methyl.

b Significantly different P < 0.05 from controls (Mann-Whitney U test).

With respect to cotyledon size (Table 1), there was no effect of any of
the flavonoids alone, but the cotyledons were smaller when K3 and K3,7 acted
together. The interaction between these two flavonols (which are the major
flavonoids in C. ladanifer exudate) had different effects on root length and
cotyledon size: their, joint action had a smaller effect on root length than did
K3,7 alone, but was more effective in inhibiting cotyledon size (P < 0.05) than
either flavonoid alone, where no inhibition was seen.

Delays in Germination and Cotyledon Emergence. Table 2 gives the rates
of germination and cotyledon emergence for each flavonoid treatment. These
indices quantify the effect on delaying germination and cotyledon emergence and
are useful tools in understanding the degree to which development and the com-
petitive possibilities of seedlings were affected. At 1 mM concentration, Ap4′
delayed germination and cotyledon emergence. The mixture of the two flavonols
induced delay in germination rate at the 1 mM concentration and a notable delay
in cotyledon emergence at 1 and 0.5 mM. Although the total germination per-
centage was unaffected, Ap4′ and K3/ K3,7 had a clear effect on lengthening
the time required for germination and cotyledon emergence.

Flavonoids in Soil. The flavonoids K3, K3,7, and Ap4′ were detected in
the extract of soils associated with C. ladanifer. Table 3 lists the amounts of
each flavonoid extracted from both the jaral soils and the control soils for each
month of the sampling period.

One can see that in the controls (soils which were adjacent to the jaral) no
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TABLE 3. LEVELS OF FLAVONOIDS DETECTED IN SOILS IN PRESENCE OF C. ladanifer AND

IN ADJACENT CONTROL SOILS IN SAMPLING MONTHS (APRIL TO NOVEMBER)a

Spring Summer Autumn

April May June July August September October November

Control 1
K3 ND ND ND ND ND ND ND ND
K3,7 ND ND ND ND ND ND ND ND
Ap4′ ND ND ND ND ND ND ND ND

Control 2
K3 ND ND ND ND ND ND ND ND
K3,7 ND ND ND ND ND ND ND ND
Ap4′ ND ND ND ND ND ND ND ND

Soil jara 1
K3 ND ND 2.9 2.6 0.2 5.3 4.8 ND
K3,7 ND ND 5 ND 0.9 12 10 ND
Ap4′ ND ND ND ND ND ND ND ND

Soil jara 2
K3 ND ND 1.3 3.7 4.8 24 ND 0.26
K3,7 ND ND 4 ND 8 60 18 0.8
Ap4′ ND ND ND ND ND 6 ND ND

Soil jara 3
K3 ND ND 9.6 3.5 1.3 8 4.8 0.26
K3,7 ND ND 7.9 ND 2 22 10 6
Ap4′ ND ND 8.5 ND ND ND ND ND

Average soils jaras
K3 4.6 3.15 2.1 12.4 3.2 0.26
K3,7 29 ND 3.6 31.3 10 3.4
Ap4′ 8.5 ND ND 6 ND ND

a Values are expressed in mg/ g dw × 10−5. ND: not detected. K3: kaempferol-3-(O)-methyl; K3,7:
kaempferol-3,7-di-(O)-methyl; Ap4′: apigenin-4′-(O)-methyl.

flavonoids were detected in any of the sampling months and also that the agly-
cone flavonoids secreted by the C. ladanifer leaves were the only three detected
in the soil (Ap4′, K3, and K3,7).

No flavonoids were found in the C. ladanifer soils in the spring months
(April and May), their presence began to be detectable in the summer (June). The
greatest amounts were obtained from the September soil samples. One observes
that there is great variability among sampling points (different soil samples) in a
given month, and an even greater temporal variability: e.g., in June, K3 ranged
between 1.3 and 9.6 mg/ g dry wt × 10−5 and K3,7 between 4 and 79 mg/ g
dry wt × 10−5, and in September the ranges were from 5.3 to 24 mg/ g dry
wt × 10−5 for K3 and from 12 to 60 mg/ g dry wt × 10−5 for K3,7. While
this variability is patent, a common pattern is observed in the greater amount
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of K3.7 for all sampling points in all months except July, when there was no
K3,7 detected in any of the samples. It is noteworthy that Ap4′ was detected in
only June and September, and then only in one sample, that which contained the
greatest quantity of flavonoids. The amount of flavonoids declined considerably
in October and November, being undetectable at some sampling sites.

The variability among sampling points and the temporal variation highlight
the lack of homogeneity in the distribution of these compounds in the soil and
the need for further work to determine their degradation and residence times.
The results show that the presence of flavonoids with phytotoxic activity is not
restricted to the leaves, but that they can also be detected in the soils, especially
those with the greatest phytotoxic activity.

DISCUSSION

The present results provide evidence that the two flavonols (K3 and K3,7)
and the flavone (Ap4′), the three aglycone flavonoids identified in the C. ladani-
fer exudate (Chaves et al., 1998), are those with the greatest phytotoxic activity.
The activity is not directly related to inhibition of germination but is reflected
in the effect on root length, cotyledon size, and the delay in rate of germination
and of cotyledon emergence. A delay in germination rate and radicle growth
will be important in the establishment of any species under natural conditions.
The plant will have less opportunity to establish itself since it will be unable to
take advantage of favorable conditions such as the first rains, and the roots may
find it more difficult to penetrate the soil. This process is even more important
in nutrient-poor ecosystems, such as those in which C. ladanifer grows, where
competition is greater and the lack of nutrients may increase susceptibility to
water deficit. The results are consistent with those of earlier studies, which have
demonstrated the influence of other flavonoids on the size and development of
roots and cotyledons (Inderjit and Dakshini, 1991, 1992, 1995) and the concen-
trations that are effective (1, 0.5, and 0.1 mM). The effect of the flavonoids on
different physiological parameters is unclear and, therefore, so is the mode of
action.

Trials performed by Jaderlund et al. (1996) suggest that the compounds
that negatively affect germination and seedling development are water soluble
and pass into the soil with the rain or the first stages of litter decomposition.
The absorption and retention of allelochemicals in the soil has been documented
(Huang et al., 1999), and therefore one must check for presence of these com-
pounds there. The present work has demonstrated the presence of the flavonoids
K3,7, K3, and Ap4′ in the soils of a jaral, mainly during the months when many
species establish themselves. While it is essential to have data on the persistence
and residence in soils in order to determine with precision the allelopathic activ-
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ity of any given species, the presence and availability of these flavonoids in the
soil, detected here for the first time, reaffirms the allelopathic likelihood of C.
ladanifer.

In previous work, we have quantified the variation of these flavonoids in C.
ladanifer leaves, as well as the factors that induce their synthesis (Chaves and
Escudero, 1999; Chaves et al., 1993, 1997). We found a marked seasonal varia-
tion. The greatest flavonoid concentration in the leaf is in summer (specifically,
in August). The route by which they enter the soil has not been established, but
it could well be by rain (Inderjit and Dakshini, 1996a). This would explain the
peak presence of K3 and K3,7 in September, since in the exudate, the greatest
concentration is found in August: in this month, there may be up to 25 mg/ g
dry wt of flavonoids (Chaves et al., 1997) with these two flavonols representing
about 70% of the total flavonoids. Although the summer is dry, often at the end
of the season there are storms that may be sufficient to wash the flavonoids into
the soil.

It is necessary to emphasize the variability in the amounts detected at differ-
ent sampling points and different months. Studies by other authors (Inderjit and
Dakshini, 1996b; Inderjit, 1998) have shown the variation in phenolic content
of soils with respect to season and sampling site. For instance, phloroglucinol
was found to vary from one site to another from 5 × 10−3 M to 10−6 M in
the field (Inderjit and Dakshini, 1996b). It is no easy matter to determine the
precise bioactive concentration of these compounds in soils under natural con-
ditions, since they may decompose, be absorbed by seeds and roots, be leached,
be fixed by other soil compounds, and be exposed to microbial activity (Dalton
et al., 1983; Rice 1984; Blum and Shafer, 1988; Cheng, 1995). The concentration
at which flavonoids are demonstrated to be active may possibly be greater than
the concentration at which they are detected in the soil. A very high concentra-
tion in the soil is probably not needed for them to exert their allelopathic effect,
however, since the compounds are continually being incorporated into the soil
whenever it rains or leaves fall, an effect which may be even more important
when the plant is a perennial such as C. ladanifer.
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Abstract—We investigated the hypothesis that wood-boring beetles in the
genusMonochamus(Cerambycidae) utilize pheromones of sympatric bark
beetles as host-finding kairomones. All nine bark beetle pheromones tested
electrophysiologically were antenally active for both sexes ofM. scutellatus,
M. clamator, andM. obtususfrom British Columbia. When field-tested with
multiple-funnel traps (British Columbia) or cross-vane traps (Ontario), a blend
composed of frontalin, ipsdienol, ipsenol, and MCH, in combination with a
blend of host volatiles attracted significant numbers ofM. clamator, M. ob-
tusus, M. notatus,and M. scutellatusto baited traps. Traps baited with host
volatiles in combination with a second blend composed ofendo-brevicomin,
exo-brevicomin,cis-verbenol,trans-verbenol, and verbenone caught no more
beetles than unbaited traps or traps baited with the host blend alone. In British
Columbia, traps baited with the first blend alone or both blends together cap-
tured moreM. scutellatusandM. clamatorthan unbaited traps, demonstrating
a response to bark beetle pheromones in the absence of host volatiles. These
results suggest thatMonochamusspp. are minimizing foraging costs by using
the pheromones of sympatric bark beetles as kairomones.

Key Words—Coleoptera, Scolytidae, Cerambycidae, Buprestidae,Monocha-
mus, chemical ecology, allelochemics, kairomones, coevolution.
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INTRODUCTION

Most wood-boring insects reproduce in stressed, dying, or dead trees that are
usually randomly distributed in space and time (Schroeder, 1992). The larvae
feed under the bark in the phloem tissue, in the sapwood, and sometimes deep
into the heartwood (Linsley, 1961), often boring long tunnels that weaken and de-
grade the wood and provide infection courts for wood-rotting fungi. Wood-boring
beetles have caused economic losses as high as 30% in British Columbia log yards
(Safranyik and Raske, 1970). A southern interior British Columbia mill, which
converts 700,000 m3 of coniferous timber into lumber annually, could expect an-
nual degrade losses from all wood-borers to total US $1.8–4.8 million (Phero
Tech Inc. 7572 Progress Way, RR#5, Delta, British Columbia. V4G 1E9, Canada.
Damage Assessment of Woodborers in the Interior of British Columbia. Unpub-
lished report. 1997). If these values were extrapolated to encompass all interior
mills, annual losses would be US $293 million, $43.6 million of which would
be attributable to large wood-borers. Wood-borers in the genusMonochamusare
of particular economic significance, because in addition to causing significant
physical damage (Parmelee, 1941; Gardiner, 1957, 1975), they are vectors of the
pinewood nematode,Bursaphelenchus xylophilus(Vallentgoed, 1991).

Coniferophagous wood-borers use olfactory stimuli to locate hosts (Linsley,
1961), and many are attracted to host monoterpenes and ethanol (Ch´enier and
Philogène, 1989). Consequently, commercial wood-borer baits consist of host
monoterpenes (usuallyα-pinene) and ethanol to simulate the odor of a stressed
or dying tree. Current understanding of the cues involved in host selection by
wood-borers is incomplete.

There is considerable overlap in pheromone components among sympatric
scolytid beetles (Borden, 1982), facilitating kairomonal responses by entomo-
phagous insects to trees or logs infested by bark beetles of numerous species (Vit´e
and Williamson, 1970; Dixon and Payne, 1979; Bedard et al., 1980; Bakke and
Kvamme, 1981; Raffa and Klepzig, 1989). The association between bark beetles
and wood-boring beetles has long been recognized but has only been formally
tested twice (Billings and Cameron, 1984; Billings, 1985). A kairomonal response
to bark beetle pheromones would be adaptive to host-seeking wood-boring beetles
because it could aid them in locating suitable host material. Coniferophagous
wood-borers in the families Cerambycidae and Buprestidae often attack the same
hosts at the same time as conifer-infesting bark beetles (Dahlsten and Stephen,
1974; Stephen and Dahlsten, 1976; Dixon and Payne, 1979; Coulson et al., 1976,
1980).

Subcortical interactions between bark beetles and wood-boring beetles have
been classified as competitive (Coulson et al., 1976, 1980; Schroeder and Weslein,
1994a,b) or commensal (Flamm et al., 1989). A decline in larval density or
emergence of adult bark beetles was attributed primarily to competition between
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cerambycid and bark beetle larvae. A kairomonal response to bark beetle pher-
omones would be even more adaptive to host-seeking wood-borers if bark bee-
tle larvae represent a food resource for wood-borer larvae. Dodds et al. (2001)
found that 74% of the six-spined ips,Ips calligraphus, larvae encountered by
Monochamus carolinensislarvae in phloem sandwiches were attacked; 85% were
killed, suggesting that cerambycid larvae may be facultative predators of bark bee-
tle larvae. This result supports the earlier observation by Schenk and Benjamin
(1969) that in Wisconsin “up to 50% of a brood in the egg and 1st instar was
destroyed by cerambycid larvae; a single cerambycid larvae could reduce the
available food supply by 3%.” However, Flamm et al. (1989) found that foraging
by M. titillator results in low mortality of the southern pine beetleDendroctonus
frontalis, because the larvae migrate to the outer bark beforeM. titillator foraging
becomes significant. One possible explanation for the observed behavior is coevo-
lution betweenM. titillator andD. frontalis, with larvalD. frontalismigration to
the outer bark being an adaptive response that would reduce mortality due toM.
titillator predation.

Billings and Cameron (1984) and Billings (1985) found a kairomonal re-
sponse by the southern pine sawyer,Monochamus titillator, to a blend ofIps
spp. pheromones (ipsenol, ipsdienol, andcis-verbenol). In one study, there was
a synergistic interaction between this stimulus and blends ofendo-brevicomin
and verbenone, orendo- plus exo-brevicomin with verbenone, all of which are
pheromones ofD. frontalis (Billings and Cameron, 1984). In the other study,
this stimulus was synergized by loblolly pine,Pinus taeda, turpentine (Billings,
1985). Raffa (1991) reported an undisclosed number ofM. carolinensiscaptured
in ipsdienol-baited traps. Miller and Borden (1990) capturedMonochamus clam-
ator in increasing numbers as the combined release rates of ipsdienol and (−)-β-
phellandrene increased.

There is considerable potential in exploiting bark beetle pheromones in wood-
borer management, if they prove to be attractive to pest species. We report the
results of experiments in British Columbia and Ontario demonstrating that certain
bark beetle pheromones are attractive toM. clamator, M. obtusus, the white-spotted
sawyerMonochamus scutellatus, and the northeastern sawyerM. notatus.

METHODS AND MATERIALS

Adult M. clamator, M. scutellatus, andM. obtususwere collected on emer-
gence from caged bolts of lodgepole pine,Pinus contortavar. latifolia, and
ponderosa pine,P. ponderosa.Coupled gas chromatographic–electroantenno
graphic detection (GC-EAD) analyses were performed on the antennae of both
male and femaleM. clamator, M. scutellatus, andM. obtususwith an HP 5890 gas
chromatograph equipped with a fused silica column (DB-5, 30 m× 0.32 mm ID,



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297453 March 23, 2001 9:44 Style file version Nov. 19th, 1999

636 ALLISON ET AL.

J&W Scientific, Folsom, California 95630-4714) (Gries, 1995). Authentic sam-
ples of nine candidate bark beetle pheromones (ipsenol, ipsdienol, MCH, frontalin,
cis-verbenol,trans-verbenol,exo-brevicomin,endo-brevicomin, and verbenone)
(Borden, 1985) were mixed in hexane solutions at concentrations of both 10 ng/µl
and 100 ng/µl. These were analysed in 1-µl amounts by GC-EAD under splitless
conditions with a temperature program of 60◦C (1 min) then 10◦C/min to 220◦C.
The analyses were repeated with a temperature program of 50◦C for (1 min),
then 10◦C/min to 90◦C and 4◦C/min to 240◦C to separate ispdienol andtrans-
verbenol.

Synthetic antennally active pheromones were arbitrarily partitioned into two
blends: blend 1 consisting of ipsenol, ipsdienol, MCH, and frontalin and blend 2
consisting ofcis- andtrans-verbenol,exo- andendo-brevicomin, and verbenone
(Table 1). These were tested in the field for behavioral activity with and without
a host blend composed of ethanol andα-pinene (experiment 1) or ethanol with
a synthetic host blend (Table 1) composed of 10.7% (−)-α-pinene, 0.4% (+)-α-
pinene, 13.7% (−)-β-pinene, 7.3% myrcene, 1.5% 3-carene, 0.1%α-phellandrene,
63.7% (+)-β-phellandrene, 0.3%γ -terpinene, and 2.4% terpinolene (experiments
2 and 3) (Table 1). These proportions represent an average of those found in
subalpine firs,Abies lasiocarpa, and Engelmann spruce,Picea engelmannii.Ex-
periment 1 was run July 7–28, 1999 and had 24 replicates of five traps per repli-
cate, with nine replicates set up in the Gorman Bros. Ltd. mill yard in West-
bank, British Columbia, and 15 in the Weyerhaeuser Canada Ltd. mill yard in
Okanagan Falls, British Columbia. Experiment 2 was run June 23–August 11,
1999 and had 10 replicates of five traps per replicate set up in a recently thinned
white pine stand north of Thessalon, Ontario. The surrounding forest was pre-
dominately jack pine,Pinus banksiana.Experiment 3 was run July 19–August
14, 1999 and had eight replicates of five traps per replicate in the Slocan Forest
Products Ltd., Tackama Division mill yard in Ft. Nelson, British Columbia. Ex-
periment 4 was run June 29–July 31, 1999 and had 20 replicates with 10 each in
Ainsworth Forest Products Ltd. mill yards in 100-Mile House and Chasm, British
Columbia.

Experiments 1, 3, and 4 used 12-unit multiple-funnel traps (Lindgren, 1983)
deployed in randomized complete blocks with traps≥15 m apart. A small block
of Vapona No-Pest Strip (Green Cross, Fisons Horticulture Inc., Mississauga,
Ontario) was placed in each collecting cup to minimize predation and cannibalism.
Traps were hung from aluminum poles such that the top funnel was ca. 1.5 m above
ground. Experiment 2 used cross-vane traps with collection bins containing soapy
water, deployed as above (de Groot and Nott, 2001).

The treatments for experiments 1–3 were: (1) unbaited control, (2) host blend
alone, (3) host blend and pheromone blend 1, (4) host blend and pheromone blend
2, and (5) host blend and both pheromone blends. Treatments for experiment 4
were: (1) unbaited control, (2) pheromone blend 1, (3) pheromone blend 2, and (4)
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both pheromone blends. Release devices and rates for all compounds are given in
Table 1.

Captured beetles were collected weekly and frozen until they could be iden-
tified and sexed.Monochamusspp. were identified and sexed by using elytral,
antennal, and sternite characters (Linsley and Chemsak, 1984). Voucher speci-
mens for all species reported have been deposited at the Pacific Forestry Centre,
Canadian Forest Service, Victoria, British Columbia.

Data for each sex were transformed by log10(x + 1) to correct for nonnormal-
ity and heteroscedasticity (Zar, 1984), and analyzed by ANOVA (GLM) and the
Ryan-Einot-Gabriel-Welsch (REGW) multiple-range test (Day and Quinn, 1989)
with SAS Institute Inc. software (SAS Institute Inc., 1988). In all casesα = 0.05.

RESULTS

As shown in a representative example from a femaleM. scutellatusantenna
(Figure 1), all nine pheromones were detected by the antennae of both male and
femaleM. scutellatus, M. clamator, andM. obtusus, with no differences by species
or sex in the level of response.

In experiment 1, one or both sexes ofM. clamator and M. obtususwere
captured in higher numbers in traps baited with the host blend plus pheromone
blend 1 than in traps baited with the host blend alone (Figure 2). FewerM. obtusus
of both sexes were captured in traps baited with the host blend plus both bark beetle
pheromone blends. In no case were there significantly more beetles of either sex
captured in traps baited with the host blend plus pheromone blend 2 than in either
unbaited traps or traps baited with the host blend alone. Only maleM. obtususwere
more attracted to traps baited with the host blend than to the unbaited control traps.

In experiment 2, both sexes ofM. scutellatusandM. notatuswere captured in
higher numbers in traps baited with the host blend plus pheromone blend 1. Both
sexes ofM. scutellatusand femaleM. notatuswere captured in higher numbers
in traps baited with the host blend plus both pheromone blends than in other traps
(Figure 2). Similarly, both sexes ofM. scutellatusand femaleM. notatuswere
captured in higher numbers in traps baited with the host blend plus pheromone
blend 2 or the host blend alone than in unbaited traps. In experiment 3, both sexes
of M. scutellatuswere caught in higher numbers in all baited traps than in unbaited
control traps.

In experiment 4, male and femaleM. clamatorandM. scutellatuswere cap-
tured in higher numbers in traps baited with pheromone blend 1 alone or combined
with pheromone blend 2 than in unbaited traps or traps baited with pheromone
blend 2 alone (Figure 3).

For experiments 1, 3, and 4 other wood-borer species were counted and sexed
if ≥50 individuals were caught. Significant responses, all by beetles in the family
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FIG. 1. Responses in GC-EAD analysis of femaleM. scatellatasantenna to nine bark beetle
pheromones with a DB-5 column with a temperature program of 60◦C (1 min), 10◦C/min
to 220◦C (top), and a DB-5 column with a temperature program of 50◦C (1 min), 10◦C/min
to 90◦C, then 4◦C/min to 240◦C (bottom) to separate ipsdienol fromtrans-verbenol.
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FIG. 2. Catches of fourMonochamusspp. in experiments 1–3 in unbaited traps or in traps
baited with a blend of host compounds alone (HB= host blend) or with pheromone blend
1 (B1), pheromone blend 2 (B2), or both blends together (Table 1). The host blend was
composed of ethanol withα-pinene (experiment 1) or a complex blend of monoterpenes
(experiments 2 and 3) (Table 1). Means within a species, experiment, and sex followed by
the same letter are not significantly different, REGW test,α = 0.05.

Buprestidae, were as follows: femaleB. subornata(N = 89) in experiment 1
captured in greater numbers in unbaited traps than in traps baited with the host
blend and pheromone blend 2, with an intermediate level attracted to the host blend
and host blend with pheromone blend 1 or pheromone blends 1 and 2; femaleChal-
cophora virginiensis(N = 158) in experiment 4 captured in greater numbers in
traps baited with pheromone blend 1 alone or with pheromone blend 2 than in
other traps; maleDicerca tenebrica(N= 482) in experiment 4 captured in higher
numbers in traps baited with either pheromone blend than in unbaited control traps,
with an intermediate level attracted to both pheromone blends combined; female
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FIG. 3. Catches ofM. scutellatusandM. clamatorin experiment 4 in unbaited multiple-
funnel traps or in traps baited with pheromone blend 1 (B1), pheromone blend 2 (B2), or
both blends together. Means within a species and sex followed by the same letter are not
significantly different, REGW test,α = 0.05.

D. tenebrica(N = 1288) in experiment 4 captured in higher numbers in traps
baited with blend 1 than in traps baited with both blends combined and unbaited
traps, with an intermediate level attracted to blend 2; and femaleBuprestis lyrata
(N = 46) in experiment 4 captured in higher numbers in traps baited with phero
mone blend 2 than pheromone blend 1, with other treatments intermediate. Despite
≥50 beetles being captured, no significantly greater responses to baited over un-
baited traps in any experiment were found for the following:Xylotrechus longitar-
sus, X. undulatus, Asemumspp., andArhopalusspp. (all Cermabycidae),Dicerca
tenebrosa, B. nutalli, B. laeviventris, B. maculativentris, andChrysobothrisspp.
(all Buprestidae).

DISCUSSION

Our results demonstrate thatM. clamator, M. notatus, M. obtusus, andM.
scutellatuscan perceive and are attracted by pheromones of sympatric bark beetles
in combination with host volatiles. For two species,M. scutellatusandM. clamator,
they also demonstrate that a response can occur to bark beetle pheromones in the
absence of host volatiles, supporting the results of Billings and Cameron (1984),
but not Billings (1985) forM. titillator.

These findings suggest that theseMonochamusspp. use heterospecific pher-
omones as kairomones during host selection. The ability to respond to both sym-
patric bark beetle pheromones and host volatiles would minimize the energy spent
in foraging to locate hosts, the exposure to predation or environmental extremes
(Dahlsten, 1982), and the opportunity cost of time lost for other biologically impor-
tant activities (Campbell, 1996) in both the presence and absence of mass-attacking
primary and secondary bark beetles.
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The occurrence of intraguild predation is well documented in many terrestrial
and aquatic communities (Polis et al., 1989). Dodds et al. (2001) recently found
thatM. carolinensisis a facultative, intraguild predator of bark beetle larvae. We
hypothesize thatM. clamator, M. notatus, M. obtusus,andM. scutellatusare in-
traguild predators, and, thus, gain an additional adaptive advantage from being
able to orient to bark beetle pheromones. Evolution of a kairomonal response
by Monochamusspp. to the pheromones of numerous species of sympatric bark
beetles would be facilitated by overlapping host ranges and similar larval require-
ments. The absence of one or both of these may explain why the majority of
other wood-borers captured, mainly buprestids, did not respond to either the host
or pheromone blends. IfMonochamusspp. gain a significant adaptive advantage
by preying on the larvae of bark beetles, they would inevitably be in competition
with entomophagous insects that use the same compounds as kairomones (Borden,
1982).

In Ft. Nelson, population levels during experiment 3 were high, and it is
possible that the high numbers of responding beetles obscured responses byM.
scutellatusto different stimuli. Alternatively, the Ft. Nelson population ofM.
scutellatusmay represent a behavioral ecotype that is associated with different
bark beetles than those in southern British Columbia or Ontario.

The blends tested contained two antiaggregation pheromones: MCH and ver-
benone. Positive orientation toward sources of both aggregation and antiaggrega-
tion pheromones should be adaptive forMonochamusspp., as long as they indicate
the presence of a suitable host. However, the lack of a response to pheromone
blend 2 alone or combined with the host blend, as well as reduced responses byM.
obtususwhen it was combined with pheromone blend 1 in experiment 1, suggest
that one or more of its components, possibly verbenone, could actually be repellent.
The production of verbenone by microorganisms (Leufven et al., 1984; Hunt and
Borden, 1990) after a host has been overcome by aggressive bark beetles may pro-
vide a signal toMonochamusspp. of hosts that are no longer acceptable. Verbenone
might also be produced by microorganisms associated with larval wood-borers.

Kairomonal responses byMonochamusspp. may have practical application
in pest management. If further research results in simplified and, thus, inexpensive
kairomonal blends composed of both host volatiles and bark beetle pheromones,
an improved trap (McIntosh et al., 2001; de Groot and Nott, 2001) baited with a
more potent attractive lure might be used effectively in operational monitoring and
mass-trapping programs. These in turn could lead to reduced degrade losses and
(where pine-wilt disease occurs) curtailment of the spread or infection rate of the
pine wood nematode.
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Abstract—Early in spring, just after the snow melts, the leaf beetleOreina
cacaliaefeeds on flowers ofPetasites paradoxus.Later in spring they switch
to their principle host plantAdenostyles alliariae.The attractiveness of short-
and long-term damaged host plants was studied in a wind tunnel. The spring
hostP. paradoxuswas more attractive to the beetles after it had been damaged
overnight by conspecifics or artificially, but not when the plants were damaged
half an hour before the wind-tunnel experiments. Contrary toP. paradoxus,
the principle host plant,A. alliariae was more attractive shortly after an attack
by conspecifics (half an hour before the experiment) compared to a undam-
aged plant, but lost its increased attractiveness when damaged overnight. The
enhanced attraction of damaged plants was longer lasting in the spring host
P. paradoxusthan in the main hostA. alliariae.Volatiles emitted by host plants
were collected and gas chromatographic analyses of the odors collected showed
qualitative and quantitative differences between damaged and undamaged plants.
Among the volatiles recorded, green leaf volatiles and mono- and sesquiter-
penes dominated. In overnight damagedP. paradoxusplants with an enhanced
attractiveness, limonene was emitted in higher amounts. In freshly damaged
A. alliariae leaves, moreα-humulene and germacrene D were emitted com-
pared to (E,E)-α-farnesene, whereas in the less attractiveA. alliariae plants,
more (E,E)-α-farnesene was emitted compared toα-humulene and germacrene
D. In the field, the long lasting attraction of floweringP. paradoxusearly in the
season may facilitate mating inO. cacaliaeafter a successful overwintering.

Key Words—Olfaction, behavior, wind-tunnel, gaschromatography, Coleoptera,
Chrysomelidae,Oreina cacaliae.
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INTRODUCTION

Herbivory leads to plant injury and thus to enhanced emission of plant volatiles,
which may in turn increase the attractiveness of these plants to beetles (Harari et
al., 1994; Loughrin et al., 1995; Bolter et al., 1997). Host-derived volatiles can
also interact with aggregation pheromones to produce synergized attraction, like
that described in bark beetles, or they can be converted into pheromones, as in
mountain pine beetles (Borden, 1984; Jones, 1985).

The alpineOreina cacaliae(Coleoptera: Chrysomelidae) feed on two host
plants at a field site in La Fouly (Val Ferret: Valais) in the Swiss Alps. In spring,
just after the snow melts, the beetles feed onPetasites paradoxus(Asteraceae) in
its flowering state. This is one of the first annual plants to occur at sun-exposed
sites. Wind-tunnel experiments confirmed the attractiveness ofP. paradoxusover a
nonhost (Tussilago farfara) in the laboratory (Kalberer, 2000). Up to 80 individual
O. cacaliaebeetles can be found on a single floweringP. paradoxusplant in
the field (Kalberer, personal observation). This observation led to the hypothesis
that an aggregation pheromone might exist, that attracts beetles to an individual
host plant.O. cacaliaebeetles live for up to three years and generations overlap.
Females are ready to copulate immediately after emergence in summer, whereas
males do not mate until the following spring and summer (Rahier, unpublished
results).

A second host plant,Adenostyles alliariae(Asteraceae), emerges three to four
weeks afterP. paradoxusand serves as summer host for the beetles. The leaves
of A. alliariae contain pyrrolizidine alkaloids that are sequestered byO. cacaliae
larvae and adults for their own defense (Ehmke et al., 1991; Dobler and Rowell-
Rahier, 1994).A. alliariae has one single large leaf (0.2× 0.3 m) in its vegetative
state and occurs in patches. The leaves of adjacent plants are often overlapping,
making it easy forO. cacaliaeto walk from one plant to another. In the field, the
beetles are much less aggregated on theA. alliariae leaves than on their spring
hostP. paradoxus(Kalberer, unpublished data). Quite often two and sometimes
three beetles can be found on a singleA. alliariae leaf, but their number rarely
exceeds more than four (Kalberer, personal observation).

In relation to observations of aggregation in this beetle we tested (1) if an
aggregation pheromone exists, (2) if plant injury changes the attractiveness of
the host plants, and (3) ifO. cacaliaereacts differently to short versus prolonged
injury to P. paradoxusandA. alliariaeplants. Different responses to already dam-
agedP. paradoxusandA. alliariae may explain the observed differences in ag-
gregation on these plants. Experiments to test ambulatory responses of beetles
towards plant odors were conducted in a wind-tunnel. In addition, the volatiles
emitted by undamaged and damaged host plants were collected, identified, and
compared.
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METHODS AND MATERIALS

The Insects. Adults ofO. cacaliaewere collected weekly fromP. paradoxus
in spring and fromA. alliariae in summer, near La Fouly (Val Ferret: Valais) in
the Swiss Alps. To prevent stress, beetles were transported to the laboratory in
cooled containers. The beetles were maintained in glass jars in an incubator at a
day temperature of 16◦C and a night temperature of 12◦C and a 16L: 8D light
regime. Beetles were used within three days of collection in experiments and were
sexed using sexual dimorphism of the tarsi (Lohse and Lucht, 1994).

The Plants. Plants used in the experiments were dug up weekly at or near
the sites where beetles were collected and immediately transplanted into 15-cm-
diameter ceramic pots. Potted plants were transported to the laboratory, where
they were placed near a window and kept at room temperature until use. To obtain
herbivore-damaged plants, 10 adult beetles (5 males and 5 females) were placed
onP. paradoxusandA. alliariaeplants and allowed to feed, either for half an hour
before the experiment (short-term damage) or overnight beginning at 2000 hr,
and the experiments were conducted during the next day (overnight damage).A.
alliariae was also subject to another treatment in which five last-instarO. cacaliae
larvae were allowed to feed on a plant for half an hour before the experiment
(larval short-term damage). Both host plants were also subjected to an artificial
injury treatment. Artificial injury toP. paradoxuswas inflicted by a razor blade,
with which two out of several dozen flowerheads were removed together with the
edge of a basal leaf surrounding the floral stalk. InA. alliariae, artificial injury
was administered by cutting two pieces (35× 10 mm) from the edge of the leaf
with a razor blade and punching a hole (14 mm diameter) in the middle of the leaf
with a cork borer. Each plant was used once as an undamaged plant and once after
being damaged in wind-tunnel experiments and for odor collection.

Wind-Tunnel.The Plexiglas wind-tunnel (0.6× 0.6× 1.8 m) was surrounded
by a white tent to eliminate visual distraction for the beetles. Air was pulled through
the tunnel at 0.1 m/sec with the use of a tubular duct fan (RR 125 C, Melios Venti-
latoren AG, Urdorf, Switzerland) and was exhausted outside the room. A charcoal
impregnated fabric cleaned the air at the tunnel entrance. Room temperature in
the wind-tunnel facility was 22–23◦C and humidity around 55% (for details see
Kalberer, 2000).

Experimental Procedure.The assay was designed as a dual-choice test for
walking beetles. Two differently treated potted plants were placed 0.3 m apart at the
upwind end of the wind-tunnel. A glass plate (1.5× 0.5 m) was placed horizontally
in the wind-tunnel at a height adjusted such that air from the volatile-emitting, upper
plant parts would pass over it. The distance between the point of beetle release on
the glass plate and the plants was 1 m. The glass plate was cleaned with 70% ethanol
after testing 10 beetles. Each plant combination was replicated four times with
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20 beetles (10 females and 10 males) per replicate. Replication took place at inter-
vals of at least one week with different plants and different beetles. The insects were
deprived of food for at least 24 hr before being tested to promote their anemotactic
response (Visser and Nielsen, 1977; Miller and Strickler, 1984). Glass jars with
beetles were taken out of the incubator 30 min before an experiment and left near
the wind tunnel to let the beetles acclimatize to the experimental conditions. Details
on the behavior of the beetles in the wind tunnel are described in Kalberer (2000).

Wind-Tunnel Experiments Excluding Visual Cues.To exclude visual cues, the
plants were not put in the wind-tunnel but placed outside the white curtain surround-
ing the wind tunnel. Compressed air, humidified and purified by a charcoal filter,
entered a heat-sealed Nalophan cooking bag (Kalle Nalo, Wiesbaden, Germany)
containing the potted plant. Teflon tubes led the air enriched with plant odors out
of the cooking bag and into the wind tunnel through two holes at the upwind end of
the wind-tunnel. The ends of the tubes were taped vertically to the upwind edge of
the glass plate.

Pheromone Test.To test for pheromonal attraction, we placed either 10 over-
wintered males or 10 freshly emerged females in a large mesh metallic cage and
released beetles of the opposite sex. To establish a dual-choice test, we had two
cages, one with beetles and one empty. The experiments were conducted with 20
beetles and replicated four times.

Collection of Plant Volatiles.Volatiles were collected from potted plants
inside a climate chamber at 15◦C, 50–60% relative humidity, and 35,000 lux. The
plants were placed inside odorless polyethylene terephthalate (PET) Nalophan
cooking bags. One bag opening was sealed before use with a heat sealer (TEW
Electric Heating Equipment Co. Ltd., type TISH-400), the other was tied around
the plant stem with a plastic tie provided with the bags. Humidified and charcoal-
filtered air entered the bag via a Teflon tube at a rate of 1000 ml/min. The Teflon
tube was connected to the bags by a glass tube. The glass tube entered the PET
bag and was introduced through a screw cap containing a Teflon-coated O-ring of
the same diameter [6 mm; for details see Turlings et al. (1998)].

A volatile collection trap, consisting of a 10-cm-long× 6-mm-diameter glass
tube containing 25 mg Super Q adsorbent (as described by Heath and Manukian,
1992), was attached to the PET bag in the same way as the inlet glass tube. Air
was pulled through the collection trap in the bag via Tygon tubing at a rate of
800 ml/min (Turlings et al., 1998). Volatiles were collected for 4 hr, after which
each trap was rinsed with 150µl methylene chloride, and internal standards (400 ng
n-octane and nonylacetate) were added before injection to a gas chromatograph
(GC). Six collections per treatment were made.

Plant Volatile Analysis.Volatiles were analyzed with a Hewlett Packard 6890
GC equipped with an on-column injector and a flame ionization detector. Aliquots
of 3µl were injected onto a 30 m× 0.25 mm nonpolar column (EC1, film thick-
ness) 0.25µm, Alltech Associates), preceded by a 10-m× 0.25-mm deactivated
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retention gap and a deactivated precolumn (30 cm× 0.53 mm, both Connex).
Helium was used as the carrier gas at a flow rate of 24 cm/sec. The following
temperature program was used: after a hold time of 3 min at 50◦C, temperature
was linearly increased at a rate of 8◦C/min to 230◦C and held for 9.5 min.

Data were collected and processed with ChemStation software (Hewlett-
Packard). The main compounds were identified by GC-MS analysis on a Hewlett-
Packard 5973 quadrupole-type mass selective detector (transfer line temp: 230◦C,
source temp: 230◦C, quadrupole temp: 150◦C, ionization potential: 70 eV, and
scan range: 50 – 400 amu) coupled to the gas chromatograph described above. The
compounds were identified by comparison of retention times to those of commer-
cially available standards [nonene,α-phellandrene, limonene, linalool and(E,E)-
α-farnesene] and by comparison of spectra to those of the Wiley and NIST libraries.

Behavioral Response to Collected Volatiles.This experiment was conducted
to test whether the collected volatiles elicit a behavioral response in the beetles.
Samples (50µl each) containing the volatiles collected from healthy and artifi-
cially damagedA. alliariae plants, identical to the ones used for injection in the
gas chromatograph, were offered on folded filter paper discs (90 mm diameter;
Schleicher and Schuell, Dassel, Germany) placed on the glass plate at the upwind
end of the wind-tunnel. No visual cues could help the beetles approach the odor
source in the wind-tunnel.

Statistical Analysis.Odor preferences in the wind-tunnel were tested with a
two-tailed binomial test, using the total number of beetles that made a choice for a
particular odor (α = 0.05) and pooling the data of the four replicates. To analyze
the quantitative differences in the plant odors emitted by undamaged and damaged
plants, we used an ANOVA followed by a Bonferroni-Dunn versus control (un-
damaged plant) post hoc test. Collected odor data were log (X+ 1) transformed
before analysis.

RESULTS

Choice Experiments

Damaged vs. UndamagedPetasites paradoxus:Flowering State.In cho-
ice experiments with floweringP. paradoxus,beetles showed a significant prefer-
ence for plants damaged by overnight feeding beetles (Figure 1A,P< 0.001) and
by artificial damage the previous evening (Figure 1B,P< 0.01) over undamaged
plants. There was no difference in attractiveness between overnight damage caused
by adult beetles and overnight artificial damage (Figure 1C,P = 0.43). Beetles
were not more attracted toP. paradoxusplants that had been damaged only half
an hour before the experiment (short term attack) than they were to undamaged
plants (Figure 1D,P= 0.43).
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FIG. 1. Choices ofOreina cacaliaein wind-tunnel experiments withPetasites para-
doxus.The bars represent the percentage of tested beetles that made a particular choice.
The asterisks indicate a significant preference for a treatment (two-tailed binomial test;
** P< 0.01, ***P< 0.001).

Damaged vs. Undamaged.Adenostyles alliariae,Vegetative State.Freshly
damaged leaves ofA. alliariae were more attractive to beetles than undamaged
leaves, regardless whether leaf damage had been inflicted by adult or larval feed-
ing (Figure 2A,P< 0.01 and Figure 2B,P< 0.05). Freshly damagedA. alliariae
leaves were significantly more attractive than overnight damaged leaves (Fig-
ure 2C,P< 0.001). Artificial fresh attack was as attractive as fresh damage caused
by adult beetles feeding on the plant (Figure 2D,P= 0.42). Plants damaged over
night by adult beetles were not more attractive than undamaged plants (Figure 2E,
P= 0.42).
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FIG. 2. Choices ofOreina cacaliaein wind-tunnel experiments withAdenostyles al-
liariae. The bars represent the percentage of tested beetles that made a particular choice.
The asterisks indicate a significant preference for a treatment (two-tailed binomial test;
*P< 0.05, **P< 0.01, ***P< 0.001).

Host Odor without Visual Cues.The tube releasing odor collected from
an undamagedA. alliariae plant attracted significantly more beetles than the
tube releasing clean air (Figure 3A,P < 0.05). Collected headspace volatiles
of a freshly damagedA. alliariae leaf presented on a filter paper, attracted more
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FIG. 3. (A) Choice experiments without visual cues, where the host odor entered the wind-
tunnel from plants standing outside the wind-tunnel. Odor fromA. alliariaeplants attracted
more beetles than pure air. (B) Collected headspace volatiles from damagedA. alliariae
leaf put on a filter paper attracted more beetles than the collected odor of a undamaged
A. alliariae leaf. The asterisks indicate a significant preference for a treatment (two-tailed
binomial test; *P< 0.05, **P< 0.01.

beetle than did collected headspace volatiles of an undamaged leaf (Figure 3B,
P< 0.01).

Attractiveness of Conspecifics. O. cacaliaebeetles of one sex were not at-
tracted by conspecifics of the other sex. Neither overwintered males nor new gen-
eration females attracted more adults of the opposite sex than did an empty cage
(Figure 4,P= 0.34, both sexes). When two pottedA. alliariae plants were added
at the upwind end of the wind-tunnel, beetles still did not discriminate between
the cage with conspecifics and the empty cage (P= 0.4, data not shown).

FIG. 4. O. cacaliaewas not attracted to the smell of the opposite sex and did not approach
the conspecifics hidden in a metallic cage more often than an empty cage (P= 0.34).
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FIG. 5. Representative gas chromatographic profiles of headspace volatiles from undam-
aged, freshly damaged, overnight damaged and artificially overnight damagedPetasites
paradoxusplants. The bottom chromatogram shows the odor fromOreina cacaliaebeetles.
Peak identities: (P forPetasites) Pb, unknown; Pd, nonene; Pi,α-phelandrene; Pl, limonene;
Pq, unknown; Pt, eremophylene; Px, chromolaenin. IS1 and IS2 represent the internal stan-
dardsn-octane and nonyl acetate, respectively. Asterisks indicate significant differences in
the amount of an emitted substance as compared to a undamagedP. paradoxusflower.

Analysis of Headspace Volatiles

Petasites paradoxusFlowering State. Representative gas chromatograp-
hic profiles of headspace volatiles collected fromP. paradoxusplants illustrate the
differences in volatile blends between undamaged and damaged plants (Figure 5).
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TABLE 1. DATA OF ANOVA TEST FORCOLLECTED PLANT ODOR COMPOUNDS OF

DAMAGED PLANTS COMPARED WITH UNDAMAGED CONTROL PLANTSa

Compound MS F P

Petasites paradoxusflowering
Unknown (Pb) 0.49 7.69 0.0013
Nonene (Pd) 1.16 7.8 0.0012
(E,E)-α-phellandrene (Pi) 5.81 11.7 0.0001
Limonene (Pl) 1.15 4.94 0.01
Unknown (Pq) 4.33 12.63 0.0001
Eremophylene (Pt) 4.29 23.59 0.0001
Chromolaenin (Px) 7.64 69.48 0.0001

Adenostyles alliariaevegetative
(Z)-3-Hexenol (a) 2.69 3.34 0.025
Unknown (b) 1.75 3.27 0.028
(Z)-3-Hexenyl acetate (c) 1.9 3.84 0.015
Linalool (e) 0.94 7.38 0.0005
Dodecanol (h) 2.78 6.14 0.0014
α-Humulene (k) 0.87 7.51 0.0004
Germacrene D (n) 0.48 3.61 0.019
(E,E)-α-fannesene (p) 0.25 2.42 0.075

aSignificant differences between treatments are indicated with an asterisk in the Figures 4 and 5.

Control collections from empty PET bags showed no background odor. The sesquit-
erpeneα-phellandrene was emitted in large amounts by freshly damagedP. para-
doxusplants (Figure 5, peak Pi). Overnight damaged plants (adult and artificial
attack) with enhanced attractiveness emitted significantly more limonene (peak Pl)
than both undamaged and freshly damaged plants. The other volatile compounds—
nonene, eremophylene, and two unknown substances were released in significantly
larger amounts by damaged plants (either fresh or overnight damage) than by un-
damaged plants (Table 1, Figure 5).

Adenostyles alliariaeVegetative State. Representative gas chromatograms
of headspace volatiles collected fromA. alliariae leaves following different treat-
ments are shown in Figure 6. Freshly damaged leaves with enhanced attractiveness,
damaged either by adult beetles, larvae, or artificially, contained significantly larger
amounts of linalool (e), dodecanol (h),α-humulene (k), and germacrene D (n) than
did undamaged leaves (Table 1, Figure 6). WhenA. alliariae leaves were dam-
aged overnight by adults, they emitted additional volatiles such as (Z)-3 hexenol
(a), (Z)-3-hexenyl acetate (c), (E,E)-α-farnesene (p), and an unknown substance
(b). In undamaged and overnight damagedA. alliariaemore (E,E)-α-farnesene (p)
is produced compared toα-humulene (k) and germacrene D (n), whereas in freshly
damaged leaves (by adults, larvae, or artificially) moreα-humulene (k) and
germacrene D (n) are emitted compared to (E,E)-α-farnesene (p).
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FIG. 6. Representative gas chromatographic profiles ofAdenostyles allliariaeheadspace
volatiles collected from leaves after various treatments. Treatments from top to bottom were:
undamagedA. alliariae leaf, a leaf freshly damage by adultO. cacaliae,a leaf artificially
damaged with a razor blade, a leaf freshly damaged byO. cacaliaelarvae, and a leaf
damaged overnight byO. cacaliaeadults. Peak identities: a, (Z)-3-hexenol; b, unknown;
c, (Z)-3 hexenylacetate; e, linalool; h, dodecanol; k,α-humulene; n, germacrene D; and p,
(E,E)-α-farnesene. IS1 and IS2 represent the internal standardsn-octane and nonyl acetate,
respectively. Asterisks indicate significant differences in the amount of an emitted substance
as compared to a undamagedA. alliariae leaf.

Results of Beetle Odor Collections

Oreina cacaliae. Chromolaenin was the only identified substance emitted from
O. cacaliaebeetles and was also present in plant odor collections from damaged
plants, where beetles had fed on the plant during collection (Figure 5).
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DISCUSSION

Wind-tunnel experiments withO. cacaliaeand the host plantsP. paradoxus
andA. alliariae provide evidence that this alpine leaf beetle is more attracted to
volatiles released by damaged host plants than it is to undamaged hosts. Domek
and Johnson (1988) found that green June beetles feeding on ripe peach attract
significantly more conspecifics than did ripe sliced fruit or beetles alone, demon-
strating that beetles feeding on a host attract more conspecifics than the presence
of host plants or conspecifics alone. The attraction to a general odor of wounded
plants could be excluded in an experiment withPhyllotreta cruciferae(Coleoptera:
Chrysomelidae), where beetles were attracted to conspecifics feeding on the host
plant oilseed rape, but not to conspecifics feeding on the nonhost crambe (Peng and
Weiss, 1992).O. cacaliaebeetles responded similarly to insect (larvae or adult) or
artificially damaged host plants, showing that the volatile blend emitted is solely a
result of plant injury and not part of the odors emitted by the insect while feeding.

Even in the absence of any visual cues characterizing its host plant in the
wind tunnelO. cacaliaeapproached the host plant odor inlet more often than the
clean air inlet. Nevertheless, the fact that fewer beetles responded in experiments
without visual cues than in trials in which plants were placed in the wind tunnel
indicates that some visual cues might help the beetles to approach a plant. In the
field, the role of visual cues in host plant finding behavior is clearly less important
than the role of odor cues (Kalberer, 2000).

Pasteels et al. (1994) speculated on the existence of a sexual pheromone in
O. gloriosa, based on differences in the composition of defensive secretion, be-
tween the sexes (Eggenberger and Rowell-Rahier, 1991, 1993). We found no evi-
dence for a sex pheromone inO. cacaliae.Our beetles were transported together in
a pot from the field to the lab, and they may have released their defensive secretion
during transport, which could have affected their subsequent responses. Keeping
the beetles separate may yield different results.

Short- or long-term attack, respectively, lead to an enhanced attractiveness in
one host plant ofO. cacaliaebut not in the other. The spring hostP. paradoxus
was more attractive after overnight damage, whereasA. alliariaehad an enhanced
attractiveness only after a fresh attack, but lost this enhanced attractiveness hours
later. An enhanced attractiveness for overnight damaged plants similar for the one
on P. paradoxushad been described for the Japanese beetle on crabapple leaves
where overnight damaged leaves attract more beetles than undamaged leaves or
leaves with fresh damage (Loughrin et al., 1995).

Collected headspace volatiles from damagedA. alliariae leaves were more at-
tractive to the beetles than collected volatiles from undamagedA. alliariae leaves,
showing that the compounds triggering a response inO. cacaliaehad been col-
lected. The compounds collected were analyzed in order to determine how the
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composition of the odor blend changed as a result of herbivore attack. Visser et al.
(1979) showed that fresh attack by Colorado potato beetles results in the emission
of green leaf volatiles from injured plant cells. These volatiles are emitted by most
plant species after damage as a result of the oxidative degradation of plant lipids
(Visser and Avé, 1978). The compounds (Z)-3-hexenol and (Z)-3-hexenyl acetate
that were released from damagedA. alliariae leaves after a short attack belong to
this category, nevertheless they were also produced after overnight attack. Several
studies have shown that the production of other volatiles is induced in the plant
following the attack by a herbivore (Turlings et al., 1990, Takabayashi et al., 1994)
and is the result of active chemical processes in the plant (Par´e and Tumlinson,
1997). Mono- and sesquiterpenes, built via the isoprenoid pathway, belong to this
category and are the most common volatiles induced by herbivore attack (Par´e and
Tumlinson, 1997). Nonene,α-phelandrene, limonene, and eremophylene, were the
compounds emitted in higher amounts by damagedP. paradoxusplants compared
to undamaged plants. After an overnight infestation by beetles as well as after
artificial damage the previous evening,P. paradoxusflowers released significantly
more limonene than plants that were less attractive for the beetles. It is tempting to
speculate that the enhanced attractiveness of overnight damagedP. paradoxusis
due to an increased amount of limonene in the emitted plant volatiles. Nevertheless
it is risky to speculate that a single compound evokes the observed response in the
beetle, because several studies have shown that the blend of odor components is
crucial to provoke a certain behavioral response (Visser and Av´e, 1978; Saxena
and Goyal, 1978).

Linalool, dodecanol,α-humulene, and germacrene D were the compounds
emitted in higher amounts by damagedA. alliariae leaves compared to undam-
aged leaves. In freshly damagedA. alliariae leaves with enhanced attractiveness,
moreα-humulene and germacrene D were emitted compared to (E,E)-α-farnesene
whereas in the less attractiveA. alliariae undamaged and overnight-damaged
plants, more (E,E)-α-farnesene was emitted compared toα-humulene and ger-
macrene D. This reverse relationship between those sesquiterpenes might be re-
sponsible for the enhanced attractiveness of freshly damagedA. alliariae leaves.

Most of the compounds that we found after an attack ofO. cacaliaein its
host plants have been described for damaged host plants of other systems. For
instance the terpene (E,E)-α-farnesene is released by damaged crabapple and by
Psylla-infested pear trees (Loughrin et al., 1995; Scutareanu et al., 1997), (Z)-3-
hexenyl acetate was found to be associated with herbivory in maize (Turlings et al.,
1990), and the sesquiterpene (-)-germacrene D appears to mask the attractiveness
of undamaged pine trees toMonochamus alternatus(Coleoptera: Cerambycidae)
(Yamasaki et al., 1997).

The fact that damaged host plants are more attractive than undamaged plants
may promote aggregation ofO. cacaliaeon plants suitable for feeding and larval
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development. The difference in the attractiveness of the two host plants with respect
to time since attack corresponds nicely with field observations of beetle densities
on plants. Dozens of beetles often feed on a single floweringP. paradoxusplant in
spring, while only a few beetles (2–4) were ever observed onA. alliariae plants.
The long-lasting attraction of floweringP. paradoxusearly in the season may
facilitate mating inO. cacaliae.It might be especially rewarding for the females
to remate in spring with a male who successfully overwintered, to increase the
fitness of their offspring (Stevens and Cauley, 1989).
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ment. Ann Fraser, Bernd H¨agele, and H˚akan Häggström made helpful comments on the manuscript.

REFERENCES

BOLTER, C. J., DICKE, M. V. LOON, J. J. A. VISSERJ. H., and POSTHUMUS, M. A. 1997. Attraction of
Colorado potato beetle to herbivore-damaged plants during herbivory and after its termination.J.
Chem. Ecol.23:1003–1023.

BORDEN, J. H. 1984. Semiochemical-mediated aggregation and dispersion in the Coleoptera, pp. 123–
149,in T. Lewis (ed.).Insect Communication.Academic Press, Orlando, Florida.

DOBLER, S., and ROWELL-RAHIER, M. 1994. Production of cardenolides versus sequestration of
pyrrolizidine alkaloids in larvae ofOreinaspecies (Coleoptera, Chrysomelidae).J. Chem. Ecol.
20:555–568.

DOMEK, J. M., and JOHNSON, D. T. 1988. Demonstration of semiochemically induced aggregation in the
green June beetle,Cotinis nitida(L.) (Coleoptera, Scarabaeidae).Environ. Entomol.17:147–149.

EGGENBERGER, F., and ROWELL-RAHIER, M. 1991. Chemical defence and genetic variation.Naturwis-
senschaften78:317–320.

EGGENBERGER, F., and ROWELL-RAHIER, M. 1993. Physiological sources of variation in chemical
defense ofOreina gloriosa(Coleoptera: Chrysomelidae).J. Chem. Ecol.19:395–410.

EHMKE, A., ROWELL-RAHIER, M. PASTEELSJ. M., and HARTMANN, T. 1991. Sequestration of ingested
[14C]senecionineN-oxide in the exocrine defensive secretions of chrysomelid beetles.J. Chem.
Ecol.17:2367-2379.

HARARI, A. R., BEN-YAKIR D., and ROSEN, D. 1994. Mechanism of aggregation behavior inMaladera
matridaArgaman (Coleoptera: Scarabidae).J. Chem. Ecol.20:361–371.

HEATH, R. R., and MANUKIAN , A. 1992. Development and evaluation of systems to collect volatile
semiochemicals from insects and plants using a charcoal-infused medium for air purification.
J. Chem. Ecol.18:1209–1126.

JONES, O. T. 1985. Chemical mediation of insect behavior, pp. 311–373, in D. H. Hutson and T. R.
Roberts (eds.). Progress in Pesticide Biochemistry and Toxicology, Vol. 5, Insecticides. Wiley,
New York.

KALBERER, N. M. 2000. Host-plant recognition, dispersal and its influence on reproduction in the
alpine leaf beetleOreina cacaliae.PhD thesis. University of Neuchˆatel, Neuchˆatel, Switzerland.

LOHSE, G. A., and LUCHT, W. H. 1994. page 73,in Goecke and Evers (ed.).Die Käfer Mitteleuropas
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R. T. Cardé (eds.).Chemical Ecology of Insects.Chapman and Hall, New York. pp. 127–155.

PARE, P. W., and TUMLINSON, J. H. 1997. De novo biosynthesis of volatiles induced by insect herbivory
in cotton plants.Plant Physiol.114:1161–1167.

PASTEELS, J. M., ROWELL-RAHIER, M., BRAEKMAN, J.-C., and DALOZE, D. 1994. Chemical defense
of adult leaf beetles updated, pp. 298–301,in P. Jolivet, M. Cox, and E. Petitpierre (eds.).Novel
Aspects of the Biology of Chrysomelidae,Kluwer, Dordrecht.

PENG, C., and WEISS, M. J. 1992. Evidence of an aggregation pheromone in the flea beetle,Phyllotreta
cruciferae(Coleoptera: Chrysomelidae).J. Chem. Ecol.18:875–884.

SAXENA, K., and GOYAL, N. S. 1978. Host-plant relations of the citrus butterflyPapilio demolusL.:
Orientation and ovipositional responsesEntomol. Exp. Appli.24:1–10.

SCUTAREANU, P., DRUKKER, B., BRUIN, J., POSTHUMUS, M. A., and SABELIS, M. W. 1997. Volatiles
fromPsylla-infested pear trees and their possible involvement in attracting of anthocorid predators.
J. Chem. Ecol.23:2241–2260.

STEVENS, L., and CAULEY, D. E. M. 1989. Mating prior to overwintering in the important willow leaf
beetle,Plagiodera versicolora(Coleoptera: Chrysomelidae).Ecol. Entomol.14:219–223.

TAKABAYASHI , J., DICKE M., and POSTHUMUS, M. A. 1994. Volatile herbivore-induced terpenoids in
plant-mite interactions: Variation caused by biotic and abiotic factors.J. Chem. Ecol.20:1329–
1354.

TURLINGS, T. C. J., TUMLINSON J. H., and LEWIS, W. J. 1990. Exploitation of herbivore-induced plant
odours by host-seeking parasitic wasps.Science250:1251–1253.

TURLINGS, T. C. J., BERNASCONI, M., BERTOSSA, R., BIGLER, F., CALOZ, G., and DORN, S. 1998. The
induction of volatile emissions in maize by three herbivore species with different feeding habits:
possible consequences for their natural enemies.Biol. Control11:122–129.

VISSER, J. H., and AV́E, D. A. 1978. General green leaf volatiles in the olfactory orientation of the
Colorado beetle,Leptinotarsa decemlineata. Entomol. Exp. Appl.24:538–549.

VISSER, J. H., and NIELSON, J. K. 1977. Specificity in the olfactory orientation of the CPB.Entomol.
Exp. Appl.21:14–22.

VISSER, J. H., STRATEN S. V., and MAARSE, H. 1979. Isolation and identification of volatiles in
the foliage of potato,Solanum tuberosum,a host plant of the Colorado beetle,Leptinotarsa
decemlineata. J. Chem. Ecol.5:13–25.

YAMASAKI , T., SATO, M., and SAKOGUCHI, H. 1997. Germacrene D: Masking substance of attractants
for the cerambycid beetle,Monochamus alternatus(Hope).Appl. Entomol. Zool.32:423–429.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297455-03 March 17, 2001 10:8 Style file version Nov. 19th, 1999

Journal of Chemical Ecology, Vol. 27, No. 4, 2001

HOST LOCATION AND HOST DISCRIMINATION BEHAVIOR
OF Telenomus isis, AN EGG PARASITOID OF THE AFRICAN

CEREAL STEM BORERSesamia calamistis

A. CHABI-OLAYE,1,2 F. SCHULTHESS,1 H.-M. POEHLING,2

and C. BORGEMEISTER2,*

1International Institute of Tropical Agriculture (IITA)
Plant Health Management Division (PHMD)

08 BP 0932 Tripostal
Cotonou, Republic of Benin, West Africa

2University of Hanover
Institute of Plant Diseases and Plant Protection
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Abstract—In the Republic of Benin, the scelionid egg parasitoidTelenomus
isis (Polaszek) is one of the most important control factors of the noctuid maize
stem borerSesamia calamistis.In the present study, the role of various sources
of contact kairomones (male or virgin or mated female moths) and of the moth’s
oviposition substrate (leaf sheath versus filter paper; host plant species) in host
location and oviposition behavior ofT. isiswas investigated in Munger cells,
open arenas, and/or Petri dish assays. Furthermore, its ability to distinguish
between unparasitized eggs and eggs parasitized by a conspecific female or
by the trichogrammatidLathromeris ovicidawas studied. In the Munger cell
experiment,T. isisspent more time in moths’ odor fields than in the control. There
was no difference between virgin and mated females. In the open arena assay,
traces left by both the male and female moths acted as contact cues, which elicited
an arrestment response in the parasitoid. The residence and patch retention time
in the arena with virgin or mated females ofS. calamistiswas about 4.8 times
as long as that with males. The presence of maize leaf sheaths stimulated the
oviposition behavior ofT. isiswhen compared to eggs offered on filter paper.
During the first 6 hr, more eggs were parasitized on maize leaves, although there
was no difference in the final number of offspring between the two substrates. In
addition, if eggs ofS. calamistiswere offered together with different host plant
species or alone, maize and sorghum were both more attractive than millet or the
egg alone and equally attractive between themselves, indicating that the plant
tissue influences host finding ofT. isis.Both T. isisandL. ovicida recognized
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markings of conspecific females, and intraspecific superparasitism was therefore
low. Interspecific superparasitism was more than three times higher forL. ovicida
than forT. isis, indicating that onlyT. isiswas able to recognize the marking of
the other species and tried to avoid superparasitism. Emergence of parasitoids
from multiparasitized eggs generally was in favor ofL. ovicida regardless of
species order.

Key Words—Telenomus isis, Lathromeris ovicida, Sesamia calamistis, host
location, host discrimination, superparasitism, West Africa.

INTRODUCTION

In southern Benin, the solitary scelionid egg parasitoidsTelenomus busseolae
(Gahan) (Hymenoptera: Scelionidae) andT. isis (Polaszek) (Hymenoptera: Sce-
lionidae) are the most important natural control factors of the maize stem borer
Sesamia calamistisHampson (Lepidoptera: Noctuidae) (S´etamou and Schulthess,
1995; Schulthess et al., 1997). A third species commonly found onS. calamistis
eggs, but of low importance, is the gregarious trichogrammatidLathromeris ovici-
da Risbec (Hymenoptera: Trichogrammatidae).T. busseolaeis a relatively well-
described species known as an important biological control agent of several noc-
tuid pests throughout Africa as well as Greece and the Middle East (Alexandri
and Tsitsipis, 1990; Kornosor et al., 1994; Polaszek, 1998). In contrast,T. isis
was described only in 1993 (Polaszek et al., 1993) and, so far, has been reported
only from West Africa, including Cameroon (Polaszek, 1998; Ndemah, 1999). As
a result, there is little information about the biology and ecology of this species,
although, as shown for southern Benin, it can contribute significantly to reducing
noctuid stem borer populations on maize (Schulthess et al., 1997).

Southern Benin is characterized by derived savanna vegetation, which forms
a continuum of wild and cultivated host plants ofS. calamistis,most of them
belonging to the family Poacea. Both the generally low egg batch densities, rang-
ing between 0.01 and 0.1 per tiller (Schulthess et al., 2000) and their regular
dispersion pattern (S´etamou and Schulthess, 1995) make host finding difficult.
Nevertheless, in region-wide surveys in southern Benin in 1995–1996, up to 62%
of the egg batches were parasitized byT. isis,indicating good host-finding ability
(Schulthess et al., 2000). It is not clear howT. isisdetects its host. The importance
of chemical stimuli orienting females to their host has been documented for sev-
eral egg parasitoids species (Noldus and van Lenteren, 1985; Aldrich et al., 1984;
Mattiaci et al., 1993). These stimuli vary in their information content and in their
detectability. Stimuli from the host itself are more reliable but generally difficult to
detect by the parasitoid, whereas stimuli from the host microhabitat or food plants
can be detected easily, but generally carry less host-specific information (Vet et al.,
1991; Vet and Dicke, 1992; W¨ackers and Lewis, 1994). The first objective of this
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study was to investigate the potential sources of infochemicals used byT. isisin its
host location process by testing virgin or mated females moths and male moths,
as well as several host plants ofS. calamistis.

Surveys showed that ca. 15% of theS. calamistisegg batches were detected
and parasitized by up to three species (Schulthess et al., 2000), and it was theo-
rized that this may have been a result of superparasitism. Agboka (1998) demon-
strated, however, that bothT. isis andT. busseolaewere able to detect eggs al-
ready parasitized by a conspecific female or anotherTelenomusspecies and, thus,
tended to avoid superparasitism. If superparasitism occurred,T. busseolaewon over
T. isis,irrespective of species order. During the surveys,L. ovicidawas more often
found together withT. isisthanT. busseolae.Thus, a second objective of this study
was to assess the ability of the two species to discriminate between parasitized and
nonparasitized eggs and the outcome in the case of interspecies superparasitism.
This study is part of a larger project to assess the chances ofT. isis to becoming
established in East and southern Africa.

METHODS AND MATERIALS

Insect Colonies.Eggs ofS. calamistiswere obtained from a colony maintained
on an artificial diet at the International Institute of Tropical Agriculture (IITA),
Calavi, Benin, following the protocol developed by Bosque-P´erez and Dabrowski
(1989). Adults of bothT. isis andL. ovicida were reared onS. calamistiseggs
according to the method of Chabi-Olaye et al. (1997). The parasitoids originated
from parasitized eggs ofS. calamistiscollected in the derived savanna in southern
Benin. For the behavioral assays, female and male pupae ofS. calamistiswere
isolated in plastic containers (5 cm high× 18 cm diameter), and kept at 27± 1◦C,
75 ± 5% relative humidity, and 10D:14L photoperiod. After emergence, three
groups of moths were tested: newly emerged males, virgin females, and mated
females.

Munger Cells Behavioral Assays.Three-chamber Munger cells were used to
investigate the response ofT. isis females to moths ofS. calamistis.The device
is a transparent glass plate (10 cm long× 5 cm wide× 1 cm thick) composed
of three cells (2 cm diameter× 1 cm deep), i.e., a central cell, and two side
cells. Each side cell is situated 0.5 cm from the central cell and 1.5 cm from the
edge of the device. The device is provided with a longitudinal ventilation system
(0.4 cm diameter), consisting of two interior air ducts connecting each side cell
to the central cell, and two side air ducts from the side cells to the outside. The
top and the bottom of the device were covered with two transparent glass plates
(10 cm long× 5 cm wide× 0.3 cm thick).

The experiment consists of four tests (virgin female versus control field,
mated female versus control field, male versus control field, and virgin female
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versus mated female ofS. calamistis). For the first three tests, the bait, i.e., a male,
a virgin female, or a mated female moth was placed in one of the side cells, while
the second cell served as the control (control field). In the last test, the mated and
virgin females ofS. calamistiswere placed separately in each side cell. One ca.
0.5-day-old, na¨ıve, mated female parasitoid was introduced into the central cell
and was allowed 10 min to choose one of the side cells. Thereafter, the wasp was
discarded whether or not it had made a choice. A choice was defined when a wasp
had crossed any interior air duct, penetrated into a side cell, and remained there for
at least 2 sec. After every five observations, the device was rotated to prevent bias
due to positional factors. A minimum of 30 wasps was observed for each tested
bait type. After each experiment, the whole system was cleaned with chloroform
and neutral soap. All tests were conducted at 26± 1◦C and 65± 5% relative
humidity under permanent light conditions. Data were gathered on the proportion
of wasps that made a choice for each side cell and the time spent by wasps in each
side cell.

Open Arena Behavioral Assays.Arena experiments were conducted on filter
paper (18.6 cm diameter). The parasitoids could easily move within this area or
fly away. In the center of the filter paper, a circular area 9.3 cm diameter was
either left untreated or treated in the following way: one adultS. calamistiswas
exposed under a plastic cover (9.3 cm diameter× 1 cm high) to the circular
area for 1 hr. All bioassays were performed with na¨ıve, mated, female parasitoids
ca. 0.5 days old collected from the stock culture. One individual was placed in the
middle of the treated area with a camel-hair brush. The response of the parasitoid
was determined by monitoring the retention of the wasp on the treated surface
(patch retention time) and in the experimental arena (arena residence time) by
using a stopwatch. The measurement began when the wasp touched the treated
surface and was terminated when it left the arena. Each observation lasted 15 min.
Each treatment (i.e., filter paper treated with a male, virgin female, or mated female
S. calamistis) was replicated 42 times. All experiments were conducted at 27±
1◦C and 65± 5% relative humidity regime.

The arena residence time was defined as the time from when a female para-
sitoid entered the arena until it flew away or walked out of the arena. The patch
retention time is the total time the female parasitoid spent in the treated surface.

Response ofT. isis to S. calamistisOviposition Substrate.Prior to this ex-
periment, maize stems collected in a nearby field were exposed overnight to
S. calamistisadults for oviposition. Leaf sheaths containing one egg mass with
approximately 100 eggs were selected for subsequent testing. One na¨ıve, mated
female parasitoid ca. 0.5 days old was placed with a camel-hair brush in a vial
(11 cm long× 4.5 cm diameter) containing 100 eggs ofS. calamistiseither on
maize leaf sheaths or on filter paper. After 6 hr, eggs were renewed, and then pro-
vided ad libitum until the death of the female. Removed eggs were transferred to
another vial of similar dimensions and incubated at 28± 1◦C and 70± 5%. Each
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treatment was replicated 20 times for each substrate. Six traits were observed, i.e.,
percent parasitism after 6 hr, time to first oviposition (in seconds), total number of
offspring, percent emergence, oviposition time, and sex ratio of F1 progeny.

Relative Attractiveness of Different Host Plants of Stem Borers to Female
T. isis. A four-arm olfactometer, similar to that described by Scholz et al. (1997),
was used to investigate the attractiveness of odors from different host plants of
cereal stem borers forT. isis females. The experiment was designed to test the
following assumptions: (1) thatS. calamistiseggs with leaf sheaths of different
host plants of stem borers are more attractive than eggs without leaf sheaths, and
(2) that attraction varies among the three different host plants tested. The device has
been used successfully in several studies on the host-finding behavior of Coleoptera
(e.g., Scholz et al., 1998; Borgemeister et al., 1999). Females were released into the
central arena through a hole, which was drilled into the bottom of the olfactometer.
Five minutes before the females were released into the olfactometer, the odor
sources were introduced into the device to ensure a gradient of volatiles. Each bait
was introduced into a 500-ml jar. Four different baits were tested simultaneously.
Initially, the different baits were distributed at random among the four jars. After 25,
50, and 75% of the replications, the positions of the odor sources were permutated
to reduce bias due to environmental factors such as light. The following odor
sources were tested: (1) eggs ofS. calamistis, (2) maize leaf sheaths with eggs of
S. calamistis, (3) sorghum leaf sheaths with eggs ofS. calamistis, and (4) millet leaf
sheaths with eggs ofS. calamistis.Eggs ofS. calamistiswere artificially released
in the leaf sheath of each host plant, and the control jar contained only one egg
of S. calamistis.Before and after use, the olfactometer and the jars containing the
different odor sources were cleaned with methanol, rinsed in hot water, and dried
in an oven at 45◦C. Experiments were conducted in a climatic chamber (25◦C,
70± 5% relative humidity) with a light source above the olfactometer. In total, 20
femaleT. isiswere tested (i.e., 20 replicates). Each observation lasted 15 min, and
the total time spent in each odor field was recorded.

Host Discrimination byT. isis and L. ovicida. Both intraspecific and inter-
specific host discrimination was tested. The objective of the study on intraspecific
competition was to examine the response of aT. isisand aL. ovicida female to
eggs previously parasitized by a conspecific female. Only experienced females
were used. Parasitoids were considered experienced after they had oviposited
in and had marked at least one host egg. According to Bosque and Rabinovich
(1979), oviposition experience improves the ability of egg parasitoids to discrimi-
nate between parasitized and nonparasitized hosts. A 12 to 24-hr-old egg mass of
S. calamistis,containing ca 20 eggs was exposed to a female parasitoid in a glass
vial (28 mm long× 23 mm diameter). All eggs within an egg mass were numbered
in order to observe the oviposition sequence of a particular parasitoid. The first
female was allowed to probe and mark half of the egg mass and was then removed.
After 1 hr, a second female was introduced to the egg mass, and the ovipositional



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297455-03 March 17, 2001 10:8 Style file version Nov. 19th, 1999

668 CHABI-OLAYE, SCHULTHESS, POEHLING, AND BORGEMEISTER

behavior was observed. The interspecific host discrimination study was carried out
to examine the response of aT. isis female to egg masses previously parasitized
by L. ovicidaand vice versa.

Parasitized eggs were removed and incubated in a glass vial at 27± 1◦C and
75± 5% relative humidity. Emergence of parasitoids from eggs parasitized by
the two females was recorded for both conspecific and interspecific pairs. Upon
emergence, all individuals were identified and sexed.Telenomus isisadults were
isolated fromL. ovicida according to Polaszek et al. (1993). The time between
removal of the first parasitoid and introduction of the second parasitoid was fixed
at 1 hr. Both experiments were replicated 10 times.

Statistical Analysis.In the Munger cells bioassay, differences in wasp choices
were analyzed by means of aχ2 test, and the mean percent time spent in tested fields
with Wilcoxon signed ranks test. Differences in patch retention time, residence
time, percent parasitism, time to first oviposition, total number of offspring, percent
eggs with parasitoid emergence, the oviposition time, and the sex ratio of the
F1 progeny for different ovipositional substrates were analyzed by analysis of
variance (ANOVA), by using the general linear model (GLM) procedure of SAS
(SAS Institute, 1992). In case of significantF values, means were compared by
using the Student-Newman-Keul test. Friedman two-way analysis of variance by
ranks, based on time spent by femaleT. isisper odor field, was used to test for
field preferences in the four-chamber olfactometer experiment. Mean time spent
per odor field was compared by using Wilcoxon signed ranks test. The significant
level was set atP= 0.05.

For host discrimination behavior, the numbers of ovipositions per female,
expressed as probing and marking (see Agboka, 1998), in parasitized and nonpar-
asitized eggs (eggs acceptance) were calculated for each treatment and compared
by means of aχ2 test. Emerged parasitoids from multiparasitized host eggs were
compared by using at test with a Bonferroni probability adjustment procedure at
P= 0.05 (SAS Institute, 1992).

RESULTS

Responses ofT. isis to Adult S. calamistisExposed in Munger Cells.In a
control position (empty cells),T. isis females did not show any preference for
either side cell and spent about equal percentage of their time in each (12.4± 3.7
right vs. 12.1±3.3 left,N=20, Z=0.112,P=0.911). Similarly, no differences in
the percentage of first choices of the parasitoids were recorded between the control
field and test fields containing a male, virgin female, or mated femaleS. calamistis
(Figure 1). However,T. isisfemales spent more time in the side cell containing any
of the tested type ofS. calamistisadults than in the control field (Figure 2). Yet,
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FIG. 1. Percentage ofT. isis females’ first choices in each side cells of the Mugen cell
to males, virgin females and mated females ofS. calamistis.1 not significant; parasitoid
choices were analyzed withχ2 test.

no differences in the time spent were observed between cells containing a virgin
and a mated female (Figure 2).

Responses ofT. isis to Contact Kairomones ofS. calamistisin an Open
Arena. In a control situation, i.e., without the presence of contact kairomones
of S. calamistisadults, the patch area did not elicit any response fromT. isis.The
parasitoids spent little time in the patch area (mean 18.1 sec.), walking fast, and left
the arena after an average of 44.4 sec (Table 1). In presence of contact kairomones
of S. calamistisadults, however, female parasitoids were arrested in the patch area

FIG. 2. Response ofT. isis to males, virgin females and mated females ofS. calamistis.
1Wilcoxon signed ranks test for pairwise comparison.
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TABLE 1. ARENA RESIDENCETIME, PATCH RETENTION TIME, AND DURATION OF STOP

OF T. isisIN PATCH TREATED WITH MALE, VIRGIN FEMALE, OR MATED FEMALE OF

S. calamistis

Type of baits

Control Virgin female Mated female Male

Residence time (sec) 44.4± 3.25 aa 599.1± 0.72 b 598.2± 0.89 b 124.0± 8.50 c
Patch retention time (sec) 18.1± 1.45 a 577.3± 3.42 b 577.1± 3.61 b 57.6± 5.33 c
Duration of stops (sec) 124.1± 7.40 a 121.6± 7.30 a 7.1± 0.86 b

aWithin row, means followed by different letters are significantly different atP = 0.05 (Student-
Newman-Keul test).

and stayed longer (Table 1). The response of the wasp began with a stop. After a
few seconds, it began to walk very slowly within the treated patch area, intensively
searched the treated and eventually the surrounding area, and then returned to the
patch area. Wasps interrupted their searching behavior with stops while searching
intensively the treated patch areas. Each parasitoid female displayed 0–11 stops.
All parasitoid females made stops when the patch area had been previously ex-
posed to a virgin female or a mated femaleS. calamistis.In contrast, only 16.7%
of the wasps tested made a stop in the patch area previously exposed to a male
S. calamistis.Each stop lasted on average of 124.1, 121.6, and 7.1 sec. after prior
exposure of the patch area to a virgin female, mated female, or male, respectively,
and was significantly higher for the two female treatments compared to the male
(Table 1). The residence time in the arenas treated with virgin or mated females
was about 4.8 times longer than that of arenas treated with a males (Table 1). The
patch retention time followed the same pattern.

Response ofT. isis to S. calamistisOviposition Substrate.The presence of
maize leaf sheaths stimulated the oviposition behavior ofT. isison S. calamistis
eggs. Within the first 6 hr of exposure, oviposition on eggs on leaf sheaths com-
menced earlier than on filter paper, and consequently more eggs were attacked
on maize leaf sheaths than on filter paper (Table 2). However, no differences in
the total number of offspring, the percentage of emergence, or the sex ratio of the
F1 progeny were recorded between the two treatments, but mean oviposition time
was longer for females on filter paper than on maize leaf sheaths (Table 2).

Relative Attractiveness of Different Host Plants of Stem Borers for Female
T. isis. Female parasitoids preferred odors fromS. calamistiseggs accompanied
by certain host plants of stem borers (Figure 3). The wasps spent more time in the
maize andS. calamistiseggs and in the sorghum/eggs compared to the millet/eggs
and theS. calamistiseggs only fields.

Host Discrimination byT. isis and L. ovicida. Both females ofL. ovicida
andT. isiswere able to discriminate between host eggs that had been previously
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TABLE 2. RESPONSE OFT. isisTO S. calamistisEGGSEXPOSED ONTWO DIFFERENT

OVIPOSITIONAL SUBSTRATES

Ovipositional substrates

Maize leaf sheaths Filter paper

Eggs attacked after 6 hr (N) 63.1± 1.19 ab 47.2± 2.06 b
Time to first oviposition (sec) 23.7± 1.53 a 123.2± 12.9 b
Total offspring (N) 85.9± 1.85 82.7± 2.32
Emergence (%) 99.8± 0.10 99.7± 0.20
Sex ratioa 89.1± 0.67 88.9± 0.32
Oviposition time (days) 2.5± 0.14 a 4.6± 0.27 b

aPercentage of females in total progeny.
bWithin row, means followed by different letters are significantly different atP = 0.05 (Student-
Newman-Keul test).

parasitized by a conspecific female.T. isisaccepted 79.9% and 8.8% of the un-
parasitized and parasitized eggs, respectively, vs. 68.3% and 27.4% forL. ovicida
(Table 3). Hence, superparasitism inT. isiswas lower than inL. ovicida(F= 25.47,
df= 18,P< 0.001).

When femaleL. ovicidawere exposed to egg masses partially parasitized by
T. isis, they displayed no discrimination behavior, as indicated by a high accep-
tance of already parasitized and unparasitized eggs (74.7 and 68.7%, respectively;
Table 4). In contrast,T. isisdisplayed high discrimination behavior towards eggs
already parasitized byL. ovicida. T. isisfemales rejected up to 77.6% of the eggs
already parasitized byL. ovicida,whereas 57.2% of the unparasitized eggs were
accepted (Table 4).

FIG. 3. Response ofT. isis to different host plants with eggs and eggs alone. Percentages
followed by different letters are significantly different.
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TABLE 3. RESPONSE OFL. ovicidaAND T. isisTO UNPARASITIZED EGGS ANDEGGS

PARASITIZED BY CONSPECIFICFEMALE

Species Host eggsa Egg acceptance (mean %)

L. ovicida Unparasitized 68.3± 3.23
Parasitized 27.4± 2.50

(χ2 = 31.81;P< 0.001)
T. isis Unparasitized 79.9± 3.77

Parasitized 8.8± 2.69
(χ2 = 100.1;P< 0.001)

aFor each species a total of 10 egg batches were observed.

The percentage of emergence did not vary with the sequence of introduction
of the two parasitoid species (Table 5). Irrespective of which parasitoid species
was first introduced, a higher proportion ofL. ovicidaoffspring emerged from the
multiparasitized eggs (Table 5). Moreover, in 80% of the cases, twoL. ovicida
emerged from a singleS. calamistisegg. InT. isis, in all cases, only one adult
parasitoid emerged per host egg.

DISCUSSION

In the Munger cell experiments, no significant differences were found in
first choice between control and the different moth types. Host-finding behavior
of egg parasitoids is often governed by long-range chemical cues such as sex
pheromones (Lewis et al., 1982; Colazza et al., 1997). However, as shown by
Babilis and Mazomenos (1992) for the noctuidSesamia nonagrioides(Lefebvre),
the production of sex pheromones is often influenced by the photoperiod. Female
moths started calling about 4–6 hr after onset of scotophase, while our bioassays
were carried out during the photophase. The wasps spent significantly more time in

TABLE 4. RESPONSE OFL. ovicidaAND T. isisTO UNPARASITIZED EGGS ANDEGG

PARASITIZED BY THE OTHER SPECIES

Species Host eggsa Egg acceptance (mean %)

L. ovicida Unparasitized 68.7± 4.98
Parasitized byT. isis 74.7± 3.77

(χ2 = 0.7909;P= 0.3738)
T. isis Unparasitized 57.2± 6.72

Parasitized byL. ovicida 22.4± 4.66
(χ2 = 58.40;P< 0.001)

aFor each species a total of 10 egg batches were observed.
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TABLE 5. EMERGENCE OFMULTIPARASITIZED EGGS OFS. calamistisBY T. isisAND

L. ovicidaAND PROPORTION OFPROGENY WITH REGARD TOSEQUENCE OF

INTRODUCTION OFTWO PARASITOIDS (Ti = T. isisAND LO= L. ovicida)

Order of species

Ti/Lo Lo/Ti

% Emergence 63.8± 3.84 70.4± 11.38
% Progeny

% T. isis 37.3± 5.72 aa 29.2± 12.9 a
% L. ovicida 62.7± 5.72 b 70.8± 12.9 b

aWithin column means followed by different letter are significantly different atP=0.05 (t-test followed
by a Bonferroni probability adjustment).

the cells containing adultS. calamististhan in the empty cells, however, suggesting
that the response pattern of the parasitoids was induced through physical contact
with or through kairomones produced by the moth (Noldus et al., 1990; Gazit
et al., 1996). OftenT. isisfemales mounted on the wings ofS. calamistisfemales,
searched actively, or stopped in front of their abdomen for a long time. Such a
behavioral pattern suggests that the moth scales and the abdomen of adult female
may be sources of chemical cues that elicit arrestment behavior byT. isis.Scales of
various moth species contain contact kairomones that arrest egg parasitoids (Jones
et al., 1973; Shu and Jones, 1989). This is also corroborated by the results from
the open arena experiments, which showed that traces ofS. calamistismoths acted
as contact kairomones, eliciting an arresting response and induced the wasps to
remain longer in the arena. An arrestment response elicited by cues from host
stages other than eggs is common inTelenomusspp. (Gazit et al., 1996; Arakaki
et al., 1996). The role of contact kairomones for guiding parasitoids to their hosts
eggs has been investigated by various authors (e.g., Lewis et al., 1972; Jones et al.,
1973; Beevers et al., 1981; Noldus and van Lenteren, 1985; Zaborski et al., 1987).

Host eggs are not easily detected because they do not emit long-range volatiles
(Noldus, 1989; Kaiser et al., 1989) and in the case ofS. calamistisare hidden within
the leaf sheath. The present finding suggests that the parasitoid is attracted by
unspecific chemical clues, volatiles emanating from the plants rather than the host.
Volatiles play an important role in the long-distance orientation and host location
of parasitoids (e.g., Vinson 1976; Tumlinson et al., 1992; Vet and Dicke, 1992;
Turlings et al., 1995). The presence of the host plant also stimulated the oviposition
behavior ofT. isisand oviposition happened significantly faster. In addition, the
parasitoid distinguished between host plant species. The nonpreference for millet
makes sense. This crop is prevalent in the Sudan savanna and Sahel, which is
outside the geographic range ofS. calamistis,and the major stem-boring pest in
these zones, the crambidConiesta ignefusalisHampson, is not attacked byT. isis
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(Chabi-Olaye et al., 2000). Both millet and sorghum are indigenous to Africa, but
maize originated in Meso-America, and in most of West Africa became important
only in the 20th century. Thus, the equal preference for maize and sorghum appears
not to be logical. However,S. calamistisis highly polyphagous and is found on
many gramineous species (Schulthess et al., 1997) that may have similar volatile
profiles. The host plant preference indicates thatT. isis females increase their
foraging activity in areas or on plants where host egg masses are more likely to
be present.

Avoidance of superparasitism is only possible when a parasitized host egg
can be recognized by a parasitoid female. Such recognition is often based on
the marking of host eggs after oviposition (Strand and Vinson, 1983; Okuda and
Yeargan, 1988; Higuchi and Suzuki, 1996; Agboka, 1998). Our results show that
bothT. isisandL. ovicidawere highly efficient in recognizing marks of conspe-
cific females. The ability of parasitoids to recognize host eggs already parasitized
by conspecifics prevents females from wasting their eggs (van Lenteren, 1981).
Consequently, parasitoids will disperse in areas where suitable eggs are available.
However, in situations with a low probability of finding unparasitized host stages
and a certain likelihood of survival of offspring of the second female in superpar-
asitized hosts, intraspecific superparasitism may be an adaptive strategy (Bakker
et al., 1985; van Alphen and Visser, 1990; Visser et al., 1990; Visser, 1993).

Interspecific mark recognition is rare in nature and often occurs among closely
related species (Rosen and DeBach, 1979). Our results show that, in contrast to
L. ovicida, T. isis females tend to avoid eggs already parasitized by an interspe-
cific female. Similarly, in a study by Agboka (1998),T. isisrejected up to 82.8%
of eggs parasitized byT. busseolae.Bakker et al. (1985) argued that interspecific
host discrimination is not an evolutionarily stable strategy. Hence, species that start
to discriminate interspecifically would face a disadvantage. This implies that the
behavior ofT. isismay be an adaptation strategy for its oviposition. A significantly
greater proportion ofL. ovicidaemerged from the offspring of multiparasitized
eggs ofS. calamistis, regardless of the sequence of introduction of the two par-
asitoid species. Similar results were obtained by Agboka (1998) when the same
eggs were parasitized byT. isisandT. busseolae.Thus, efforts byT. isisto super-
parasitize eggs already parasitized by another sympatric species are not likely to
be productive and, thus, interspecific mark recognition is an advantage.

In contrast toT. isis, which only parasitizes noctuid eggs laid within leaf
sheaths of grasses,L. ovicidahas been reported from the pyralidsChilo zacco-
nius Bleszynski,Scircophaga subumbrosaMeyrick, andMaliarpha separatella
Ragonot that oviposit on the lower or upper surfaces of leaves (Polaszek, 1998).
In Benin, parasitism byL. ovicidawas low, ranging between 1.6 and 5.3%, and
parasitism within parasitized egg batches was, on average, only 27% vs.>70 for
T. isisandT. busseolae(Schulthess et al., 2000). In 93% of the cases on maize
and 88% on grasses,L. ovicidawas obtained from egg batches also parasitized by
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anotherTelenomusspecies and mainly byT. isis.It appears that the trichogram-
matid is not only attracted by the female moth, but also by the other parasitoid
species, and the question arises whetherL. ovicidais a facultative hyperparasitoid.

We conclude that the intra- and interspecific mark recognition ability ofT. isis,
coupled with its ability to respond to volatiles of the host plant and the contact
kairomones of its hostS. calamistisfor host location, could make it a promising
candidate for future biological control programs outside its area of distribution.
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SCHOLZ, D. 1999. Host-finding behavior ofDinoderus bifoveolatus(Coleoptera: Bostrichidae),
an important pest of stored cassava: The role of plant volatiles and odors of conspecifics.Ann.
Entomol. Soc. Am.92(5):766–771.

BOSQUE, C., and RABINVOICH, J. E. 1979. Population dynamics ofTelenomus fairai(Hymenoptera:
Scelionidae), a parasite of Chagas’s disease vectors. VII. Oviposition behavior and host discrim-
ination.Can. Entomol.3:171–180.
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Abstract—We investigated the effect of exogenous methyl jasmonate (MeJA)
on the emission of herbivore-induced volatiles; these volatile chemicals can
signal natural enemies of the herbivore to the damaged plant. Exogenous treat-
ment of cotton cv. Deltapine 5415 plants with MeJA induced the emission of
the same volatile compounds as observed for herbivore-damaged plants. Cot-
ton plants treated with MeJA emitted elevated levels of the terpenes (E )-β-
ocimene, linalool, (3E )-4,8-dimethyl-1,3,7-nonatriene, (E,E )-α-farnesene, (E )-
β-farnesene, and (E,E )-4,8,12-trimethyl-1,3,7,11-tridecatetraene compared to
untreated controls. Other induced components included (Z )-3-hexenyl acetate,
methyl salicylate, and indole. Methyl jasmonate treatment did not cause the
release of any of the stored terpenes such asα-pinene,β-pinene,α-humulene,
and (E )-β-caryophyllene. In contrast, these compounds were emitted in rel-
atively large amounts from cotton due to physical disruption of glands by the
herbivores. The timing of volatile release from plants treated with MeJA or herbi-
vores followed a diurnal pattern, with maximal volatile release during the middle
of the photoperiod. Similar to herbivore-treated plants, MeJA treatment led to
the systemic induction of (Z )-3-hexenyl acetate, (E )-β-ocimene, linalool, (3E )-
4,8-dimethyl-1,3,7-nonatriene, (E,E )-α-farnesene, (E )-β-farnesene, and (E,E )-
4,8,12-trimethyl-1,3,7,11-tridecatetraene. Our results indicate that treatment of
cotton with MeJA can directly and systemically induce the emission of volatiles
that may serve as odor cues in the host-search behavior of natural enemies.

Key Words—Cotton,Spodoptera exigua, methyl jasmonate, induction, plant
defense, volatile semiochemicals.
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INTRODUCTION

Plants protect themselves against herbivory by deploying a wide array of chemical
defenses (Karban and Myers, 1989; Agrawal et al., 1999). Wounding-induced
plant responses can directly target herbivores by stimulating the synthesis of toxic
or antifeedant metabolites, as well as by activating antinutrient enzymes such as
proteinase inhibitors or polyphenol oxidases (e.g., Felton et al., 1994; Stout et al.,
1996). Plant volatiles can also serve as a chemical defense by recruiting beneficial
insects that are natural enemies of the herbivore, thereby providing an indirect
protection to the plant (Dicke and Vet, 1999; Par´e and Tumlinson, 1999). These
volatile organic compounds increase the foraging success of natural enemies by
providing reliable odor cues for prey/host location (Dicke and Sabelis, 1988; Dicke
et al., 1990; Turlings et al., 1995).

Currently, there is increasing evidence of a common biosynthetic pathway
linking direct and indirect induced plant defenses. Wounding of leaf tissue activates
the octadecanoid/lipoxygenase (LOX) pathway, a lipid-based signaling sequence,
resulting in the accumulation of 12-oxyphytodienoic acid and 7-isojasmonic acid
(JA) (Farmer and Ryan, 1990; Constabel and Ryan, 1998). The involvement of
JA in regulating gene activation subsequent to wounding has been established in
several plant species (Wasternack et al., 1998; Staswick and Lehman, 1999). The
LOX pathway also plays an important role in regulation of indirect plant defenses.
Volatile emissions can be stimulated by exogenous JA (see Boland et al., 1998,
for review) and by a select group of amino acid conjugates of JA (Krumm et al.,
1995) taken up through the stems of a plant. Another connection of the LOX sig-
naling pathway with volatile synthesis and emissions was the identification of
N-(17-hydroxylinolenoyl)-L-glutamine (volicitin), an herbivore-specific elicitor
that is derived from linolenic acid and induces volatile production (Alborn et al.,
1997). Incubation of amino acid conjugates of linolenic acid (e.g., linolenoyl-L-
glutamine) mimics the action of 12-oxophytodienoic acid (PDA), an early inter-
mediate on the LOX pathway, in inducing emission of a blend of volatiles in a Lima
bean cut seedling bioassay (Koch et al., 1999). This elicitor response appears to be
highly specific sinceN-(17-hydroxylinoleoyl)-L-glutamine, a compound closely
related to volicitin, is ineffective in inducing volatile emissions (Alborn et al.,
2000).

In several agricultural species that have been studied, volatile chemicals emit-
ted from both damaged and undamaged portions of herbivore-injured leaves serve
as essential host-location cues for parasitic insects (see review by Dicke and Vet,
1999). Chemical labeling studies have established that a subset of volatiles emit-
ted from cotton (Gossypium hirsutumL.) damaged by insects is synthesized and
rapidly emitted from damaged and undamaged leaves, while other chemical con-
stituents, stored in specialized glands, are volatilized only from the leaves that are
damaged by insects (Par´e and Tumlinson, 1997a,b, 1998). In mint leaves, such
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glands contain enzymes required for terpene synthesis (Gershenzon et al., 1989).
By directly comparing volatile emission patterns of glanded cotton plants treated
with jasmonates or damaged by herbivores, compounds induced by jasmonates
can be distinguished from those that are emitted due to mechanical damage.

Our objectives were to compare the emission of volatiles from cotton plants
treated with methyl jasmonate (MeJA), a volatile derivative of JA, or subjected
to herbivore damage. Specifically, we determined the diurnal pattern of volatile
emission induced by these treatments. Finally, we report that MeJA induces the
systemic release of the same volatile compounds that are systemically induced by
herbivore feeding.

METHODS AND MATERIALS

Plants and Insects

Four- to 6-week-old glanded cotton,G. hirsutumcv. Deltapine 5415, plants
with four to six fully expanded true leaves were used in all experiments. Cotton
was grown in air-conditioned greenhouses under natural light (2000µmol/m2/sec−1

max daily photosynthetically active radiation) and Arizona fall–spring condi-
tions (11L:13D photoperiod, and 28◦C day, 24◦C night). Plants were grown in
15× 15-cm pots containing a commercial potting mixture (Grow More, Gardena,
California) and fertilized three times a week with 750 ml of a solution containing
2 g/liter Grow More 20-20-20 fertilizer. The nutrient solution was supplemented
with 0.5 ml/l micronutrient solution containing 2 mM MnCl2, 10 mM H3BO3, 0.4
mM ZnSO4, 0.2 mM CuSO4, 0.4 mM Na2MoO4, and 0.1 mM NiCl2. All plants
employed were free of insects and mites.

The generalist beet armyworm,Spodoptera exiguaHübner (Lepidoptera:
Noctuidae), was used in all experiments because cotton plants damaged by this
herbivore emit a blend of volatiles important for parasitic insects in host location
(Loughrin et al., 1994; R¨ose et al., 1996). Larvae were reared on an alfalfa-based
diet (Henneberry and Kishaba, 1966) at 28◦C and 50% relative humidity. The
colony has been maintained in culture at the Western Cotton Research Lab., USDA-
ARS, Phoenix, Arizona for more than 10 years, and had new genetic material
added within 12 months prior to the study from the Southern Insect Management
Research Unit, USDA-ARS, Stoneville, Mississippi.

Volatile Collection System

Volatile chemicals emitted by individual cotton plants were collected in a
push/pull apparatus constructed after Heath and Manukian (1994). The system
consisted of four independent glass chambers that allowed for simultaneous col-
lections. Air entering each of the glass chambers initially was split into two
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directions: in one, air was pushed through a flowmeter (to measure and regulate
the amount of air) followed by a charcoal filter (to purify the air) and a humidifier
bubbler (wet air). Air in the second direction was pushed through a flowmeter and
a charcoal filter (dry air). Both moist and dry air entered a glass cylinder (42.5 cm
high and 18 cm diameter; Analytical Research Systems, Inc., Gainesville, Florida)
at 5 L/min (Loughrin et al., 1994; R¨ose et al., 1996). The air passed over a cotton
plant placed inside the cylinder through the opened bottom (see R¨ose et al., 1996;
Turlings et al., 1998, for details). The bottom of the chamber was then sealed by
using a guillotine-like support base (Analytical Research Systems, Inc.) leaving
a hole in the center around the stem of the plant. The system allows sampling
volatiles from the aerial parts (all of its leaves) of a plant, while the pot remains
outside. At 5 cm from the base of the cylinder, eight openings allowed for at-
tachment of collection filter traps (Analytical Research Systems, Inc.). Collection
traps consisted of 10 cm long and 6 mm diameter glass filters containing 30 mg
of Super-Q adsorbent (Alltech Assoc. Inc., Deerfield, Illinois). Manual switching
valves allowed the sample to be diverted to individual filter traps, thus facilitating
volatile collection at various times of the day.

The tip of each collection trap was placed a few millimeters from the plant.
During collection, air was pulled through one of the collection traps at a rate of
1 l/min (Loughrin et al., 1994; R¨ose et al., 1996). Thus, only 20% of the air passed
through the collector trap, the remaining escaped through the opening at the bottom
of the guillotine base, which was loosely closed with cotton to prevent abrasion
(see R¨ose et al., 1996; Turlings et al., 1998).

Analysis of Headspace Volatiles

Volatiles were extracted from the collector traps by rinsing them with 180µl
of methylene chloride. An internal standard (600 ng ofn-octane in 5µl of methy-
lene chloride) was added to the extract. From each sample, 1µl was analyzed
on a Hewlett-Packard model 6890 gas chromatograph (GC) equipped with a cap-
illary injector system and flame ionization detector. Samples were injected by a
Hewlett-Packard auto injector model 7683, programmed in a split mode (25:1).
All samples were analyzed on a HP1 methyl siloxane column (30 m× 0.32 mm
ID, 0.25µm film). Helium at a linear flow velocity of 40 cm/sec was used as a
carrier gas. Following injection, column temperature was maintained at 50◦C for
3 min and then increased at 5◦C/min to 190◦C and maintained at 190◦C for 5
min. Data were analyzed with Hewlett-Packard ChemStation software. For each
sample, amounts of the detected volatiles were based on comparison of their peak
areas with that of the internal standard.

Selected samples were analyzed by GC–mass spectroscopy (GC-MS) with
a Hewlett-Packard model 5973 mass selective detector operated at an initial tem-
perature of 40◦C for 1 min, then programmed at 14◦C/min to 180◦C. The column
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oven was maintained at 180◦C for 2 min and then raised at 40◦C/min to 200◦C
and held for 2 min. For GC-MS samples, a DB5-MS column (J&W Scientific,
Folsom, California) 30 m× 0.25 mm ID, with a 0.1-µm-thick film of bonded
methyl silicone with 5% phenyl, was used. Spectral data were compared with com-
mercially available standards and spectra from the National Institute of Standards
and Technology (NIST, 1995) database.

Comparison of Cotton Volatiles Induced by Herbivory versus MeJA Treatment

Volatiles were collected from cotton damaged byS. exigualarvae, treated with
MeJA, and controls. Volatiles were collected as previously described beginning at
10:00 hr for a total of 22 hr. At least one control was run simultaneously with other
treatments at a particular collection time. Treatments were replicated five times.

Herbivore-Damaged Plants. A cohort of recently molted third instarS. exigua
from the colony was transferred from artificial diet cups to cotton plants (approx.
10 larvae/plant) 12 hr prior to the experiment to allow the larvae to habituate to the
new diet. Larvae were allowed to feed on cotton overnight. The following morning
larvae were removed from the plants, starved for 2 hr to encourage immediate
feeding, and placed inside a collection chamber with a new cotton plant. At 10:00
hr, 10 larvae were placed inside a volatile collection chamber containing a plant
and allowed to feedad libitumover 22 hr.

Methyl Jasmonate-Treated Plants. Cotton was treated with MeJA (Aldrich,
Milwaukee, Wisconsin) overnight, starting at 16:00 hr, in the greenhouse. Plants
were treated by applying 20µl of an ethanol–MeJA (9:1) solution (after Thaler
et al., 1996; Constabel and Ryan, 1998) onto a 15-cm cotton tipped applicator
(Fisher, Pittsburgh, Pennsylvania). Two treated cotton wicks (total of 18µmol
MeJA/plant) were placed underneath cotton leaves, without physically contacting
the treated plants. Plants were treated inside a Plexiglas cylindrical chamber (26 cm
diameter× 60 cm high with the top of the chamber and a 14-cm-diameter opening
in the middle covered by a fine nylon mesh to allow air circulation). Control cotton
plants were exposed to 40µl ethanol but no MeJA and placed in separate chambers
under the same conditions. Plants were kept in the chambers for 18 hr, after which
cotton wicks from the treated plants were removed and plants were placed inside
the chambers for volatile collection.

Timing of Induction

Volatiles released over time were collected from cotton damaged byS. exigua
larvae, treated with exogenous MeJA, and controls. At least one control was run
simultaneously with other treatments at a particular collection time. Volatiles were
collected for 4-hr periods over two consecutive days: on day 1 at 10:00, 14:00,
18:00, and 22:00 hr; and on day 2 at 06:00, 10:00, 14:00, and 18:00 hr. Treatments
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were replicated four times. In addition, daily fluctuation in leaf temperature was
monitored for plants inside the collection chamber by using a thermocouple pressed
to the bottom of a fully expanded leaf.

Herbivore-Damaged Plants. In the first series of experiments 10S. exigua
larvae were allowed to feed on cotton plants overnight, starting at 16:00 hr. Larvae
were kept on the leaves by enclosing them inside a fine-mesh nylon bag sealed
around the leaf petiole with Velcro. The following day (06:00 hr) larvae and plants
were placed inside collection chambers (see above) for volatile collections. In
these experiments, caterpillars were allowed to feed continuously. In a second set
of experiments, larvae were also allowed to feed on cotton plants overnight, starting
at 16:00 hr; however, herbivore feeding was stopped by removing larvae from the
plants at the time when the plants were placed inside the collection chambers at
06:00 hr.

Methyl Jasmonate-Treated Plants. Starting at 16:00 hr, plants were placed
inside Plexiglas cylinders and treated with MeJA as previously described. The
following morning at 06:00 hr, cotton wicks were removed and plants were placed
inside collection chambers and volatiles were collected. In addition, control plants
were placed under the same conditions but with no exposure to MeJA.

Systemic Induction

In order to maximize treatment differences, systemically induced volatiles
were collected in the same filter trap during the photoperiod for four consecutive
days. Volatile collection was started at 10:00 hr each day and ended at 20:00 hr on
days 1 to 3, and at 18:00 hr on day 4. At least one control was run simultaneously
with other treatments at a particular collection time. Treatments were replicated
4 times.

Herbivore-Damaged Plants. Four beet armyworm larvae were enclosed in
a fine-mesh nylon bag and allowed to feed on the lower two leaves of a cotton
plant, while volatiles were collected from the undamaged upper leaves. Larvae
started feeding on the lower leaves 18 hr before the beginning of the volatile
collections.

Methyl Jasmonate-Treated Plants. Systemic response of cotton treated with
MeJA was tested by treating the two lower leaves on a plant with 20µl of an
ethanol– MeJA (9:1) solution (total of 18µmol MeJA/plant). Leaves and the cotton
wicks treated with MeJA were enclosed in a perforated Ziploc plastic bag. Lower
leaves were treated with MeJA at 16:00 hr the day prior to volatile collections
and were treated with MeJA daily at 16:00 hr by reapplying 18µmol of MeJA to
the cotton wick. For controls, the lower two leaves were enclosed in plastic bags
containing cotton wicks treated with 20µl of ethanol each, but received no MeJA
treatment.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297456 March 23, 2001 9:53 Style file version Nov. 19th, 1999

MeJA EFFECTS ON COTTON 685

Statistical Analyses

A completely randomized one-way ANOVA (SigmaStat, San Rafael,
California) was used to determine differences in total volatile emissions among
treatments (herbivore, MeJA, and controls). If significant differences were de-
tected, an all pairwise multiple comparison procedure (Tukey test) was conducted.
Differences in individual volatile components among treatments were determined
by using the MULTTEST PROC (SAS Institute Inc., Cary, North Carolina).

RESULTS

Comparison of Cotton Volatiles Induced by Herbivory versus MeJA Treat-
ment. Differences in volatile emissions were observed for cotton plants damaged
by S. exigualarvae, treated with MeJA, or undamaged controls (Table 1). Control
plants emitted much lower amounts of volatiles compared to herbivore damaged
plants and plants treated with MeJA (Table 1).

Plants treated with herbivores or MeJA emitted a blend that consisted of (Z)-3-
hexenyl acetate, (E )-β-ocimene, linalool, (3E )-4,8-dimethyl-1,3,7-nonatriene, in-
dole, (E,E )-α-farnesene, (E )-β-farnesene, and (E,E )-4,8,12-trimethyl-1,3,7,
11-tridecatetraene (Figure 1). These compounds are commonly referred to as
inducible because they are synthesizedde novoby herbivore-damaged cotton
(Paré and Tumlinson, 1997a,b). Other detected components were methyl salicylate
and an unidentified sesquiterpene (Figure 1). Control plants also emitted the in-
ducible linalool, (3E )-4,8-dimethyl-1,3,7-nonatriene, and (E,E )-4,8,12-trimethyl-
1,3,7,11-tridecatetraene (Figure 1; see also R¨ose et al., 1996).

The terpenesα-pinene,β-pinene, myrcene, limonene, (E )-β-caryophyllene,
andα-humulene were detected only from herbivore-damaged cotton (MULTTEST;

TABLE 1. TOTAL AMOUNT OF VOLATILES EMITTED LOCALLY AND SYSTEMICALLY

FROM COTTON PLANTS DAMAGED BY S. exiguaLARVAE TREATED EXOGENOUSLY WITH

METHYL JASMONATE AND CONTROL PLANTS

Amount

Locala Systemicb

Treatment (ng/hr± SE) (ng± SE)

S. exiguadamage 649.9± 153.3 ac 10317.2± 3005.8 a
Methyl jasmonate 573.4± 147.8 a 5173.6± 1388.3 a
Control 139.5± 50.2 b 376.3± 121.8 b

aVolatiles collected continuously for 22 hr;N = 5.
bCumulative volatiles emitted during the Photoperiod of 4 consecutive days were collected;N = 4.
cDifferent letters within columns indicate statistical differences among treatments (Local:F =
6.4;d f = 2,14; P = 0.013; systemic:F = 6.8;d f = 2,11; P = 0.016; Tukey test;P < 0.05).
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FIG. 1. Volatiles collected from the aerial portions of undamaged cotton plants (Control),
plants damaged byS. exigua, and plants treated exogenously with methyl jasmonate (MeJA).
Volatiles were collected continuously for 22 hr. Each bar represents the mean± SE for five
replicates. 1=Hexanal; 2= (Z )-3-hexenol; 3= α-pinene; 4= β-pinene; 5=mycene; 6=
(Z )-3-hexenyl acetate; 7= hexyl acetate; 8= limonene; 9= (E )-β-ocimene; 10= linalool;
11= (3E )-4,8-dimethyl-1,3,7-nonatriene; 12=methyl salicylate; 13= indole; 14= (E )-
β-caryophyllene; 15= α-humulene; 16= (E )-β-farnesene; 17= (E,E )-α-farnesene; 18
= tentatively identified asδ-cadinene [based on comparison of mass spectra with spectra
published by Stenhagen et al. (1974) and the Eight Peak Index of Mass Spectra by the Mass
Spectrometry Data Centre, Reading, UK]; 19= nerolidol; 20= (E,E )-4,8,12-trimethyl-
1,3,7,11-tridecatetraene.

P < 0.05). This result was expected, since these compounds, commonly referred
to as constitutive, are predominantly stored in the glands of cotton leaves (Elzen
et al., 1985; McAuslane and Alborn, 1998).

Hexanal, (Z )-3-hexenol, and hexyl acetate, all LOX-pathway compounds,
were detected in response to herbivore damage, but not in response to MeJA
treatment (Figure 1). These compounds result from the breakdown of stored lipids
(Hatanaka et al., 1987) and are released during insect damage (McCall et al., 1994),
but not systemically (R¨ose et al., 1996). (Z )-3-Hexenyl acetate was the only LOX
pathway volatile detected from MeJA treatment (Figure 1).

Timing of Induction. The emission of inducible terpenes followed a diur-
nal cycle for herbivore-damaged, MeJA-treated, and control plants (Figures 2–5).
In general, volatile emission was much higher for plants treated with herbivores
and MeJA compared to controls.Volatile emissions were highest during the period
of highest radiation (from 10:00 to 14:00 hr and from 14:00 to 18:00 hr), and
emissions decreased markedly during the night. Periods of maximum volatile emis-
sion corresponded to times of the day when leaf temperatures were the highest
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FIG. 2. Emissions of the monoterpenesα-pinene, (E )-β-ocimene, and linalool by aerial
portions of cotton plants under continuous herbivore damage (A); with caterpillars removed
from plants before being placed in collection chambers (B); treated overnight with exoge-
nous methyl jasmonate prior to volatile collection (C); and undamaged controls (D). Each
bar represents the mean±SE for four replicates. Time of day indicates the time of initiation
of each collection period and each collection represents a 4-hr interval.

[29.5± 0.3 (SE) and 35.5± 0.5◦C at 10:00 and 14:00 hr, respectively]. Low-
est leaf temperatures were recorded at 06:00 hr (22.9± 0.4◦C) and 22:00 hr
(22.6± 0.5◦C), which corresponded to the times of minimal volatile emission
(Figures 2–5).

For plants subjected to continuous herbivore feeding, the emission of volatiles
was highest during the second day of treatment (Figures 2A–5A). In contrast, when
insect feeding was interrupted prior to collecting samples, volatile emission was
much reduced on the second compared to the first day of the treatment (Figures
2B–5B). Additionally, plants treated with MeJA one time at the beginning of
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FIG. 3. Emissions of the sesquiterpenes (E )-β-caryophyllene,β-farnesene,α-farnesene,
and an unknown by aerial portions of cotton plants under continuous herbivore damage
(A); with caterpillars removed from plants before being placed in collection chambers (B);
treated overnight with exogenous methyl jasmonate prior to volatile collection (C); and
undamaged controls (D). Each bar represents the mean± SE for four replicates. Time of
day indicates the time of initiation of each collection period and each collection represents
4-hr interval.

the experiment had lower total volatile emission during the second, compared to
the first, day of the experiment (Figures 2C–5C). In contrast to the inducible ter-
penes, the emission of the constitutiveα-pinene and (E )-β-caryophyllene, released
only from herbivore-damaged plants, did not follow a diurnal pattern (Figures 2A
and 3A).

Systemic Induction. Both herbivore feeding and treatment with MeJA led
to the systemic induction of volatile emission (Table 1; Figure 6). The blend of
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FIG. 4. Emissions of the homoterpenes (3E )-4,8-dimethyl-1,3,7-nonatriene and (E,E )-
4,8,12-trimethyl-1,3,7,11-tridecatetraene by aerial portions of cotton plants under contin-
uous herbivore damage (A); with caterpillars removed from plants before being placed
in collection chambers (B); treated overnight with exogenous methyl jasmonate prior to
volatile collection (C); and undamaged controls (D). Each bar represents the mean± SE
for four replicates. Time of day indicates the time of initiation of each collection period and
each collection represents a 4-hr interval.

volatiles emitted included (Z)-3-hexenyl acetate, (E )-β-ocimene, linalool, (E )-4,
8-dimethyl-1,3,7-nonatriene, (E )-β-farnesene, (E,E )-α-farnesene, and (E,E )-4,8,
12-trimethyl-1,3,7,11-tridecatetraene (Figure 6). This systemically induced
volatile blend was similar to the blend reported by R¨ose et al. (1996) for herbivore-
damaged cotton.
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FIG. 5. Emissions of the LOX product (Z )-3-hexenyl acetate and indole by aerial portions
of cotton plants under continuous herbivore damage (A); with caterpillars removed from
plants before being placed in collection chambers (B); treated overnight with exogenous
methyl jasmonate prior to volatile collection (C); and undamaged controls (D). Each bar
represents the mean± SE for four replicates. Time of day indicates the time of initiation
of each collection period and each collection represents a 4-hr interval.

DISCUSSION

The induction of volatiles in cotton plants by herbivore damage has been
documented (McCall et al., 1994), although the association of jasmonates in the
induction of indirect defenses in cotton has not been previously reported. In cotton,
MeJA mimicked the response of volatile emission induced by insects (Figure 1).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297456 March 23, 2001 9:53 Style file version Nov. 19th, 1999

MeJA EFFECTS ON COTTON 691

FIG. 6. Volatiles collected from the aerial portions of undamaged cotton plants (Control),
undamaged leaves of cotton plants induced systemically by herbivore damage, and untreated
leaves induced systemically by exogenous methyl jasmonate (MeJA). Cumulative volatiles
emitted during the photoperiod of 4 consecutive days were collected. Each bar represents the
mean±SE for four replicates. 1= (Z )-3-hexenyl acetate; 2= (E )-β-ocimene; 3= linalool;
4= (3E )-4,8-dimethyl-1,3,7-nonatriene; 5= (E )-β-farnesene; 6= (E,E )-α-farnesene; 7
= (E,E )-4,8,12-trimethyl-1,3,7,11-tridecatetraene.

In fact, a blend of volatiles released by cotton plants treated exogenously with
MeJA contained all compounds synthesizedde novofollowing herbivore damage
(Paré and Tumlinson, 1997b). Methyl jasmonate did not induce emissions of stored
terpenes, a result that was expected since the release of stored terpenes is dependent
on physical damage caused by herbivores.

These results also indicate that MeJA activates multiple biosynthetic pathways
involved in the synthesis of cotton volatiles: the classic mevalonic acid pathway
leading to sesquiterpenes, the alternate isopentenyl pyrophosphate pathway pro-
ducing the monoterpenes, the homoterpene pathway producing the C11 and C16

unit terpenes, the shikimic acid/tryptophan pathway leading to the synthesis of
methyl salicylate and indole, and the LOX pathway that leads to (Z )-3-hexenyl
acetate (Par´e and Tumlinson, 1996, 1999).

Similar to reports by Loughrin et al. (1994) and Turlings et al. (1998),
herbivore-induced volatile emission was highest during the photoperiod
(Figures 2–5). Our results indicated that MeJA-induced volatile emission fol-
lowed a diurnal trend similar to herbivore treatment (Figures 2–5). Thus, volatile
emission is highest during the time when natural enemies tend to forage (Turlings
et al., 1995), when leaf temperature is highest, and when leaves are conducting
photosynthesis (Par´e and Tumlinson, 1997a,b).
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The induction of volatiles was greatly diminished over time when herbivore
feeding was interrupted or when MeJA was applied only one time (Figures 2B,C–
5B,C). This indicates that the induction is dependent on a continuous supply of
a chemical signal. Obviously, the reduced emission of constitutive volatiles after
insect feeding was stopped due to the cessation of physical damage by the insects
(Figures 2B–5B).

Systemically induced volatile emission for herbivore-damaged plants has
been reported for cotton and other plant species (Turlings and Tumlinson, 1992;
Röse et al., 1996). Additionally, it has been shown that jasmonates induce volatile
emission by plants (Boland et al., 1998; Dicke et al., 1999; Gols et al., 1999). Here
we show for the first time that jasmonates can systemically induce the emission
of volatile compounds. The systemic emission of volatiles points to a mobile
signal or signals that move from damaged leaf to the undamaged portions of the
plant. Par´e and Tumlinson (1998) in studies with13CO2, have established that the
systemically released volatiles are synthesized at the site of release. However, to
date no systemic signals specific for volatile induction have been identified. Our
results indicate that MeJA, or an induced product, was transported to distal leaves
leading to the systemic emission of the same cotton volatiles systemically induced
by S. exigua(Figure 6).

In conclusion, our results indicate that indirect defenses in cotton can be acti-
vated by MeJA. Volatiles released from cotton after herbivore feeding and induced
by MeJA treatment provide cues for natural enemies to locate hosts (McCall et al.,
1993; De Moraes et al., 1998). Our results suggest that jasmonates may be used as
an elicitor of volatiles to attract natural enemies in cotton cultivars. For instance, in
other plant systems, indirect evidence has been presented that volatiles induced by
jasmonates serve as important cues for natural enemies to locate potential host/prey
sites. Although volatiles were not measured, the aggregation of beneficial parasitic
wasps was greater in field plots of tomato treated exogenously with JA than for
untreated control plots (Thaler, 1999).

Recently, Dicke et al. (1999) showed that Lima beans treated with JA or MeJA
produce a volatile blend that is similar to plants infested with the two-spotted
spider miteTetranychus urticaeKoch. Jasmonate-treated plants attracted more
predatory mites,Phytoseiulus persimilisAthias-Henriot, than untreated plants.
Comparable results were obtained when gerbera leaves were treated with
exogenous JA (Gols et al., 1999). Thus, it appears that jasmonates are potential
agents that may be used to improve biological control in agricultural crops.
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Abstract—Lindgren multiple funnel traps were set up in pine forests of cen-
tral Oregon to determine the response of scolytid bark beetles to ethanol and
4-allylanisole (4AA). Traps were baited with two release rates of ethanol (4.5 or
41.4 mg/hr) and three release rates of 4AA (0, 0.6, or 4.3 mg/hr) in a 2× 3 facto-
rial design. All traps also released a 1:1 mixture ofα- andβ-pinene at 11.4 mg/hr.
Of 13,396 scolytids caught,Dendroctonus valensmade up 60%,Hylurgopsspp.
18.5%,Ipsspp. 16%,Hylastesspp. 1.8%,Ganthotrichus retusus0.9%, and bark
beetle predators another 2.8%. Increasing the release rate of ethanol in the ab-
sence of 4AA increased the number of most scolytid species caught by 1.5–3.7
times, confirming its role as an attractant.Ips latidens, Temnochila chlorodia,
and clerid predators were exceptions and did not show a response to higher
ethanol release rates. Release of 4AA at the lowest rate inhibited attraction of
most scolytids, with a significant reduction inG. retusus, Hylastes macer, and
Hylurgops porosuswhen compared to traps without 4AA. A high release rate of
4AA further inhibited responses for most beetles compared to low 4AA. Seven
species were significantly deterred by high 4AA, including the latter three, and
Hylastes longicollis, Hylastes nigrinus, Hylurgops reticulatus, andIps latidens.
Exceptions includeHylurgops subcostulatus, which was significantly attracted
to both low and high 4AA, andI. pini, which was attracted to low and high 4AA
in combination with low ethanol, but unaffected by either release of 4AA with
high ethanol.Dendroctonus valenswas significantly attracted to low 4AA and

* To whom correspondence should be addressed. e-mail: rkelsey@fs.fed.us or kelseyr@fsl.orst.edu
2Current address: Ashoka Trust for Research in Ecology and the Environment (ATREE), 659, 5th A
Main Rd, Hebbal, Bangalore 560024, India.
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unaffected by high 4AA. Predators appeared to be less inhibited by 4AA than
most bark beetles. Although 4AA can deter the attraction of some secondary bark
beetles to ethanol in combination withα- andβ-pinene, this inhibition could be
weakened for certain species by increasing ethanol release rates. 4-Allylanisole
may have some utility for managing the behavior of secondary bark beetles
sensitive to this compound.

Key Words—Methyl chavicol, bark beetles, primary attraction, host selection,
host volatiles.

INTRODUCTION

The compound 4-allylanisole [4AA; 1-methoxy-4-(2-propenyl)benzene] is pre-
sent in oleoresin of various pine species (Drew and Pylant, 1966; Werner, 1972;
Pierce et al., 1987; Hayes et al., 1994) and is a known deterrent to primary bark bee-
tles (Hayes et al., 1994; Hayes and Strom, 1994; Werner, 1995). It has been tested
extensively in the lab and field as a potential antiaggregation semiochemical.Den-
droctonus frontalisZimmerman (Hayes et al., 1994),D. rufipennis(Kirby) (Werner,
1995),D. ponderosaeHopkins,D. brevicomisLeConte (Hayes and Strom, 1994;
Hobson, 1996), andIps pini (Say) (Hayes and Strom, 1994) were all significantly
inhibited by 4AA in the presence of their specific aggregation pheromones.

Oleoresin in healthy trees usually contains higher concentrations of 4AA
than stressed trees. For instance, quantities of 4AA in lodgepole pine (Pinus
contortaDougl. ex. Loud. var.latifolia Engelm.) infected with Comandra blis-
ter rust (Cronartium comandraePk.) or armillaria [Armillaria mellea(Vahl.: Fr.)
Kummer] were 43.6–63% less than in healthy trees (Nebeker et al., 1995). Simi-
larly, concentrations of 4AA in ponderosa pine (Pinus ponderosaDougl. ex. Laws.)
damaged by smog were 71% less than in undamaged trees (Cobb et al., 1972).
Lower quantities of 4AA in smog stressed pine could be partially responsible for
their greater vulnerability to bark beetle attacks than healthy trees (Stark et al.,
1968).

Ethanol also occurs naturally in trees and is an important host-derived semio-
chemical. It is a product of fermentative respiration in plant tissues and is usu-
ally associated with hypoxic or anoxic conditions (Davies, 1980; Bennett and
Freeling, 1987; Harry and Kimmerer, 1991). In contrast to 4AA, ethanol accu-
mulates in severely stressed, dying, or recently dead trees. High ethanol concen-
trations have been reported in tissues of flooded (Crawford and Baines, 1977;
Crawford and Finegan, 1989; Joseph and Kelsey, 1997), mechanically injured
(Sjödin et al., 1989), or diseased trees (Gara et al., 1993; Kelsey and Joseph, 1998;
Kelsey et al., 1998), severely water stressed branches (Kelsey and Joseph, 2001),
stumps (von Sydow and Birgersson, 1997; Kelsey and Joseph, 1999a), and logs
(Kelsey, 1994a,b; Kelsey and Joseph, 1997, 1999b). Ethanol, released alone or in
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combination with host terpenes, is a well-known primary attractant for various
species of weevils and scolytid secondary bark beetles (Moeck, 1970; Klimetzek
et al., 1986; Nordlander et al., 1986; Liu and McLean, 1989; Phillips et al., 1988;
Chénier and Philog`ene, 1989; Schroeder and Lindel¨ow, 1989; Sjödin et al., 1989;
Byers, 1992; Kelsey, 1994a,b). If ethanol accumulates and 4AA declines in severely
stressed pine trees, they are likely to be more susceptible to attack by secondary
bark beetles than healthy trees.

While secondary bark beetles and weevils are normally less aggressive than
primary bark beetles, they still cause a variety of problems in forest management
that warrants mitigation. For example, the value of commercial logs and lumber can
be reduced by pinhole-sized galleries and stain fungi introduced to the sapwood by
ambrosia beetles (McLean, 1985). Numerous other species colonize woody debris
or stumps and can damage or kill regeneration seedlings or saplings (Nordlander,
1987; Ciesla, 1988; Wilson et al., 1996; Salom, 1997). In some instances larger
trees under stress can be killed (Furniss and Carolin, 1977). When secondary bark
beetles or weevils are attracted to trees infected with certain root disease organisms,
they can vector the pathogen to adjacent healthy trees or nearby healthy stands
(Harrington et al., 1985; Witcosky et al., 1986a,b; Bedard et al., 1990; Nevill and
Alexander, 1992a,b; Klepzig et al., 1991, 1995).

Although 4AA inhibits the response of various primary bark beetles to their
pheromones, its effect on responses of secondary bark beetles to primary host at-
tractants, such as ethanol, has not been thoroughly tested. In one study,Dendroc-
tonus valenswas unaffected by 4AA whenS-(−)-β-pinene was used as the attrac-
tant (Hobson, 1996). The objective of our experiment was to determine whether
4AA deters attraction of scolytids to ethanol released simultaneously with a mix-
ture ofα- andβ-pinene and whether the deterrency of 4AA is affected by ethanol
release rates. A mixture ofα- andβ-pinene was used at a constant release rate be-
cause they occur in ponderosa pine tissues (Drew and Pylant, 1966) when ethanol
is synthesized. Furthermore, the combined release of ethanol withα - andβ-pinene
will attract a broader range of scolytids and in larger numbers than ethanol alone
(Chénier and Philog`ene, 1989; Schroeder and Lindel¨ow, 1989; Phillips et al., 1988;
Lindelöw et al., 1993).

METHODS AND MATERIALS

Chemicals and Release Rates. Release rates of 4AA (98%, Aldrich), ethanol
(100% USP grade, Georgia Pacific), and a 1:1 (v/v) mixture of (±)-α-pinene (98%,
Aldrich) and (1S)-(−)-β-pinene (99%, Aldrich) in the laboratory and field were
determined gravimetrically. All compounds were released from glass scintillation
vials (20 ml) inside a perforated plastic container with lid (50 ml). There were
12 holes (0.8 cm diam.) on its side and two on the bottom, allowing free exchange
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of chemicals with surrounding air. This setup prevented rain from diluting the
compounds and altering their release rates.

Laboratory release rates were determined in an incubator at 30◦C, and on a
bench at 21◦C. To simulate field conditions on the bench an electric fan was used
to generate a wind speed of 1.1 m/sec. Two release rates were tested for 4AA
and ethanol and one release rate for the pinene mixture, each averaged from five
replicates. A high release rate for 4AA was achieved by placing three string wicks
into the liquid and draping them over the open vial rim. A low release rate for
4AA was achieved with an open vial without strings. Ethanol was released from
vials with lids having a 0.7- or 0.2-cm-diam. hole for high and low rates. Theα-
andβ-pinene mixture was released from a separate open vial. Field release rates
were determined by weighing vials before and after use in traps. These vials were
capped for transport to and from the field.

Our field design consisted of a 2× 3 factorial combination with two release
rates of ethanol (low or high) and three release rates of 4AA (0, low or high) for
a total of six treatments. Each treatment had the sameα- andβ-pinene release
rate.

Field Tests. Lindgren 16-unit multiple funnel traps (Phero Tech, Delta, British
Columbia, Canada) were replicated at 10 sites in Central Oregon, east of La Pine
at 1494 to 1525 m elevation. Five sites separated by distances of 1.0–7.2 km
were located in an area near 43◦43′N; 120◦52′W. These sites were thinned in
1996 to obtain a species composition of about 80% ponderosa and 20% lodgepole
pine with diameters of approximately 20–30 cm at breast height (dbh). About
40 km southwest, in the vicinity of 43◦35′N; 121◦21′W, were another five sites
separated by distances of 0.4–2.2 km. These sites were thinned in 1995 to obtain
a species compositon of 70–100% ponderosa and 0–30% lodgepole pine, with
10–18 cm dbh. Disturbance from thinning helped ensure adequate beetle popu-
lations were available to successfully conduct the experiment. Sites had various
levels of burned or unburned slash remaining.

Temperature data were collected from one site in each of the two areas with
sensors attached to a datapod (Omnidata, Logan, Utah). One sensor was placed
inside a weather shelter to measure ambient temperatures, while another sensor
was placed inside the plastic bait container to determine temperature changes near
the chemicals. These containers were not sheltered and could have received direct
sun periodically during the day depending on crown positions of adjacent trees,
etc.

At each site, six funnel traps were placed a minimum of 50 m apart along a
transect. Traps were hung 0.5–1.0 m above ground from rope tied between two
closely spaced trees and tethered with twine to keep them from swaying with wind.
Traps were baited randomly by securing a plastic container to the middle funnel.
Baits were replaced with fresh chemicals every two weeks and rerandomized
among traps (by moving baits only) within a site to minimize the influence of
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trap location on beetle catch numbers. Collection cups contained a piece of plas-
tic releasing 2,2-dichlorovinyl-dimethylphosphate (Peststrip, Loveland Industries,
Greeley, Colorado) to kill trapped insects. Traps were initially baited on May 8,
1997, and rebaited with fresh chemicals on May 19 and 30, and June 12. Insects
were collected on the latter three dates and finally on June 26. Beetles were sorted
into major scolytid species or their predators and counted.

Statistical Analysis. Data were analyzed using SAS software (SAS Institute,
1989, 1996). Release rates were summarized with their mean, minimum, and max-
imum values. Beetle numbers for each treatment and site were summed over the
four collection dates and the analyses conducted on these values. Data were ana-
lyzed as a randomized complete block design with 4AA and ethanol as two factors.
Beetle numbers were square-root transformed to meet homogeneity of variance
and normality assumptions. Means were back-transformed for presentation. Sig-
nificant differences between means were separated using Fisher’s protected LSD
atα = 0.10.

To help compare behavior among species, ratios of beetles attracted to ethanol
(high–low ethanol when 4AA was absent), or 4AA with ethanol (low–zero 4AA,
and high–zero 4AA) were calculated. 4AA ratios were calculated with beetle aver-
ages across low and high ethanol treatments within each level of 4AA. Values above
1 indicate beetle attraction, while values below 1 show the degree of deterrence to
each chemical.

RESULTS

Release Rates. There was substantial variation between laboratory and field
release rates (Table 1). All chemicals, except the high ethanol treatment, had lower
field release rates than in the laboratory at 21◦C with air movement. Ambient field

TABLE 1. RELEASERATES OFHOSTVOLATILES IN INCUBATOR, LABORATORY, AND

FIELD

Release rates (mean, mg/hr)a

Volatile Incubator (30◦C) Laboratory (21◦C) Field (min 3.3, max 19.7◦C)

α- + β-Pinene mixture 6.1 (5.7–6.3) 25.2 (14.6–34.1) 11.4 (6.4–16.3)
High ethanol 34.2 (33.7–35.0) 30.8 (28.1–37.2) 41.4 (30.1–57.2)
Low ethanol 11.7 (11.1–12.8) 6.7 (5.7–8.0) 4.5 (3.7–5.0)
High 4-allylanisole 5.2 (3.3–6.6) 10.4 (7.3–14.9) 4.3 (3.1–5.9)
Low 4-allylanisole 0.5 (0.3–0.7) 0.8 (0.1–0.8) 0.6 (0.5–0.9)

aThe incubator (30◦C) had no air movement, but in the laboratory (21◦C) a fan generated a wind
speed of 1.1 m/sec. Wind speed in the field was not measured. Numbers in parentheses are the range
of release rates.
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TABLE 2. SCOLYTIDS AND PREDATORSCOLLECTED FROM 60 FUNNEL TRAPS

(4 COLLECTION DATES) BAITED WITH α- AND β-PINENE PLUS DIFFERENTRELEASE

RATES OFETHANOL AND 4-ALLYLANISOLE , MAY 8–JUNE 26, 1997, IN PINE FORESTS

OF CENTRAL OREGON

Beetle species Number trapped % of total

Bark beetles (Scolytidae)
Dendroctonus valens 7,962 59.4
Ips latidens 1,989 14.8
Hylurgops porosus 1,349 10.1
Hylurgops subcostulatus 972 7.3
Ips pini 214 1.6
Hylurgops reticulatus 150 1.1
Hylastes macer 130 0.9
Gnathotrichus retusus 122 0.9
Hylastes nigrinus 74 0.5
Hylastes longicollis 53 0.4

Predator beetles
Cleridae 240 1.8
Temnochila chlorodia(Trogositidae) 141 1.0

Total number of beetles 13,396 100.0

temperatures in weather shelters ranged from 3.3 to 19.7◦C (average min–max).
Inside plastic bait containers, average minimum and maximum temperatures were
2.1◦C cooler at night, or 2.6◦C warmer during the day than ambient temperatures,
probably because these containers were not sheltered.

Field Test. In ponderosa pine forests of central Oregon, 10 species of sec-
ondary scolytid beetles and some of their predators were attracted to ethanol re-
leased in combination with a mixture ofα- andβ-pinene.Dendroctonus valens
LeConte was the most abundant scolytid species trapped, comprising 59.4% of
the total beetles caught (Table 2). Other abundant speices includedIps latidens
LeConte at 14.8%,Hylurgops porosus(LeConte) 10.1%, andHylurgops sub-
costulatus(Mannerheim) 7.3%. No primary bark beetles such asDendroctonus
brevicomisor D. ponderosaewere caught in any traps. Aerial survey maps for
1996 and 1997 indicated endemic levels of activity forD. brevicomisandD. pon-
derosaein the forest surrounding our sites. Bark beetle predators such as clerids
and Temnochila chlorodia(Mannerheim) were a small fraction of total beetles
caught.

Dendroctonus valensresponded about four times more frequently to traps
with high ethanol compared to low ethanol regardless of 4AA levels (Figure 1).
Low 4AA treatment caught significantly moreD. valensthan either the high (P <

0.002) or zero 4AA (P = 0.029). There was no difference in beetle numbers
between high and zero 4AA (P = 0.270).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297457 March 23, 2001 10:2 Style file version Nov. 19th, 1999

SCOLYTIDS, ETHANOL, AND 4AA 703

FIG. 1. Response ofD. valens to traps baited withα- and β-pinene, ethanol, and
4-allylanisole. Vertical bars are means± SE,N = 10.

Ips latidenswas unaffected by ethanol treatments (P = 0.288), but was de-
terred at high 4AA compared to zero (P = 0.004) and low 4AA (P = 0.037,
Figure 2). Beetle catches were not different between low and zero 4AA (P =
0.385). In contrast,I. pini showed a significant interaction between ethanol and
4AA (Figure 2). When 4AA was absent,I. pini numbers were greater at high
ethanol than low ethanol (P = 0.035). The opposite was observed with low 4AA
present (P = 0.061), and there was no difference in trap catches between ethanol
release rates at high 4AA (P = 0.974). Low ethanol with either low or high 4AA
attracted moreI. pini than low ethanol alone (P = 0.017 and 0.054, respectively).
Attraction ofI. pini to high ethanol was unaffected by the presence of 4AA. There
was a decrease in numbers in combination with low 4AA, but this was not signifi-
cantly lower than trap catches for high ethanol with zero or high 4AA (P = 0.113,
and 0.154, respectively).

All three Hylurgopsspecies responded more strongly to high ethanol than
low ethanol, regardless of amounts of 4AA (P values in Figure 3), but they each
responded differently to 4AA. High and low 4AA inhibitedHylurgops poro-
suscompared to zero 4AA (P < 0.001 andP = 0.092, respectively), whereas
both release rates attractedH. subcostulatus(P = 0.008 and 0.052, respectively).
Hylurgops reticulatusWood was inhibited by high 4AA (P < 0.014), but not
low 4AA ( P = 0.858). Trap catches with high 4AA were smaller than those with
low 4AA for H. porosus(P < 0.030) andH. reticulatus(P = 0.009), but not
H. subcostulatus(P = 0.432).

Hylastes longicollisSwaine showed a significant 4AA and ethanol interac-
tion (Figure 4). High ethanol caught more beetles than low ethanol at both zero
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FIG. 2. Response ofIpsspp. to traps baited withα- andβ-pinene, ethanol, and 4-allylanisole.
Vertical bars are means± SE,N = 10.

(P < 0.001) and low 4AA (P = 0.025), but not at high 4AA (P = 1.000). Low
ethanol attracted the same number ofH. longicollis regardless of 4AA treatments
(P ≥ 0.727). However, when the ethanol release rate was high, the high 4AA
treatment reduced beetle numbers compared to zero (P = 0.001) and low 4AA
(P = 0.011).Hylastes macerLeConte andH. nigrinus(Mannerheim) responded
more strongly to high ethanol than low ethanol release rates (P values in Figure
4). Increasing the 4AA release rate from zero to low, and low to high, reducedH.
maceralmost linearly (allP ≤ 0.062), whereas high, but not low 4AA reduced
trap catches forH. nigrinus(P = 0.074 and 0.187, respectively).
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FIG. 3. Response ofHylurgopsspp. to traps baited withα- andβ-pinene, ethanol, and
4-allylanisole. Vertical bars are means± SE,N = 10.
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FIG. 4. Response ofHylastesspp. to traps baited withα- and β-pinene, ethanol, and
4-allylanisole. Vertical bars are means± SE,N = 10.
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FIG. 5. Response ofG. retususto traps baited withα- and β-pinene, ethanol, and 4-
allylanisole. Vertical bars are means± SE,N = 10.

Gnathotrichus retusus(LeConte) numbers showed a significant interaction
between 4AA and ethanol (Figure 5) similar toHylastes longicollis. When 4AA
was absent or low, the high ethanol release rate caught more beetles than low ethanol
(P = 0.003 andP = 0.014), but when 4AA was high there was no difference in
beetle numbers between ethanol treatments (P = 0.858). When ethanol was low,
trap catches were inhibited by low 4AA, but not high 4AA, compared with zero
4AA ( P = 0.031 and 0.287, respectively). When ethanol was high, trap catches
of G. retususwere reduced by both low and high 4AA compared with zero 4AA
(P = 0.008 and<0.001, respectively).

Clerids andTemnochila chlorodiawere the only predators caught. Most
clerids were eitherEnoclerusspp. orThanasimusspp. However, neither clerids
nor Temnochila chlorodiaresponded significantly to ethanol or 4AA treatments
(P values are in Figure 6).

Relative responses of all species to ethanol and 4AA are shown in Figure 7.
Most beetles responded 1.5–3.7 times more frequently to traps with high ethanol
release rates (41.4 mg/hr) than those with low release rates (4.5 mg/hr) when 4AA
was absent, exceptHylastes longicollis, which was 12.5 times higher. Responses
of Ips latidens, T. chlorodia, and clerids were not affected by ethanol release rates.
Low release of 4AA reduced trap catches of four species by 25% or more, with sig-
nificant inhibition for three of them compared to zero 4AA (Gnathotrichus retusus,
Hylastes macer, andHylurgops porosus). In contrast,Hylurgops subcostulatus,
I. pini, andD. valenswere attracted to low 4AA. Increasing the release rate of
4AA enhanced repellency, with significant inhibition for seven species. At high
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FIG. 6. Response ofT. chlorodiaand clerid predators to traps baited withα- andβ-pinene,
ethanol, and 4-allylanisole. Vertical bars are means± SE,N = 10.

4AA, Hylastes longicollis, Hylastes macer, andG. retususwere most inhibited,
while Hylurgops subcostulatusandI. pini (with low ethanol only) were attracted.
Increasing the release rate of 4AA from 0.6 to 4.3 mg/hr had its greatest impact
on Hylastes longicollisandHylurgops reticulatusand least affect onG. retusus,
Hylastes nigrinus, Hylurgops subcostulatus, andI. pini.

DISCUSSION

Ethanol, released in combination withα- and β-pinene, is an important
primary attractant for many secondary bark beetles in ponderosa pine forests
of central Oregon. Attraction ofDendroctonus valensto a similar combination
was previously demonstrated in Wisconsin forests where traps baited with a 1:1
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FIG. 7. Ratios of beetles trapped by different release rates of ethanol or 4AA. For species
with a significant interaction between 4AA and ethanol, we used the main effect means for
0, low, and high 4AA. Values greater than 1 (horizontal line) indicate attraction and values
less than 1 indicate deterrence. Asterisks indicate species where the number of beetles
captured by treatments used in the numerator and denominator of a ratio were significantly
different by ANOVA. Ips pini was attracted to 4AA only in combination with low ethanol
release rates (see Figure 2 for details).
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ethanol–terpentine (α- andβ-pinene plus other terpenes) mixture captured 60 times
more beetles than traps with terpentine alone (Klepzig et al., 1991). AllHylastes
andHylurgopsat our sites preferred traps with the highest ethanol release rate,
much like related species in Europe. For example, ethanol alone attractsHylur-
gops palliatus(Gyll.) and the beetle numbers rise as the release rate increases
(Klimetzek et al., 1986; Schroeder, 1988; Schroeder and Lindel¨ow, 1989; Byers,
1992). α-Pinene alone does not attract this species, but the combination of
α-pinene and ethanol results in a synergistic response, with greater trap catches
than the total from both compounds individually (Schroeder, 1988; Schroeder and
Lindelöw, 1989; Byers, 1992). AlthoughHylastes longicollisin this experiment
showed the largest proportional increase in trap catches between the two release
rates of ethanol, this could have resulted, in part, from the low number of individu-
als trapped. Their typical response to ethanol is probably more similar to the other
species. Numbers ofG. retususcaptured were low also, but their affinity for a high
ethanol release rate reflects their preference for logs with high ethanol concen-
trations over logs with low concentrations (Kelsey, 1994a,b; Kelsey and Joseph,
1999b).α-Pinene most likely does not enhance, and may inhibit, the attraction of
Gnathotrichusspp. to ethanol (Kelsey and Joseph, 1997).

Ips latidenswas not attracted to ethanol, which is similar toI. grandicollis
(Eichhoff) (Chénier and Philog`ene, 1989) andI. typographus(L.) (Klimetzek
et al., 1986). For the latter species, combining ethanol with its pheromone reduced
the beetle numbers compared to traps baited with pheromone alone, although the
differences were not significant. In contrast,I. pini in the current experiment was
attracted to ethanol. Why it responded differently than theIpsspecies listed above
is unclear. Increasing the ethanol release rate also failed to enhance trap catches of
clerids andTemnochila chlorodiain central Oregon. Other clerid predators, such as
Thanasimus formicarius(L.) in Sweden (Schroeder, 1988) orT. dubius(Fabricius)
in Canada (Ch´enier and Philog`ene, 1989), are attracted toα-pinene but not ethanol
or their combination.

Effectiveness of 4AA in central Oregon as a repellent for secondary bark
beetles attracted to host kairomones is dependent on the beetle species, and release
rates of 4AA and ethanol. In general, 4AA was effective at inhibiting some beetles,
such asG. retususand the three species ofHylastes.In contrast, one or both release
rates of 4AA attracted other species, includingHylurgops subcostulatus, I. pini,
andD. valens.Hobson (1996) reports 4AA failed to inhibit attraction ofD. valens
to β-pinene. His release rate of 4AA was nearly 19 times (80 mg/hr) greater than
our highest level. The response ofD. valensto traps baited with ethanol and 4AA is
consistent with their preference for colonizing the base of diseased ponderosa pine
boles (Moeck et al., 1981), which can have lower amounts of 4AA (Nebeker et al.,
1995) and higher ethanol concentrations than healthy trees (Kelsey et al., 1998).

Attraction of bark beetles to 4AA has been reported previously forI. grandi-
collis (Eichh.), particularly the males (Werner, 1972). In the current study,I. pini
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was also attracted to 4AA, but only when ethanol release rates were low, whereas
I. latidensshowed no signs of attraction to 4AA. In studies where traps were baited
with pheromone attractants, 4AA has inhibited the response ofI. pini. Hobson
(1996) reduced trap catches ofI. pini by 29% with a release rate of 80 mg/hr
4AA, but it was not significant. In contrast, Hayes and Strom (1994) reported a
43% reduction in numbers ofI. pini caught by traps in Wisconsin releasing 4AA
at 6.6 mg/hr, or 1.5 times greater than our highest treatment. Attraction to 4AA
also was previously reported for the bark beetle predatorT. chlorodiawhen tested
in Oregon, but not when tested in California (Hayes and Strom, 1994). Our trap
catches ofT. chlorodiaand clerid predators were reduced by a high release rate
of 4AA, but not significantly. Thus, it appears some bark beetle predators are not
adversely impacted by 4AA.

It is becoming apparent that ethanol accumulates in woody tissues more of-
ten than anyone previously suspected. It can be synthesized by many tree species
(Kimmerer and MacDonald, 1987; Kimmerer and Stringer, 1988; Kelsey, 1996)
and by all of their tissues (Kimmerer and Stringer, 1988; Kelsey et al., 1998) under
appropriate conditions. Synthesis of ethanol in small quantities is probably an im-
portant physiological process for normal tree growth (Harry and Kimmerer, 1991;
Joseph and Kelsey, unpublished data). However, ethanol can accumulate to abnor-
mally high concentrations when trees are subjected to various types of severe stress
or when tissues are dying, as in logs and stumps (Kimmerer and Kozlowski, 1982;
Sjödin et al., 1989; Kelsey, 1994a,b; von Sydow and Birgersson, 1997; Kelsey
and Joseph, 1999a,b, 2001). Quantities of ethanol synthesized in wood residues
are highly variable and strongly influenced by environmental parameters such as
precipitation, and temperature (Kelsey and Joseph, 1999a,b). This variability can
provide opportunities to manipulate ethanol production and mitigate the behavior
of some secondary bark beetles. One alternative is to minimize slash and woody
debris, but stumps are usually left intact, and current forest practices are mov-
ing toward leaving more coarse woody debris in the forest to allow important
ecological processes to function normally and sustainably (Schowalter and Filip,
1993). Thus, other alternatives may be needed to help manage secondary bark
beetles.

4AA is an allomone with potential utility for management because it inhibits
responses for a wide range of scolytid beetles to primary and secondary attractants
(Hayes and Strom, 1994; Werner, 1995). It might have the added advantage of not
adversely interfering with the attraction of bark beetle predators, as observed here
and by others (Hayes and Strom, 1994). 4AA also has shown some promise in
suppressing or reducing growth of small infestations ofD. frontalis (Hayes and
Clarke, 1998). Consequently, it seems worthwhile to further examine the use of
4AA for protecting high-value logs, individual trees, and possibly small stands or
plantations from unwanted attack and colonization by secondary bark beetles that
are sensitive to this compound.
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Abstract—Antitermitic activity of Taiwania (Taiwania cryptomerioides
Hayata) againstCoptotermes formosanusShiraki was demonstrated in labora-
tory tests. Blocks of sapwood and heartwood fromT. cryptomerioidesexhibited
antitermitic activity. Bioassays revealed that heartwood essential oil exhibited
the highest antitermitic activity, followed by sapwood essential oil and then the
n-C6H14 soluble fraction when tested at 10 mg/g. The order of termite mortality
of three compounds purified fromn-C6H14 soluble extracts of heartwood was
cedrol> α-cadinol> ferruginol. The termite resistance ofT. cryptomerioides
wood can be attributed to the termiticidal activity of cedrol andα-cadinol.

Key Words—Taiwania cryptomerioidesHayata, Coptotermes formosanus
Shiraki, antitermitic activity, essential oils, cedrol,α-cadinol, ferruginol.

INTRODUCTION

Biodegradation is recognized as one of the most significant problems for wood
utilization. Among several factors leading to biodegradation, termites are one of
the most damaging to wooden structures worldwide. There are several properties
that determine wood’s natural resistance to termite attack. For example, hardness
of wood affects the termite’s ability to fragment the wood with its mandibles
(Bultman et al., 1979). It is also well known that extractives have a significant effect
on the durability of wood (Chang et al., 1999b). Certain extractives from wood

* To whom correspondence should be addressed. e-mail peter@ms.cc.ntu.edu.tw

717

0098-0331/01/0400-0717$19.50/0C© 2001 Plenum Publishing Corporation



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297458 March 23, 2001 10:4 Style file version Nov. 19th, 1999

718 CHANG, CHENG, AND WANG

tissues can provide protection against harmful insects. For nondurable woods, it
may be necessary to use inorganic compounds or synthetic pesticides to preserve
woods and prolong their application life. To avoid environmental pollution and
health problems caused by the use of traditional wood preservatives or synthetic
pesticides, there is a trend to search for naturally occurring toxicants in plants.
Accordingly, many researchers are focusing on the separation and identification
of extractives from some durable woods and examining bioactivities.

Taiwania (Taiwania cryptomerioidesHayata) (Taxodiaceae) is an endemic
tree that grows at elevations of 1800–2600 m in Taiwan’s central mountains. The
heartwood ofT. cryptomerioidesis yellowish red with distinguished purplish pink
streaks.T. cryptomerioidestimbers are well known in Taiwan for their decay re-
sistance and excellent durability. Recently, we have illustrated the relationships
between extractives and wood properties, including the photodiscoloration, anti-
fungal, and antibacterial activity inT. cryptomerioidesheartwood (Chang et al.,
1998, 1999a,b, 2000a,b). To our knowledge, there are no prior studies of the
antitermitic activity of chemical constituents fromT. cryptomerioides. Coptoter-
mes formosanusShiraki is the termite mainly responsible for wood destruction
in many countries, including Taiwan, Japan, and parts of the United States. Thus,
many researchers have investigated antitermitic compounds of wood species using
C. formosanusas a test termite (Yaga and Kinjo, 1986; Kinjo et al., 1988; Yaga
et al., 1991; Ohtani et al., 1997; Sogabe et al., 2000a,b). In this study, we exam-
ined the antitermitic activity of the essential oils and dominant constituents isolated
from T. cryptomerioidesagainstC. formosanus.

METHODS AND MATERIALS

Wood Samples.Test blocks, 2.0× 2.0× 2.0 cm, were cut from the sapwood
and heartwood of a 27-year-oldT. cryptomerioidestree collected from the Exper-
imental Forest of National Taiwan University. The blocks were oven-dried (60±
2◦C, 24 hr) and weighed before treatment. Heartwood and sapwood blocks were
extracted in a Soxhlet apparatus with alcohol–toluene (1 : 2) for 24 hr.

Termites. The test termites were from aC. formosanuscolony from S.-J. Lin’s
laboratory at the Taiwan Forest Research Institute. The colony has been reared on
wood pieces in the dark at 26.5◦C and 85% relative humidity for more than two
years.

General Procedures. Merck (Germany) Kieselgel 60F254sheets were used for
analytical thin layer chromatography (TLC). High performance liquid chromatog-
raphy (HPLC) was performed with a Jasco model PU980 pump equipped with a
Jasco RI-930 RI detector and Hibar Lichrosorb Si-60 column (25× 1 cm ID).
FTIR spectra were recorded on a Bio-Rad model FTS-40 spectrophotometer, and
the MS was obtained using a Finnigan MAT-95s Mass spectrometer. The13C and
1H NMR spectra were recorded on a Bruker Avance-500 MHz FT-NMR.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297458 March 23, 2001 10:4 Style file version Nov. 19th, 1999

ANTITERMITIC ACTIVITY OF TAIWANIA 719

Extraction and Isolation. T. cryptomerioidesheartwood chips were prepared
from the freshly cut tree. The essential oils from sapwood and heartwood of this
tree were obtained by water distillation. The air-dried heartwood chips (5.7 kg)
were exhaustively extracted with methanol (MeOH). The extracts were condensed
to 286.4 g by rotary evaporation, followed by extraction withn-hexane (n-C6H14),
chloroform (CHCl3), ethyl acetate (EtOAc), and methanol (MeOH) successively.
After removing solvents from the combined extracts, then-C6H14, CHCl3, EtOAc,
and MeOH soluble fractions and MeOH insoluble fraction were obtained. Then-
hexane soluble fraction (5 g) of methanol extracts was fractionated initially by
gradient elution with EtOAc/n-C6H14 on a silica gel column (800 g). Fractions
were tracked by TLC, and compounds with similar Rf values were pooled to give
41 subfractions (H1–H41).α-Cadinol (1) (27.6 min retention time) was isolated
and purified from H16 to H22 by semipreparative HPLC [Si-60 column, EtOAc–
n-C6H14 (30 : 70) mobile phase, 1.0 ml/min flow rate]. Ferruginol (2) (16.2 min
retention time) was collected from H2–H8 with the same HPLC system. The
mobile phase was changed to EtOAc–n-C6H14 (10 : 90). Cedrol (3) (20.0 min
retention time) was isolated from H10 with the same HPLC system. The mobile
phase was changed to EtOAc–n-C6H14 (20 : 80), 1.0 ml/min flow rate. Structures
of compounds isolated fromT. cryptomerioideswere identified using FTIR, MS,
and NMR spectrometry. Their spectral data are consistent with those reported in
the literature (Chang et al., 1998, 2000a,b).

α-Cadinol (1). Colorless needle crystal; mp 74–75◦C; EI-MS for C15H26O
found 222; IRνmax: 3372, 3046, 1660 cm−1; 1H NMR (in CDCl3): δ (ppm) 0.74
(d,J= 7.0, H-12), 0.89 (d,J= 7.0, H-13), 1.08 (s, H-14), 1.64 (s, H-15), 2.13 (m,
H-11), 5.47 (s, H-4);13C NMR: δ (ppm) 15.13 (C-12), 20.77 (C-14), 21.51 (C-13),
22.00 (C-1), 22.68 (C-7), 23.81 (C-15), 26.00 (C-11), 30.95 (C-2), 39.89 (C-5),
42.22 (C-8), 46.73 (C-6), 50.04 (C-10), 72.47 (C-9), 122.35 (C-4), 134.94 (C-3).

Ferruginol (2). Yellow oil; EI-MS for C20H30O found 286; IRνmax: 3370,
1612, 1501, 1440 cm−1; 1H NMR (in CDCl3): δ (ppm) 0.89 (3H, s, H-18), 0.93
(3H, s, H-19), 1.15 (3H, s, H-20),1.22 (3H, d,J= 7.0 Hz, H-16), 1.29 (3H, d,J
= 7.0 Hz, H-17), 2.77 (1H, ddd,J= 17.0, 10.5, 7.0 Hz, H-7a), 2.81(1H, ddd,J=
2.0, 6.5, 17.0 Hz, H-7b), 3.11 (sept,J= 7.0 Hz, H-15), 6.62 (1H, s, H-11), 6.81
(1H, s, H-14);13C NMR: δ (ppm) 19.12 (C-6), 19.18 (C-2), 21.46 (C-19), 22.50
(C-16), 22.67 (C-17), 24.60 (C-20), 26.47 (C-15), 29.60 (C-7), 33.17 (C-18), 33.23
(C-4), 37.27 (C-10), 38.65 (C-1), 41.57 (C-3), 50.23 (C-5), 110.86 (C-11), 126.47
(C-14), 126.27 (C-8), 131.69 (C-13), 148.16 (C-9), 150.95 (C-12).

Cedrol (3). Colorless needle crystal; mp 87◦C; EI-MS for C15H26O found
222; IRνmax: 3342, 1373 cm−1; 1H NMR (in CDCl3): δ (ppm) 0.81 (d,J= 7.2,
H-15), 0.97 (s, H-13), 1.23 (s, H-14), 1.29 (s, H-12);13C NMR (in CDCl3): δ
(ppm) 15.54 (C-15), 25.34 (C-13), 27.61 (C-14), 28.89 (C-12), 30.16 (C-11), 31.58
(C-9), 35.33 (C-10), 36.99 (C-3), 41.45 (C-7), 41.96 (C-4), 43.38 (C-2), 54.08 (C-
1), 56.51 (C-5), 61.03 (C-6), 75.10 (C-8).
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Termiticidal Tests with Wood Blocks. Sapwood and heartwood (extracted and
unextracted) blocks were tested using the no-choice test methods described by the
American Wood-Preservers’ Association (AWPA, 1997) againstC. formosanus.
Pinus taiwanensissapwood is well recognized in Taiwan for its poor durability
(Chang and Wang, 1995). It was selected as the control in this assay. Oven-dried
wood blocks as well as 45 workers and 5 soldiers ofC. formosanuswere placed
into the test container (75 mm diameter× 65 mm high). Three replicates of each
treatment were tested in a growth chamber maintained at 26.5◦C and 80% relative
humidity for four weeks. Termite mortality (percent) and weight loss (percent)
of the blocks were recorded periodically up to four weeks, using the following
equations:

Termite mortality (%)= Number of dead termites

Total number of test termites
× 100

Weight loss (%)= W1−W2

W1
× 100

whereW1 is the oven-dried weight before termiticidal test (grams) andW2 is the
oven-dried weight after termiticidal test (grams).

We used Duncan’s multiple-range test to examine the difference of the results
of termiticidal test. Results withP < 0.05 were considered statistically significant.

Termiticidal Test with Essential Oils and Compounds. The termiticidal test
followed the method of Kang et al. (1990). Each compound (1, 2and3 as shown
in Figure 1) and the essential oils (sapwood and heartwood) were dissolved in
acetone, to make various concentrations of solutions, which were then applied to
filter paper (8.6 cm diameter, Whatman No. 3) and air-dried at room temperature.
Control filter paper was treated with solvent only. Fifty active termites (45 workers
and 5 soldiers) were put onto the filter paper impregnated with the test materials in
the Petri dish (9 cm diam.× 1.5 cm high). The test dishes were placed in a growth
chamber maintained at 26.5◦C and 80% realtive humidity for 14 days. A few drops
of water were periodically put onto the bottom edge of the dishes. Three replicates
were made for each sample, and termite mortality was determined daily. Paired
Student’st tests were used to evaluate the difference of the results of termiticidal
test. Results withP < 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Antitermitic Activity of Woods.Unextracted sapwood ofPinus taiwanensis
(PSN), used as a control, showed no antitermitic activity (Table 1). In contrast,
both the sapwood and heartwood ofT. cryptomerioidesdisplayed antitermitic ac-
tivity. Termite mortalities for THN (unextractedT. cryptomerioidesheartwood),
THE (alcohol–toluene-extractedT. cryptomerioidesheartwood), TSN (unextracted
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FIG. 1. Structures ofα-cadinol (1), ferruginol (2), and cerdol (3) isolated fromT.
cryptomerioidesheartwood.

T. cryptomerioidessapwood) and TSE (alcohol–toluene-extractedT. cryptomeri-
oidessapwood) after four weeks were 57%, 50%, 48% and 43%, respectively.
Duncan’s multiple range test showed significant differences in termite mortal-
ity between extracted and unextracted wood (P < 0.05). Weight losses of heart-
wood and sapwood blocks extracted by alcohol–toluene (8.2% and 7.8%) were
larger than those of unextracted blocks (1.1% and 1.3%) after four weeks. These
differences were significant atP < 0.05. We conclude that the presence of

TABLE 1. TERMITE MORTALITY AND WEIGHT LOSS OFWOOD BLOCKS ATTACKED BY

Coptotermes formosanus∗

Samples∗∗ Termite mortality (%) Weight loss (%)

TSE 43± 1.2c 7.8± 0.2b
TSN 48± 2.0b 1.3± 0.1c
THE 50± 1.6b 8.2± 0.1b
THN 57± 2.3a 1.1± 0.1c
PSN 9± 2.1d 29.1± 0.7a

∗Means (N= 3) using 50 termites per replicate. Numbers followed by the different letter (a, b, c, d)
are significantly different at the level ofP < 0.05 according to Duncan’s multiple range test.
∗∗TSE: alcohol–toluene-extractedT. cryptomerioidessapwood; TSN: unextractedT. cryptomerioides
sapwood; THE: alcohol–toluene-extractedT. cryptomerioidesheartwood; THN: unextractedT. cryp-
tomerioidesheartwood; PSN: unextracted pine sapwood.
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T. cryptomerioideswood extractives decreases the weight loss of wood in the
presence of termites.

Antitermitic Activity of Essential Oils and Fractions.In our previous studies,
the essential oils andn-C6H14-soluble fraction of MeOH extracts ofT. cryptome-
rioides were demonstrated to have antifungal and antibacterial activity (Chang
et al., 1998, 1999b, 2000a,b). Therefore, the antitermitic activities of essential
oils (heartwood and sapwood) and then-C6H14-soluble fraction of MeOH extracts
from T. cryptomerioideswere determined in this study.

After 14 days, the order of termite mortality from essentials oils and the
n-C6H14-soluble fraction at 10 mg/g was: heartwood essential oil (56%)> sap-
wood essential oil (32%)>n-C6H14-soluble fraction (22%) (Figure 2). All samples
demonstrated significant termiticidal activity compared to controls (termite mortal-
ity = 4%). According to our previous data, the cadinanes (T-cadinol, T-muurolol,
α-cadinol) were the main constituents in heartwood essential oils (66.7%), fol-
lowed by sapwood essential oils (37.1%), and thenn-C6H14 extracts (27.4%)
(Chang et al., 2000a). These results suggest that antitermitic activity ofT. cryp-
tomerioidesmay be related to the cadinane constituents of essential oils or the
n-C6H14 soluble fraction.

Although the antitermitic activity of then-C6H14-soluble fraction at 10 mg/g
was lower than heartwood and sapwood essential oils, termite mortality increased
to 72% when the dosage increased to 50 mg/g.

Antitermitic Activity of Isolated Compounds. Then-C6H14 soluble fraction
from T. cryptomerioideshad excellent antitermitic activity at 50 mg/g. HPLC
was used to isolate and purifyα-cadinol, ferruginol and cedrol for further bioas-
say. Figure 3 shows the antitermitic activity of the three dominant compounds.
The order of antitermitic activity againstC. formosanuswas cedrol, followed by
α-cadinol, and then ferruginol. Termite mortalities (at 5 mg/g after 14 days) were

FIG. 2. Antitermitic activity of essential oils and then-C6H14 soluble fraction fromT.
cryptomerioides(bars= SD). ∗P < 0.05; statistically different from the data of control.
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FIG. 3. Antitermitic activity ofα-cadinol (1), ferruginol (2), and cedrol (3), (bars= SD).
∗P < 0.05; statistically different from the data of control.

50%, 30%, and 12%, respectively. The antitermitic activities of 10 mg/gα-cadinol
and cedrol increased after 14 days, whereas no dosage-dependent-effects occurred
with ferruginol. The decreasing order of termite mortality at 10 mg/g dosage for 14
days was cedrol (100%)> α-cadinol (70%)> ferruginol (12%). Overall, cedrol
possessed the strongest antitermitic activity.

During the test periods all the termites were killed within eight days at a
dosage of 10 mg/g. This suggests that the resistance ofT. cryptomerioideswood to
termite attack may be attributed to the action of both cedrol andα-cadinol. Yaga
and Kinjo (1986) previously showed that cedrol fromSciadopitys verticillataS.
et Z was termiticidal. They also found thatα-cadinol was the main termiticidal
constituent ofChamaecyparis obtusaEndl (Kinjo et al., 1988).
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Abstract—Urban populations of Canada geese,Branta canadensis, pose a nui-
sance problem throughout most of the eastern United States and in other parts
of the United States and Canada.Puccinellia arcticais a species of arctic grass
that is unpalatable to Canada geese on the North Slope of Alaska and may
prove to be an effective long-term and nonlethal means of controlling the grow-
ing populations of urban Canada geese. A comparative study of the secondary
metabolites of bothP. arcticaandPuccinellia langeanaandPoa pratensis, two
palatable grass species that Canada geese generally consume, revealed no sig-
nificant differences. However, ellagitannin levels were higher inP. arcticathan
in the palatable grass species and may be contributing to its unpalatability to
Canada geese. These results support the potential to useP. arcticain public areas
to control geese intrusions.

Key Words—Branta canadensis, carbon nutrient balance, chemical defense,
herbivory,Poa pratensis, Puccinellia arctica, Puccinellia langeana, tannins.

INTRODUCTION

Urban populations of Canada geese,Branta canadensis, pose a nuisance problem
throughout most of the eastern United States and in other parts of the United States
and Canada (Conover, 1985). Grazing on lawns has become one of the principal
food sources for geese in urban areas (Conover and Kania, 1991). This has created
a problem when the geese damage turf by foraging on grass in backyards, golf
courses, parks, landscaped areas, and playing fields (Cummings et al., 1991).

The feces the geese leave behind, up to three pounds per goose per day
(Sinnott, personal communication), diminishes the aesthetic and recreational value

* To whom correspondence should be addressed.
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of the grazed areas (Cummings et al., 1991). The accumulated feces can decrease
water quality and may have deleterious effects upon public health (Conover and
Chasko, 1985). In fact, several public parks and beaches have been closed due to
health concerns stemming from goose feces (Conover, 1985).

Puccinellia arcticais a species of arctic grass that is unpalatable to Canada
geese on the North Slope of Alaska (McKendrick, 1997; Scorup, personal commu-
nication). It is being tested as a goose deterrent in Anchorage, Alaska, in an urban
environment. By planting the grass in urban areas where Canada geese forage,
P. arcticamay prove to be an effective long-term and nonlethal means of control-
ling the growing populations of urban Canada geese.

As part of the testing ofP. arctica, its secondary metabolite profile was com-
pared to the metabolite profiles of two palatable grass species that Canada geese do
eat to determine ifP. arcticamay be chemically defended. Gas chromatography–
mass spectroscopy (GC-MS) and thin-layer chromatography (TLC) showed no
significant differences betweenP. arcticaand the palatable grass species (Volz,
2000). Alkaloids, which may defend tall fescue (Festuca arundinacea) from her-
bivory by Canada geese (Conover and Messmer, 1996), were screened for and not
detected (Volz, 2000).

This report details condensed tannin, gallotannin, and ellagitannin assays
that were performed onP. arctica as well as onPoa pratensisandPuccinellia
langeana, two palatable grass species that Canada geese favor (Scorup, personal
communication). These assays were done to investigate whether tannins, which
can in some cases deter bird herbivory in plants such as grain sorghum (Watterson
and Butler, 1983), are contributing to the unpalatability ofP. arctica to Canada
geese.

Plant samples were also analyzed to investigate factors that may influence
tannin levels inP. arctica. SinceP. arcticamay eventually be used in an urban
setting, some plants were subjected to routine mowing to study the changes in
tannin levels. SeedlingP. arcticasamples were analyzed to examine whether plant
maturity affects tannin levels. Samples ofP. arcticagrowing in the nutrient limited
wet sedge tundra of Alaska’s North Slope (Shaver and Chapin, 1995) were tested
to study the affects of low soil nutrient levels on tannin levels.

METHODS AND MATERIALS

Chemicals. Ellagic acid and gallic acid were purchased from Aldrich. Quer-
bracho tannin was obtained from Pilar River Plate Corporation. All chemicals and
solvents were reagent grade, and water was deionized.

Plant Samples.All P. arcticasamples were collected between May and August
1999. The nutrient-limited wet sedge tundra samples were collected on August 5
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near Prudhoe Bay, Alaska. The remainingP. arcticasamples were collected near
Anchorage, Alaska (May 27, July 12, and August 19). The mownP. arcticasamples
were cut to a height of 9 cm an average of once a week in the 1999-growing season
and collected on July 12.

The palatableP. langeanasamples were collected from Prudhoe Bay, Alaska
on August 5, 1999. The palatableP. pratensissamples were collected near
Anchorage, Alaska between May and July 1999. After collection, plant samples
were placed in coolers and chilled with freezer packs for transport to the labora-
tory. Once in the laboratory, plant material was stored in a freezer at−20◦C prior
to analysis.

Tannin Assays.To quantify condensed tannin levels, 0.20 g of lyophilized
plant material was first extracted with 3 ml of 50% (v/v) MeOH in water (Harborne,
1984) for 1 hr at room temperature. The extraction was repeated twice, and
the aqueous MeOH extracts were combined. A 1-ml portion of the aqueous
MeOH extract was then analyzed using the method of Porter et al. (1986). Con-
densed tannin levels were reported in terms of the percentage of condensed tan-
nin equivalents (quebracho tannin) by dry weight. Interspecific differences in
condensed tannin levels should be interpreted with caution, since tannins from
different plant species yield varying responses with this assay (Wisdom et al.,
1987).

To extract, hydrolyze, and analyze gallotannins, a 0.20-g portion of lyophilized
plant material was extracted with 3 ml of 70% (v/v) acetone in water for 30 min
at room temperature. The filtered extract was placed in an ampule with 5 ml of
1 M H2SO4, and the sealed ampule was then heated in an oven for 26 hr at 100◦C.
After cooling, the ampule was opened and the hydrolysate was diluted to 50 ml
with water. A 1-ml volume of the diluted hydrolysate was then analyzed by the
method of Inoue and Hagerman (1988). This provided a measure of total gallic
acid, both free and esterified, in the plant sample.

A second 0.20-g portion of the lyophilized plant material was extracted,
diluted to 50 ml with water, and then assayed without hydrolysis to measure
the amount of free gallic acid in the plant sample. The amount of free gal-
lic acid was then subtracted from the amount of total gallic acid to determine
the amount of esterified gallic acid in the plant sample. Gallotannin levels were
reported in terms of the percentage of esterified gallic acid equivalents by dry
weight.

To extract, hydrolyze, and analyze ellagitannins, a 0.10-g portion of lyophil-
ized plant material was placed in an ampule with 8 ml of 1 M H2SO4. The sealed
ampule was then heated in an oven for 24 hr at 100◦C, and the concentration of
ellagic acid was measured using the method of Wilson and Hagerman (1990).
Ellagitannin levels were reported in terms of the percentage of ellagic acid equiv-
alents by dry weight.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297459 March 17, 2001 10:24 Style file version Nov. 19th, 1999

728 VOLZ AND CLAUSEN

FIG. 1. Mean condensed tannin concentration inP. arcticaand palatable plants. Vertical
lines represent+1 SD, andN is the number of samples. One-tailedP values from unpaired
t tests are reported.

RESULTS AND DISCUSSION

There were no seasonal effects or trends on the tannin measures ofP. arc-
tica andP. pratensis(data not shown). Thus, samples from different collection
times were pooled in making the following comparisons between species and
treatments.

Figure 1 displays the results of the condensed tannin assay done onP. arctica
and the palatable plants. Condensed tannin levels were low in all of the plant
samples. There was no statistically significant difference in condensed tannin levels
betweenP. arcticaand the palatableP. pratensis(P1-tail = 0.271). The condensed
tannin levels were 79% higher (P1-tail < 0.001) in the palatableP. langeanathan
in P. arctica. Therefore, unless the condensed tannins inP. arctica have either
a high level of biologically activity (Clausen et al., 1990; Ayres et al., 1997) or
are insensitive to the proanthocyanidin assay (Wisdom et al., 1987), they are not
primarily responsible for its unpalatability to Canada geese.

Figure 2 shows the results of the condensed tannin assay done onP. arctica
control and test plants. The condensed tannin levels in the seedlings were 75%
higher than in the control grass (P1-tail = 0.004). This may be expected, since
a plant’s developmental stage may influence the amount of tannins it contains
(Hagerman and Butler, 1991).

The P. arcticaplants grown in nutrient limited soils had condensed tannin
levels that were 70% higher than the control plants (P1-tail = 0.002), as would be
predicted by the carbon-nutrient balance (CNB) hypothesis (Coley et al., 1985,
Bryant et al., 1983). The condensed tannin levels in the mown plants were 95%
higher than in the control plants (P1-tail = 0.007).
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FIG. 2. Mean condensed tannin concentration inP. arctica control and test plants. The
mown and control samples were collected from a common plot at the same time. Vertical
lines represent+1 SD, nut lim= nutrient-limited samples, andN is the number of samples.
One-tailedP values from pairedt tests are reported.

The response of condensed tannins to mowing also may be explained using
the CNB hypothesis. In the unmown control grass, the lower leaves of the grass
are blocked from the sun by grass that is growing above them. Thus, a sizable per-
centage of the unmown control grass leaves have lowered levels of photosynthesis
and therefore fix less carbon. In the mown grass, the leaves are exposed to more
sunlight and can fix more carbon. The amount of carbon fixed per mass of leaf
is thus higher in the mown grass, thus resulting in more tannin being produced
per mass of leaf and in higher assayed condensed tannin levels. (Interestingly, this
same argument may be used to explain the previously noted elevated condensed
tannin levels in theP. arcticaseedlings).

Figure 3 displays the results of the gallotannin assay done onP. arcticaand
the palatable plants. Gallotannin levels were low in all of the plant samples. There
was no statistically significant difference in gallotannin levels betweenP. arctica
and the palatableP. langeana(P1-tail = 0.072). The gallotannin levels were 118%
higher (P1-tail < 0.001) in the palatableP. pratensisthan inP. arctica. As was seen
with condensed tannins, unless the gallotannins inP. arcticahave a high level of bi-
ologically activity or are insensitive to the assay, they are not primarily responsible
for its unpalatability to Canada geese (Clausen et al., 1990; Ayres et al., 1997).

Figure 4 displays the results of the ellagitannin assay done onP. arcticaand the
palatable plants.P. arcticaplants contained 105% more ellagitannin than the palat-
ableP. pratensisplants (P1-tail < 0.001) and in theP. arcticaplants contained 90%
more ellagitannin than the palatableP. langeanaplants (P1-tail < 0.001). These
elevated ellagitannin levels inP. arcticamay be contributing to its unpalatability
to Canada geese.
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FIG. 3. Mean gallotannin concentration inP. arctica and palatable plants. Vertical lines
represent+1 SD, andN is the number of samples. One-tailedP values from unpairedt
tests are reported.

Figure 5 shows the results of the gallotannin and ellagitannin assays done
on P. arcticacontrol and test plants. There was no statistically significant differ-
ence between the gallotannin and ellagitannin levels of the mown and nutrient-
limited test plants and the control plants (P1-tail = 0.242 and 0.198 for gallotannins,
P1-tail = 0.173 and 0.305 for ellagitannins). The seedlingP. arctica plants con-
tained 33% more ellagitannin than the control plants (P1-tail = 0.030) and 174%
less gallotannin than the control plants (P1-tail = 0.045). While small, the effects
of the test plots on gallotannins are qualitatively different from those of condensed
and ellagitannins. This suggests thatP. arcticahas significant control over how it
allocates resources to its secondary metabolism while under stress.

FIG. 4. Mean ellagitannin concentration inP. arcticaand palatable plants. Vertical lines
represent+1 SD, andN is the number of samples. One-tailedP values from unpairedt
tests are reported.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297459 March 17, 2001 10:24 Style file version Nov. 19th, 1999

ARCTIC GRASS AS GOOSE DETERRENT 731

FIG. 5. Mean ellagitannin (dark bars) and gallotannin (light bars) concentration inP. arctica
control and test plants. Vertical lines represent+1 SD, nut lim= nutrient limited samples,
andN is the number of samples. One-tailedP values from pairedt tests are reported.

CONCLUSIONS

GC-MS and TLC showed no significant differences between the secondary
metabolites ofP. arcticaand grass species that Canada geese usually find palatable
(Volz, 2000). Alkaloids were screened for and not detected (Volz, 2000). However,
ellagitannin levels were higher inP. arcticathan in the palatable plant samples. The
elevated ellagitannin levels inP. arcticamay be contributing to its unpalatability
to Canada geese. It should be noted that the presence of moderate levels of tannin
does not necessarily protect plants from herbivory (Clausen et al., 1992). For
confirmation, the tannins would have to be isolated and used in feeding trials.
These results suggest thatP. arctica is, barring the existence of some trace and
highly toxic substance, appropriate to plant in areas such as playing fields, lawns,
and playgrounds for use as a deterrent to Canada geese.
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Abstract—Comparisons of release rates, duration in the field, and catch effi-
ciency of polyethylene and cotton roll dispensers for the sex pheromones of
sawflies (Hymenoptera: Diprionidae) were conducted. The release rates of the
Neodiprion sertifer(Geoffr.) andDiprion pini (L.) sex pheromones, the ac-
etates of pentadecanol and (2S,3S,7S)-3,7-dimethyl (2S,3R,7R)-3,7-dimethyl-2-
tridecanol from polyethylene dispensers were measured at different tempera-
tures in the laboratory. The release rates for the substances depended on both
the temperature and initial load in the vials. The catch from cotton rolls baited
with 100µg of the acetate or propionate of 3,7-dimethyl-2-pentadecanol was
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compared to the catch from regularly renewed cotton rolls baited with 10µg
of the same acetate. The catch was higher for the 100-µg cotton rolls for, at
most, 45 days, and there was no significant difference in catch between the
acetate and the propionate. The catch in traps baited with polyethylene or cot-
ton roll dispensers loaded with the acetate of 3,7-dimethyl-2-pentadecanol was
compared and showed that cotton roll traps mirrored the decreasing release of
the substance rather than the actual flight activity. The length of the flight pe-
riod of N. sertifer in Sweden, the Czech Republic, Italy, and Greece did not
exceed 100 days in any of the countries. By adjusting the initial pheromone
load of the polyethylene vials to the expected temperatures, it should be pos-
sible to get a constant and sufficiently high release rate during the entire flight
period.

Key Words—Hymenoptera, Diprionidae,Diprion pini, Neodiprion sertifer,
3,7-dimethyl-2-pentadecanol, diprionol, 3,7-dimethyl-2-tridecanol.

INTRODUCTION

In addition to the chemical composition, the amount of substance released is of
great importance in pheromone based systems for control or monitoring of insect
species. Different kinds of dispensers have been tried with respect to constancy
and predictability in release rate. An ideal dispenser should have a constant release
rate during the whole flight period of the target insect (Byers, 1988).

Although the knowledge of pheromones in sawflies is generally sparse
(Anderbrant, 1999), the pheromone systems ofNeodiprion sertifer(Geoffr.)
(Kikukawa et al., 1983; Anderbrant et al., 1992a) andDiprion pini L. (Bergström
et al., 1995; Anderbrant et al., 1995a) (Diprionidae) are comparatively well under-
stood. The sex pheromone ofN. sertifer, the most thoroughly investigated species
of sawflies, is the acetate or propionate of 3,7-dimethyl-2-pentadecanol (diprionol),
a substance it shares with most other diprionids investigated so far (Anderbrant,
1999). The sex pheromone ofD. pini differs with respect to chain length, viz. 13
instead of 15 carbons, and in stereochemistry.

In an earlier study (Anderbrant et al., 1992b), the release rates of the acetate
of 3,7-dimethyl-2-pentadecanol from glass capillaries and dental cotton rolls were
measured, and the cotton rolls were found to be the more practical dispenser for this
substance. Dental cotton rolls have been used in most field studies on diprionids
(Anderbrant et al., 1992b), although rubber septa have been tried and rejected, due
to too low release rate, forD. pini (Bergström et al., 1995).

SinceN. sertiferis one of the major defoliators of pine trees,Pinus spp., in
parts of its wide distribution area, it would be valuable to have monitoring sys-
tems for more efficient control of the species (Anderbrant, 1998). Such monitoring
systems, based on sex pheromone trapping with cotton rolls as dispensers, have
recently been attempted by Lyytik¨ainen-Saarenmaa et al. (1999), who pointed out
a need to develop and document the release rate of more long-lasting dispensers,
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e.g. polyethylene vials. In the present study, such measurements for theN. sertifer
andD. pini pheromones were performed. The attractivity and duration of diprionol
acetate and propionate as baits forN. sertiferwere compared. Parallel with these
trials, the phenology of the flight period ofN. sertiferwas studied in different parts
of Europe. From these studies we conclude that the release rate of 3,7-dimethyl-
2-pentadecanol esters from polyethylene dispensers is reasonably constant for the
length of theN. sertiferflight period.

METHODS AND MATERIALS

Chemicals

The acetate of (2S,3S,7S)-3,7-dimethyl-2-pentadecanol, synthesized at the
Mid Sweden University according to H¨ogberg et al. (1990), was used in all field
tests, with the addition of the propionate in 1994. Both compounds contained 1%
of the 2S,3S,7R isomer and less than 0.08% of the other isomers (H¨ogberg et al.,
1990; Anderbrant et al., 1992a). Release measurements were made with the ac-
etates of (2S,3S,7S)-3,7-dimethyl-2-pentadecanol and (2S,3R,7R)-3,7-dimethyl-2-
tridecanol (Bergstr¨om et al., 1995), also synthesized at the Mid Sweden University.

Pheromone Release Rates

Polyethylene Vials.Closed polyethylene vials (No. 730, Kartell; 32 mm long
× 8 mm OD× 6 mm ID) were loaded with neat pheromones and placed in
environmental cabinets with temperatures of 12◦C, 18–21◦C, or 27–30◦C. The
amount of pheromone in each vial varied from 1.18 to 4.18 mg (mean= 2.35,
SD= 0.86). An empty vial was used as a control for each of the filled vials. The
vials were weighed at regular intervals with an accuracy of measurement of 10µg
(Mettler AE 240 scale). The weight change of the control vial was subtracted from
the weight of its paired pheromone containing vial. The release rate was determined
by fitting a linear regression model to the linear part of the curves formed by the
corrected weights of pheromone containing vials. To get data on release rates in
the field, one pheromone vial with control was weighed immediately before and
after its use in the field in Italy 1996.

Cotton Rolls.In order to get an estimate of the pheromone release from
the cotton rolls used in the field tests below, a regression model presented by
Anderbrant et al. (1992b),y = a exp[b ln (x + 1)], wherey is the remaining
amount andx is the time in days, was used. In all computations theb value
(−0.685) calculated by Anderbrant et al. (1992b) for cotton rolls loaded with 60µg
3,7-dimethyl-2-pentadecyl acetate and released for 33.5 days in the field was
used.
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Field Tests

In all field tests we used the Lund-I trap (Anderbrant et al., 1989), in which
insects are trapped on a horizontally oriented cardboard bottom (21× 21 cm)
covered with insect glue (Stikem Special, Seabright Enterprises) on the upper
side. Dental cotton rolls (Celluron No. 2, Paul Hartman SA) and polyethylene
vials (No. 730, Kartell) were used as dispensers.

Duration of Cotton Rolls. The experiment was made in a pure, mature Scots
pine (Pinus sylvestrisL.) stand near Cesk´e Budéjovice, southern Bohemia, Czech
Republic, from July 15 to October 30, 1994. Two replicates were made, each
consisting of four sets of traps, placed at different sites with an interval of one
month. Each set consisted of four traps, placed at the corners of a square with 30-m
sides, and baited with cotton rolls containing 100µg of the acetate of 3,7-dimethyl-
2-pentadecanol, 100µg of the propionate of 3,7-dimethyl-2-pentadecanol, 10µg
of the acetate of 3,7-dimethyl-2-pentadecanol, respectively. One trap in each set
was an unbaited control. The 10-µg acetate baits were changed every 10 days, thus
giving a more constant release of the pheromone than the other traps that were
only examined at the same time interval.

Comparison Between Cotton Rolls and Polyethylene Vials. In 1996, experi-
ments were made in Italy (September 10–November 27) and Greece (September
11–December 4). The Greek trial was made in a 20-year-oldPinus brutiaTen. for-
est at the Forest Research Institute of Thessaloniki in northern Greece. Four traps
were set in the corners of a 40-m square at each site, two baited with polyethylene
vials containing about 2 mg of the acetate of 3,7-dimethyl-2-pentadecanol each,
and two baited with cotton rolls containing about 100µg of the same substance.
The Italian trial was carried out in an∼15-year-old Scots pine forest on Monte
Baldo, Trentino, in the Italian Central Alps. The four traps, baited as in the Greek
trial, were placed with an intertrap distance of 100–150 m. The cotton rolls were
changed after 41 (Italy) or 28 days (Greece), and the sticky bottoms were changed
and examined with an interval of about one week.

Phenology of Neodiprion sertifer. In the Czech Republic, catch data from the
two 10-µg traps that were used during the whole test period were used to obtain
phenological data, whereas the traps baited with polyethylene vials served the
same purpose in Italy and Greece. In 1989, a number of traps for studies on the
pheromone biology ofN. sertiferwere set up near Valdemarsvik in the province
of Östergötland, southeastern Sweden (e.g., Anderbrant et al., 1992a). Catch data
from three of these traps, placed in an 8 to 10-year-old Scots pine forest with an
intertrap distance of about 30 m, were used in this study. The traps were baited
August 2 with dental cotton rolls containing 100µg of the acetate of 3,7-dimethyl-
2-pentadecanol each. Baits and sticky bottoms were changed at intervals varying
from one to two weeks until October 4. The catches from each collection were
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TABLE 1. RELEASERATES OFPINE SAWFLY PHEROMONES FROM

POLYETHYLENE VIALS (MEAN ± SD)

Release rate r2

Temperature (µg/day) Days (N) (range) Vials (N)

Acetate of 3,7-dimethyl-2-pentadecanol
12◦C 5.4± 1.1 100 0.737–0.774 2
18–21◦C 10.0± 1.6 105± 10 0.971–0.989 4
27–30◦C 15.6± 1.6 45± 4 0.977–0.989 2

Acetate of 3,7-dimethyl-2-tridecanol
12◦C 20.6± 0.1 100 0.957–0.978 2
18–21◦C 25.8± 6.4 65 0.968–0.988 2
27–30◦C 38.4± 1.3 42 0.971–0.975 2

divided by the number of days since the last examination to get a value of the mean
catch per day for each site.

RESULTS

Pheromone Release Rates

Polyethylene Vials.The model gave a fairly good approximation of release
rates, as can be seen by the coefficients of determination in Table 1. The release
rate was constant for the acetate of 3,7-dimethyl-2-pentadecanol during the first
100 days at the two lower temperatures and decreased after this time period.
However, at 27–30◦C, the linear part of the curve encompassed only 45 days
(Figure 1A). The data from one of the vials used during the field studies in Italy
gave, when fitted to the linear model, a daily release rate of 9.4µg, which seems
to be in accordance with the laboratory data (Figure 1A). The release rate of the
acetate of 3,7-dimethyl-2-tridecanol was higher and the length of the linear part
of the curves consequently shorter (Figure 1B).

Cotton Rolls.The computed curve of release from cotton rolls loaded with
100µg of the acetate of 3,7-dimethyl-2-pentadecanol, described as amount re-
leased substance per day, is inserted in Figure 3A and 3C below. The model was
also used for comparison of the release from the 100µg and 10µg baits in the
Czech field test.

Field Tests

Duration of Cotton Rolls. The unbaited traps did not catch any sawflies during
the trial, which was finished October 30 due to night frost. There was no significant
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FIG. 1. Residual quantity of the acetates of 3,7-dimethyl-2-pentadecanol (A) and
3,7-dimethyl-2-tridecanol (B) in seven polyethylene vials at different temperatures in the
laboratory and in the field (Italy). Dotted line represents proposed minimum amount of
substance for linear release.

difference in trap catch between the traps baited with the acetate and propionate of
3,7-dimethyl-2-pentadecanol in any of the sets, according to a Wilcoxon signed-
rank test (Wilcoxon, 1945). On average the capture of sawflies in a 100-µg trap
was 0.96 per day (SD= 0.92,N = 16), while the capture in a 10-µg trap was
0.94 (SD= 0.38,N = 8). The relative catch from the traps baited with 100µg
of the acetate or propionate of 3,7-dimethyl-2-pentadecanol, respectively, was
computed by dividing it with the catch from the 10-µg traps for the same time
period (Figure 2). Thus, a relative catch>1 indicates that the 100-µg bait, without
bait renewal, was more efficient than the regularly changed 10-µg bait. The catch
in the 100-µg traps was at least as high as the catch from the 10-µg traps and stayed
higher for at most 45 days from the onset of the flight period in mid-August. In the
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FIG. 2. Catches of maleNeodiprion sertifer(mean± SE) per trap per day in traps baited
with 100-µg of the acetate (A) or propionate (B) of 3,7-dimethyl-2-pentadecanol divided
by the catch in traps baited with 10-µg of the acetate. Each line of histograms represents a
set of two 100-µg traps and two 10-µg traps, in which the 10-µg traps were renewed every
tenth day. The four sets of each ester were set up with an interval of one month.
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first sets of 100-µg traps, the lure did not remain efficient long enough to attract
males during the peak flight.

Comparison Between Cotton Rolls and Polyethylene Vials. Two peaks of trap
catch were observed for the traps with cotton roll dispensers in both Italy and
Greece. These coincided with the change of dispensers but had no correspondence
in the catch from polyethylene vials (Figure 3).

Phenology of Neodiprion sertifer. Both the onset and end of the flight period
shifted towards later in the season with decreasing latitude (Figure 4). The length
of the flight period, if counted as the number of days with a mean catch per trap
and day of one or more, seems to be about the same (57.0± 11.4 days, mean
± SD) at all sites.

DISCUSSION

Dental cotton roll dispensers have been used with satisfactory results in many
studies onN. sertifer (e.g., Anderbrant et al., 1992a; J¨onsson and Anderbrant,
1993; Wedding et al., 1995; Simandl and Anderbrant, 1995). Since the objectives
of these studies mainly were to evaluate different factors influencing trap catch
(such as weather, trap position, and different amounts and compositions of lures),
the long-term constancy of release rates was not a major issue. The limitations of
cotton roll dispensers have been brought to light in studies of mating disruption
and monitoring. Anderbrant et al. (1995b) found a decreased disruption effect of
cotton roll dispensers after five weeks, and Lyytik¨ainen-Saarenmaa et al. (1999)
propose a more reliable monitoring system if dispensers with a longer and more
constant attracting power are used.

The dispensers in the studies cited above, mainly loaded with 100µg of the
acetate of 3,7-dimethyl-2-pentadecanol, were changed at intervals varying from
a week to a month. Our results from the Czech field test suggest that the latter
time period is about as long as the cotton roll dispensers can be expected to be
efficient. The release from the 10µg baits, which were changed at a 10-day interval,
will follow the same regression model as the unchanged 100-µg baits since the
proportional release rate from cotton rolls at these loads is independent of the
initial load (Anderbrant et al., 1992b). Thus, as the release from the 100-µg baits
decreases, the release from the 10-µg baits will be proportionally higher. Using
the model of Anderbrant et al. (1992b), it will take about 30 days before the release
from the 10-µg baits becomes higher than the release from the 100-µg baits for
a whole 10-day period, although it will be temporarily higher already at the first
change of baits. After a month, the daily release from the 100-µg baits should be
about 0.2µg and the remaining substance reduced to about 10% of the initial load.
These shifting patterns of relative release could probably account for the variations
in relative catch shown in Figure 2.
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FIG. 3. Catches of maleNeodiprion sertifer(mean± SE) per trap per day (filled bars) in
traps with cotton roll dispensers (N= 2) baited with 100µg of the acetate of 3,7-dimethyl-
2-pentadecanol in Italy (A) and Greece (C) and calculated release of the substance (curves).
Corresponding catches (empty bars) in traps with polyethylene vial dispensers (N= 2) in
Italy (B) and Greece (D) and calculated release of the substance (horizontal line). Note
different scales aty axes.
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FIG. 4. Catches of maleNeodiprion sertifer(mean± SE) in pheromone traps in Sweden
(N= 3), the Czech Republic (N= 2), Italy (N= 2) and Greece (N= 2). Arrows indicates
start and end of trapping when not evident from bars. Note different scales aty axes.

This approximate duration of the cotton roll dispensers is further confirmed
by the trap catch in Italy and Greece, although the period of efficient trapping
seems to be longer later in the season in Greece. Lower temperatures probably
have a leveling effect on the release curve. When compared to the trap catch from
polyethylene vials, the pattern shown by the cotton rolls seems more to reflect the
decreasing release of the pheromone than the actual flight activity (Figure 3).

The indifference ofN. sertifermales to whether the acetate or propionate
of 3,7-dimethyl-2-pentadecanol is used as an attractive component (Figure 2) has
been shown previously in Sweden (Anderbrant et al., 1992b) and North America
(e.g., Kikukawa et al., 1983) and is discussed by Anderbrant (1999).

From the laboratory studies, it seems reasonable to assume that the length of
the period with a constant release rate depends on both temperature and the initial
load of the polyethylene vials. The latter conclusion is based on the observation
that the release rates for both substances investigated decrease when the residual
amount of substance in the vials is about 500µg (Figure 1). This could be due to
the decrease in surface area wetted by the substance (Brown et al., 1992). If there
is at least 500µg of substance left in the vial at the end of a chosen time period,
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the release rate should be constant for a given temperature in the interval 12–30◦C.
The initial load could be computed with the linear regression modely= a− bx,
wherey is the remaining amount of substance,a the initial load,b the release
rate, andx the number of days. Thus, if we chose 100 days as the time period that
encompasses the length of flight forN. sertiferand take the release rates from Table
1, the initial load of the acetate of 3,7-dimethyl-2-pentadecanol at a temperature
of 18–21◦C should bey+ bxor about 1.5 mg and at 27–30◦C about 2 mg.

The relative constancy in the length of the flight period is in contrast to the
preceding summer diapause which varies from 1–2 months in Scandinavia to 5–6
months in the Mediterranean (Pschorn-Walcher, 1982). According to Kolomiets
et al. (1979), the length of the flight period varies from about one and a half
months to three, but from the results of the present study this variation seems not
to be correlated with latitude. However, the onset and end of the flight is clearly
influenced by latitude and, as Kolomiets et al. (1979) suggested, two approximate
zones can be recognized: the first encompassing eastern and northwestern Europe
with a flight period from the beginning of August to October and the second western
and southwestern Europe where the species fly from September to the middle of
November.

D. pini has a longer flight period that can start at the end of April and continue,
through several flight waves, to the end of August (Pschorn-Walcher, 1982). In a
recent monitoring study ofD. pini, Herz et al. (2000) tried both polyethylene vials
and cotton rolls. The polyethylene vials caught very few animals in comparison
with the cotton rolls in this study, in which the cotton rolls were loaded with new
pheromone solution weekly and the polyethylene vials just once. This might be due
to the fast release of the acetate of 3,7-dimethyl-2-tridecanol and the long exposure
period of the polyethylene vials. If we apply the formula for computing initial loads
presented above and choose 180 days as the length of the flight period forD. pini,
the polyethylene vials should be loaded with about 5 mg of 3,7-dimethyl-2-tridecyl
acetate 18–21◦C, and about 7.4 mg at 27–30◦C. The longer flight period ofD. pini,
and the higher volatility of the pheromone may call for an even slower release than
from the present polyethylene dispensers.

For applications such as mating disruption and monitoring, the polyethylene
vial is a sufficiently reliable and constant dispenser, with respect to release rate and
the length of theN. sertiferflight period. However, cotton roll dispensers are useful
for short-term studies and, furthermore, have the advantage that the proportional
release rate is independent of the load (Anderbrant et al., 1992b). Thus, within a
given temperature interval, the release rate from cotton rolls will follow the same
regression curve no matter which initial amount of pheromones that are loaded, in
contrast to the case in polyethylene vials.
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LÖFQVIST, J., and NORIN, T. 1990. Synthesis and gas chromatographic separation of the eight
stereoisomers of diprionol and their acetates, components of the sex pheromone of pine sawflies.
Tetrahedron46:3007–3018.
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Abstract—A screening was conducted to study the allelopathic potential of
Australian-held accessions ofTriticum speltoides. Of 26 accessions, four were
found to inhibit root growth in the indicator species, lettuce (Lactuca sativa). The
methanol leaf extracts of these accessions significantly reduced the root length
of wild oat (Avenaspp.). In all but one case, alellopathic accessions contained
higher amounts of DIMBOA than did nonallelopathic accessions. Since some
variation in allelopathic response was detected within lines, random amplified
polymorphic DNA (RAPD) markers were used to estimate genetic diversity
between and within the allelopathic accessions ofTriticum speltoidesL. The
average genetic similarity between all possible pairs of selected accessions was
found to be 55% and ranged from 44% to 88%. Comparison of DNA extracted
from different single seedlings within the same accession revealed significant
intraaccession genetic diversity (4–24%), although this was much less than that
observed between accessions tested. This intraaccession diversity has significant
implications for the selection ofT. speltoidesaccessions in breeding or screening
programs.

Key Words—Allelopathy, wheat, RAPD, genetic diversity, weed, wild oats,
lettuce.
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INTRODUCTION

Weed management is a significant problem in agriculture and accounts for some
30% of the variable cost of wheat production in Australia (Medd, 1997). Despite the
overwhelming economic benefits, the heavy reliance on chemical herbicides is con-
sidered a potential threat to public health and to the environment (Jiwan and Gates,
1994). Furthermore, the appearance of herbicide-resistant weeds is an increasing
problem (Boutsalis and Powles, 1995). These factors have prompted research into
alternative means of weed control. Allelopathy, the release of biomolecules into
the environment by one plant, which subsequently influences the growth and de-
velopment of neighboring plants, has been proposed as a possible alternative weed
management strategy (Einhellig, 1995).

Allelopathic potential has been identified in most major cereal crops (Lovett
and Hoult, 1995). One of the mechanisms through which allelopathic potential
is recognized is by the plant exuding active metabolites from roots into the envi-
ronment. Such activity can be observed in soils during or following the presence
of the crop (Lovett and Hoult, 1995). In barley, the exudates of living plants and
living roots were found to be more inhibitory than aqueous leachate of dead roots
(Rice, 1979). Liu and Lovett (1993) found lower germination and reduction in
radicle length of white mustard (Sinapis albaL.), when it was grown alongside
germinating barley seeds. Hoffman et al. (1996) found that germinating sorghum
reduced the radicle length of several weed species.

While the biomolecules responsible for allelopathy in many species are un-
known, in maize the major allelochemical is 2,4-dihydroxy-7-methoxy-1, 4-benzo-
xazin-3-one (DIMBOA) (Niemeyer and Perez, 1995), a product that has also been
identified inTriticum speltoides, where it is present in significantly higher quanti-
ties than in commercial wheats,Triticum aestivum(Niemeyer, 1988).

Although insect and disease resistance genes have been incorporated into
wheat cultivars through introgression fromTriticum speltoides, there has been no
attempt to screen wheat lines crossed toT. speltoidesfor allelopathy. Significantly,
one recent study has indicated thatT. speltoidesdoes segregate for allelopathic
effects. In anin vitro screening experiment with 29 accessions, Hashem and Adkins
(1998) found that one accession ofT. speltoidesreduced radicle length of wild oat
by 50%, while another two accessions reduces radical length of Indian hedge
mustard (Sisymbrium orientaleL.).

Based on these possibilities, the intentions of this study were to screen
Australian collections ofT. speltoidesfor allelopathic potential and to determine
DIMBOA levels and genetic diversity, assessed by random amplified polymor-
phic DNA (RAPD) analysis, in a selection of these accessions. The assessment
of genetic diversity became necessary when a significant level of intraaccession
variability in allelopathic expression became evident.
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METHODS AND MATERIALS

Plant Materials. Twenty-six accessions ofT. speltoides(Ts) were screened.
The heads containing seeds ofT. speltoidesand seeds of barley (cv. Tallon), wheat
(cv. Hartog), and wild oat (Avena ludoviciana) were obtained from collections at
the Leslie Research Centre, Toowoomba, Queensland, and from the Australian
Winter Cereals Collection, Tamworth, New South Wales. Lettuce seeds (Lactuca
sativaL., cv. Salad Mix) were obtained from Arthur Yates & Co Ltd, Milperra,
New South Wales. Sorghum seeds (PAC. 8306) were obtained from Pacific Seeds,
Toowoomba.

Each individual seed ofT. speltoideswas manually dehusked. The wild oat
seed husks were removed by agitating for a few seconds in a blender. All seeds
were surface sterilized with 70% ethanol for three min then 4% (v/v) sodium
hypochlorite solution for five min (lettuce) or 15 min (all other seeds). Seeds were
then rinsed and dried under sterile conditions.

Screening for Allelopathic Potential. The procedure was adapted from the
plant box (Fujii et al., 1995) and double filter paper (Latto and Wright, 1995)
methods. Under sterile conditions, 0.5% water agar (15 ml) was poured into plastic
Petri dishes, then covered by a 9-cm filter paper. A single seed ofT. speltoides
was placed in the middle of each Petri dish, which was then sealed with Parafilm.
For control dishes, seeds were omitted. All treatments were placed in the dark for
three days at 20± 2◦C to stimulate germination and root elongation. After three
days, Petri dishes were transferred to a 16-hr light (200µmol/m2/sec1)–8-hr dark
cycle for 14 days at 20◦C ± 5◦C. After this time, the filter paper and seedlings
were removed, nine lettuce seeds were placed within 2 cm of where the seedlings
had been positioned, and the dish was resealed and incubated in the dark at 20±
2◦C for three days before being transferred to a 16 hr light–8-hr dark cycle for two
days. The root lengths of individual lettuce seedlings were recorded.

Effects of Methanol Leaf Extracts of T. speltoides on Test Species. These
experiments were based on the method of Jimenez-Osorino et al. (1996) to observe
the effect of leaf extracts from selected accessions ofT. speltoideson lettuce and
weed species. The 0.2 g (per treatment) of immature green leaves of 90-day-old
accessions were extracted by grinding in 98.8 % ice-cold methanol with a mortar
and pestle. Extracts were collected into a 10 centrifuge tube. Final volume of
the extracts was adjusted to 7 ml, and centrifuged at 3000 rpm for 10 min. Two
milliliters of supernatant was added to a 5.5-cm filter paper (Whatman No. 1)
placed on a sterile 9-cm Petri dish, and the methanol was allowed to evaporate.
Each treatment was replicated three times. Washed sand (10 g) was placed in a
clean Petri dish, and lettuce or weed seeds were sown into the sand. A filter paper
containing dried leaf extract was placed on top of the sand, and analytical grade
water (3 ml) was added onto the filter paper. Petri dishes were placed in the dark at
20± 2◦C. Filter papers were removed from the dishes after 24 hr for lettuce and
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72 hr for other seeds. After three days (for lettuce) or five days (wild oat), the root
lengths were recorded.

Estimation of DIMBOA Content in T. speltoides Accessions. Five allelopathic
and five randomly selected nonallelopathic accessions (based on experiments de-
scribed above) together with the wheat cultivar Hartog were studied in this experi-
ment. DIMBOA extraction was performed by the method of Bohidar et al. (1986).
TheT. speltoidesaccessions and wheat plants were grown in MS (Murashige and
Skoog) media under a 16L:8D hrs cycle at 26◦C for 14 days. Seedlings were col-
lected and frozen at−20◦C. Plant tissue (0.2 to 1.5 g) was macerated with a mortar
and pestle in deionized water (3× 2 ml), filtered through cheesecloth, and left for
15 min at room temperature. The extract was adjusted to pH 3 with 1 M HCl and
centrifuged at 10,000g for 10 min. The supernatant was extracted three times into
equal volumes (6 ml) of diethyl ether, and the organic phases were evaporated to
dryness. Ferric chloride reagent (3 ml) (50 g FeCl3·6H2O, 500 ml 95% ethanol,
and 5 ml 10 M HCl) was added, and the absorbency of extracts was measured at
590 nm. Each extraction was replicated three times. The concentration of DIM-
BOA in the tissue was determined by comparing the absorbance of extracts with a
DIMBOA standard, which had previously been purified from 7-day-old seedlings
of maize by the method of Tripton et al. (1967).

DNA Extraction and RAPD Analysis. All seeds were grown in Petri dishes
containing 0.5% water agar under sterile conditions. Seeds were allowed to grow
for 14 days (accessions) or 7 days (wheat) under dark conditions. Genomic DNA
was extracted from duplicate samples from a single seedling by the method of
Weining et al. (1994). Six 10mer primers (up to 70% GC) were selected from a
previous study on the basis of polymorphisms revealed in hybrid wheat lines (Ma,
2000). The polymerase chain reaction (PCR) was performed in a 12.5-µl reaction
mixture, as in Williams et al. (1990). The operon (OP) random primers used were
OPC7, OPI18, OPI4, OPA4, OPW3, OPW8. A polyacrylamide gel electrophoresis
(PAGE) method (Weising et al., 1995) was used to separate different sizes of
RAPD-PCR products. The gels were silver stained for visualization of DNA bands
by using a method developed by Bassam and Caetano-Anolles (1993). Only RAPD
bands duplicated from independent DNA extractions were scored for the estimation
of genetic diversity.

Statistical Analysis. Analyses of variance (ANOVA) were carried out by using
the computer package SPSS 8.0 for Windows. For LSD, group comparison and
pair comparisons were performed for means with equal replications and unequal
replications, respectively (Sokal and Rohlf, 1981).

Genetic data analyses were performed by using the computer package
NTSYS (Numerical Taxonomy System) PC version 1.8 (Rohlf, 1993). The data
matrix was used to compute Jaccard’s similarity coefficients for interval measure-
ment within and between accessions by using the SIMQUAL program of NTSYS-
PC (Link et al., 1995). These coefficients were used as operational taxonomic units
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(OTUs) to construct dendrograms by the unweighted pair group method (UPGMA)
(Sneath and Sokal, 1973) and the SAHN (sequential, agglomerative, hierarchical,
and nested clustering) routine to produce a dendrogram for each individual primer.
Finally, for comparisons between accessions, a consensus tree was constructed by
combining all individual band sizes, generated by each primer, into one input file
for SIMQUAL and subsequently for SAHN-clustering programs. Similarly, a tree
was constructed from the band sizes of seedlings of accessions and the wheat
cultivar Hartog, generated by primer Operon C07. The wheat cultivar Hartog was
used as a homozygous control.

RESULTS

Screening for Allelopathic Potential. Of 26 accessions, four (Ts9, Ts10, Ts22
and Ts25) significantly reduced the mean root lengths of the test species lettuce
(Table 1). Inhibition ranged from 34% (Ts9) to 63% (Ts25).

Effect of Methanol Leaf Extracts of T. speltoides on Test Species. Leaf extracts
of the four inhibitory accessions in Table 1 and from Ts1 and Ts8 were tested for
their ability to inhibit root growth in lettuce and wild oats. Accessions Ts8, Ts9,
Ts10, Ts22, Ts25, and barley significantly reduced (20–67%) the root length of
lettuce, while all accessions of barley and wheat reduced the root length of wild
oats by between 36 and 87% compared to controls (Table 2). Notably, extracts
from all T. speltoidesaccessions inhibited root lengths in both test species, when
compared to the effects of wheat extracts.

Estimation of DIMBOA Content in T. speltoides Accessions. The amounts
of DIMBOA in 14-day-old seedlings of 10 accessions, five of which had yielded
methanol extracts that suppressed lettuce root growth (Table 2: Ts8, Ts9, Ts10,
Ts22, Ts25) and five accessions which had not suppressed root growth (Table 1:
Ts1, Ts7, Ts14, Ts15, and Ts20), were estimated (Table 2). Four of the five that
gave suppressive extracts ranked higher than the nonallelopathic accessions with
regard to their DIMBOA levels. Only Ts9 did not fit this pattern.

Genetic Diversity Between Accessions. A subset of five accessions (Ts1, Ts8,
Ts9, Ts22, and Ts25), comprising four allelopathic and one nonallelopathic acces-
sion, were used to study variability among and within accessions. One randomly
selected seedling per accession was used. Each of the six RAPD primers amplified
an average of eight bands per accession ofT. speltoides, ranging from 4 to 12 bands
per accession. A total of 231 bands were scorable, of which 196 were polymorphic
(Table 3). All 231 bands were used to calculate the genetic similarity (GS) among
the five accessions. The average GS was found to be 55% for all possible pairs of
accessions and ranged from 44% to 88% (Table 4). This revealed the presence of a
significant variation among the accessions ofT. speltoides. The highest similarity
(88%) was observed between accessions Ts22 and Ts25, while lowest similarity
(44%) was recorded between accessions Ts1 and Ts22.
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TABLE 1. ROOT LENGTH INHIBITION OF LETTUCE

BY T. speltoidesACCESSIONS

Accession/cultivar Root lengths (mm, mean± SE)a

Ts25 7.5± 1.0b

Ts22 9.6± 1.4b

Ts10 11.3± 2.3b

Ts9 13.5± 1.7b

Ts26 15.5± 1.8
Ts24 17.7± 0.6
Ts27 17.8± 1.8
Ts8 18.2± 0.3
Ts20 18.5± 0.9
Ts4 18.7± 6.9
Ts12 19.0± 1.0
Ts15 19.4± 1.0
Ts23 20.3± 0.8

Control 20.5± 1.7
Ts5 20.6± 1.1
Ts1 20.7± 1.4
Ts13 20.9± 0.7
Ts21 21.1± 0.6
Ts29 21.2± 1.3
Ts11 21.5± 0.4
Ts28 21.5± 0.5
Ts3 21.9± 2.1
Ts2 22.0± 4.4
Ts14 22.7± 1.0
Ts7 22.8± 0.9
Ts17 23.6± 1.3
Ts6 23.7± 0.8

Hartog 24.9± 4.3

a Total sample size= 13–21/treatment.
b Significant at 1% level, compared to control.

Genetic Homogeneity Within Accessions. Five randomly selected seedlings of
promising allelopathic accessions, one nonallelopathic accession ofT. speltoides
(Ts1), and the wheat cultivar Hartog (T. aestivum) were assessed to observe the
genetic homogeneity within the accessions. The DNA fingerprints generated from
each of the five randomly selected individual seedlings of each accession and
the wheat variety Hartog, by the operon C7 primer, were evaluated. High levels
of polymorphism were detected among individuals of each accession (Figure 1).
Twenty-four RAPD bands were used to estimate a GS within the seedlings of
accessions. Accession Ts8 showed the highest level of polymorphism (75%)
among individual plants, while Ts22 and Ts25 showed the lowest (10%). The
highest numbers of genotypes were found in accessions Ts1, Ts8, and Ts10 while,
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TABLE 2. EFFECT OFMETHANOL LEAF EXTRACTS ONROOT GROWTH OFLETTUCE AND

WILD OAT AND RELATIONSHIP TOSEEDLING DIMBOA CONTENT

Root length (mm/plant) against methanol leaf extracta

Accession/
cultivar Lettuce Wild oat

DIMBOA
content of Ts seedlings
(mmol/kg fresh wt)b

Ts25 11.8± 0.2c 9.5± 0.5e 12.6± 0.1a
Ts10 6.5± 0.3de 7.0± 0.3fg 10.4± 0.7ab
Ts22 4.6± 0.3f 6.0± 0.3g 9.8± 0.4bc
Ts8 7.5± 0.3d 13.9± 0.4d 9.4± 0.7bcd
Ts20 8.2± 2.2bcd
Ts1 14.6± 0.55b 7.9± 0.96e 7.2± 0.5de
Ts7 6.1± 0.4def
Ts9 10.6± 0.6c 23.6± 0.6c 6.0± 0.4def
Ts15 5.1± 0.4efg
Wheat 20.0± 0.3a 29.9± 0.7b 3.9± 0.3fgh
Ts14 3.7± 0.2h
Barley 5.29± 0.29e 7.05± 0.30fg
Control 15.4± 0.8b 47.5± 0.9a

aSample size 13-21/treatment.
bMean of three replicate experiments/extractions. Measurements followed by different letters differ
significantly at 5% level.

as expected, no variability was recorded among the five seedlings of wheat cultivar
Hartog (Table 5).

Clustering. Accessions Ts22 and Ts25 were grouped into one main group,
while Ts8, Ts9, and Ts10 were grouped into another (Figure 2). Accession Ts1
and cultivar Hartog were grouped into two individual main groups. The GS levels
among accessions ranged from 61% to 95%. The GS level among seedlings of
the accessions varied from 76% to 100%. Seedlings of accessions Ts1, Ts8, Ts9,
Ts10, and wheat cv. Hartog separated into five distinct groups according to their
accession, while seedlings of the accessions Ts22 and Ts25 were grouped closely
together and did not segregate according to accession.

TABLE 3. TOTAL NUMBER OFBANDS AND NUMBER OFPOLYMORPHIC BANDS

GENERATED BY SIX PRIMERS IN FIVE ACCESSIONS OFTriticum speltoides

Primer Sequence Total bands Polymorphic bands Polymorphisims (%)

OP I04 CCGCCTAGTC 52 27 52
OP C07 GTCCCGACGA 39 39 100
OP W08 GACTGCCTCT 34 34 100
OP W03 GTCCGGAATG 36 31 86
OP A04 AATCGGGCTG 43 43 100
OP I18 TGCCCAGCCT 27 22 82
Total 231 196
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TABLE 4. GENETIC SIMILARITY MATRIX FOR RAPD FINGERPRINTS INACCESSIONS

TS1, TS8, TS9, TS22 AND TS25 GENERATED BY PRIMERSOPA04, OPW08, OPC07,
OPW03, OPI04, OPI18

Ts1 Ts8 Ts9 Ts22 Ts25

Ts1 1.0000
Ts8 0.53370 1.00000
Ts9 0.54494 0.65168 1.00000
Ts22 0.44382 0.48314 0.49438 1.00000
Ts25 0.45505 0.49438 0.49438 0.87640 1.00000

TABLE 5. RAPD ANALYSIS OF INDIVIDUALS WITHIN T. SpeltoidesACCESSIONS

REVEALED BY PRIMER OPC7

RAPD bands

Accession
Seedlings tested

(N ) Total Polymorphic
Polymorphisms

(%)
Genotypes observed

(N )

Ts1 5 9 4 44 4
Ts8 5 8 6 75 4
Ts9 5 9 2 22 2
Ts10 5 15 10 67 4
Ts22 5 10 1 10 2
Ts25 5 10 1 10 2
Hartog 5 9 0 0 1

FIG. 1. RAPD pattern of five seedlings ofTriticum speltoides(Accession No. Ts8) generated
by primer OP7. Left to right: 8–1 to 8–5 are duplicate seedlings DNA, Std is standard DNA.
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FIG. 2. Dendrogram illustrating general relationships among 35 seedlings of six accessions
of T. speltoidesand wheat (Triticum estivum) cultivar Hartog.

DISCUSSION

Screening for Allelopathy. Many of the problems encountered in separating
allelopathy from resource competition can be attributed to a lack of convincing
methodology (Fuerst and Putnam, 1983). One early survey of published bioassays
revealed that the results may depend as much on the choice of methods as on the
choice of species (Stowe, 1979). Clearly, the actual bioassay technique is a major
determining factor in a screening program seeking to draw conclusions about the
allelopathic potential of the species being assessed. The key criteria for developing
convincing methods must be that the investigations are on intact plants and that
experiments should reasonably simulate the real situation of plant interference.
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Germinating seeds of cereal crops are able to take up 88% of their dry
weight in water (Albabushev, 1977). For example, the average water uptake by
germinating barley can be 83% of the initial dry weight on filter paper (Liu and
Lovett, 1993). The amount of water absorbed by barley at barley densities of
0.5 seeds/cm2 or more (Liu and Lovett, 1993) could certainly alter water availabil-
ity for other species. Therefore, addition of water to compensate for water depletion
by germinating seeds is essential in a bioassay when an attempt is made to reduce
physical competition, especially in a limited test medium such as Petri dishes.
On the other hand, addition of water can disturb the osmotic potential gradients
between test species and allelochemical(s) released by suspected allelopathic
plants. This study has addressed those problems by using 0.5% water agar media,
which ensured equal water uptake and enabled conclusive separation of competi-
tion for water from allelopathic interference. In addition, accessions were grown
for much longer periods of time in Petri dishes containing 0.5% water agar to
create nutritional stress, which could influence the defence mechanism leading to
expression of allelopathy by the accessions (if any). There is evidence that any kind
of stress may induce expression of allelopathy in plant communities and enhance
the production of allelochemicals (Putnam, 1985).

All promising accessions showed allelopathic potential in both bioassay sys-
tems, with the exception of Ts8. This was an encouraging finding because lack
of reproducibility is a common phenomenon in allelopathy research (Latto and
Wright, 1995). Veronneau et al. (1997) have suggested that reproducible results
from two or more bioassay systems are required to indicate allelopathic poten-
tial in tested plant species. The allelopathic accessions identified in this study are
consistent with the findings of previous work that used a similar method (Hashem
and Adkins, 1998), where allelopathic effect was detected in accessions Ts8, Ts9,
and Ts10 ofT. speltoides. Similarly, in rice, allelopathic accessions have been
identified that inhibited lettuce root length by 75% or more (Fujii, 1993).

Since numerous organic compounds are present within plants, the results ob-
tained from solvent extractions or from maceration and grinding of plant materials
have their limitations. These approaches may result in the liberation of chemicals
that would not be released in the field by living tissue (Lovett, 1982). Nevertheless,
such assays do indicate allelopathic potential where it occurs, both during the life
of the plants and during subsequent decomposition of plant residues.

The significant growth-suppressing activity of the methanol leaf extract of
the accessions tested suggests high levels of the allelochemical in these extracts.
Leaf extracts of other allelopathic crops, such as rye and barley, can also reduce
the growth of certain test and weed species. A methanol leaf extract of rye (0.33 g
rye shoot/Petri dish) reduced lettuce seed germination up to 100% in filter paper
placed on a 10-cm Petri dish (Creamer et al., 1996). Wardle et al. (1996) found
that the aqueous extract of 10 grassland forage species severely inhibited the root
elongation of a common test speciesCarduus nutansL.
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The higher levels of DIMBOA in the putative allelopathic accessions suggest
the possibility of a relationship between the allelopathic potential of the accession
and the amount of DIMBOA in the accession. Considerable variation was noted in
DIMBOA levels inT. speltoidesaccessions. Nevertheless, DIMBOA levels were,
in all cases but one (Ts14), higher than Hartog. DIMBOA levels detected in Hartog
were two to four times greater than levels measured in the range of wheat cultivars
studied by Niemeyer (1988). The significance of these results is clouded by the
variability we observed within and among different assays (e.g., for Ts8 and Ts9),
especially those based on allelopathic effects due to single seedlings of the source
species. To address this issue, it was essential to investigate the underlying genetic
diversity of the accessions being examined.

Genetic Homogeneity Study. Bustos et al. (1998) have successfully used
RAPD markers to investigate the genetic diversity within and among wild pop-
ulations of species of the genusHordeum(Poaceae). The high level of intraac-
cession genetic variability observed in our study might be due to the outbreeding
reproductive system ofT. speltoides. Morrison (1993) has observed different mor-
phological forms, especially in inflorescence structure and disarticulation mode,
within accessions ofT. speltoides. Reproducibility is a critical factor in evaluating
the usefulness of a DNA fingerprinting technique. It is a major issue in the use
of RAPD-based techniques in wheat (Devos and Gale, 1992). However, by care-
ful screening and replication, this study has demonstrated that RAPD fingerprints
of T. speltoidesand wheat are reproducible. Similarly, Ma (2000) has generated
reproducible RAPD fingerprints in a doubled haploid population derived from the
F1 progeny of a cross between the wheat line WW21MMT70 and the cultivar
Mendos.

The wheat cultivar Hartog, as expected, showed no polymorphism among
the individuals tested. This result reflects the genetic homogeneity of commercial
cultivars of inbred wheat (Chen et al., 1994). The genetic diversity within and
amongT. speltoidesaccessions observed in this study confirmsT. speltoidesas
a potentially useful source of genetic variation for introgression into commercial
wheats in which low levels of diversity are widely acknowledged by cereal breeders
(Chen et al., 1994).

The significant genetic heterogeneity observed within the accessions tested
opens the possibility of segregation within accessions for allelopathic characteris-
tics, consistent with the variability in phenotype observed during experimentation.
Clearly, there is a need for careful screening of individuals within these accessions
before material can be selected for experiments attempting to cross allelopathic
character into commercial wheat backgrounds.

Apart from the observed genetic diversity within the accessions ofT. spel-
toides in the current study, the outbreeding character (Morrison, 1993) ofT.
speltoideshas implications for germplasm maintenance. Germplasm curators must
take extreme care to maintain individual accessions and recognize the possibility
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of genetic drift over time within accessions. Additionally, in the case of screening
or genetic studies, researchers may have to select at the single-plant level within
accessions.

In the future, identification and purification of allelochemical(s) from a vari-
ety of growth media, and a study of the effect of the identified allelochemical(s) on
weed species will be required to establish unequivocally the presence of allelopa-
thy in T. speltoides(Fuerst and Putnam, 1983). Research is required to attempt
the transfer of allelopathy gene(s) from selectedT. speltoidesmaterial into culti-
vated wheat. This should be possible by conventional breeding, asT. speltoidesis
known to suppress the activity of thePh1gene in hybrids with wheat, resulting in
homologous pairing (Riley, 1996). If it is confirmed that DIMBOA is responsible
for T. speltoidesallelopathy, then a robust and cost-effective technique must be
developed to identify DIMBOA gene(s). One of the possible techniques would be
use of expressed sequenced tag (EST) technology, which involves partial cDNA
sequencing to identify the gene of interest. This technique is becoming widely
used in the identification of gene(s) of interest in plants.
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Abstract—We examined the response of the widely used Folin-Denis assay to
purified tannins from 16 woody plant species and to three commercial polyphe-
nol preparations often used as standards. The reagent’s response to these chem-
ical mixtures differed significantly among sources (tree species, commercial
preparations) and sampling dates, even though the mixtures contained the same
total dry weight of tannins. Response to commercial standards usually did not re-
semble response to actual plant tannin and produced estimates that differed from
actual concentrations by as much as twofold. Species-based and seasonal dif-
ferences in polyphenol composition are evidently responsible for these variable
results. Reagents that depend on redox reactions, such as the Folin-Denis, do not
produce reliable absolute or relative quantification of phenolics when different
species or samples from different dates are compared, and use of commercial
standards does not resolve this problem.

Key Words—Phenolics, tannins, polyphenols, Folin-Denis assay, plant alloca-
tion theory.

INTRODUCTION

Folin-type assays (FA; Folin-Denis, Folin-Ciocalteau, Prussian blue) are
widely used to estimate amounts of total phenolics in vascular plant tissues. Plants
produce a diverse array of phenolics, ranging in size from simple, substituted
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monomers to the complex polyphenols called tannins. Within each structural class
there are hundreds to thousands of structurally distinct compounds. A single plant
can produce a diverse mixture of phenolics, some with primary roles in metabolism,
and some with sole or secondary functions in secondary metabolism. All vascular
plant species produce a common set of monomeric phenolics, but there is sub-
stantial variation in which molecules predominate and in the conformation and
substitution patterns of phenolics produced. For example, although virtually all
vascular plants contain caffeic and chlorogenic acids, each plant taxon is usually
characterized by one or a few particular types or groups of polyphenols (e.g.,
anthocyanins inArabidopsis, phenolic glycosides inPopulus). Similarly, among
tannin-producing species, some produce only condensed tannins (e.g., grasses),
some only hydrolyzable tannins (e.g.,Pelargonium), and some produce both (e.g.,
oaks, maples, elms, birches, raspberries). These combinations often change as tis-
sues age (e.g., Feeny, 1968; Scalbert and Haslam, 1987), and in response to a wide
variety of biotic and abiotic stresses (Rossiter et al., 1988; Karban and Baldwin,
1997).

Probably because of their ubiquity among plant species and functions in
defense, phenolics are among the most frequently studied plant secondary metabo-
lites (Schultz, 1988). Ecologists have used the FA to estimate the quality of food
for herbivores, the induction of polyphenols by herbivore feeding, and the invest-
ment by plants in defensive chemistry. Indeed, many influential ecological theories
and generalizations have been based at least in part on the FA, including the plant
apparency theory, optimal defense theory, resource availability hypothesis, carbon–
nutrient balance hypothesis, and growth–differentiation balance hypothesis (e.g.,
Feeny, 1976; Rhoades and Cates, 1976; Rhoades, 1983; Coley et al., 1985; Herms
and Mattson, 1992).

The chemistry underlying the FA and other redox-based assays limits their
value in comparing different samples quantitatively. FAs employ one of several
redox-based colorimetric reagents, e.g., Folin-Denis, Folin-Ciocalteau, Prussian
blue (Folin and Denis, 1915; see Waterman and Mole, 1994). These reagents mea-
sure the ability of any mixture to reduce phosphomolybdic and phosphotungstic
acids, which are blue when reduced (Swain and Hillis, 1959). At least as early
as 1959, Swain and Hillis (1959) pointed out that Folin reagents may be inap-
propriate for comparisons of phenolic samples from different sources because
the absorbance of the reagents is influenced by structural variation in phenolics
within and among species, as well as by the presence of interfering metabolites
and varying extraction and reaction conditions. Although phosphomolybdic and
phosphotungstic acids are reduced by the aromatic hydroxyls characteristic of all
phenolics, the degree to which they are depends on phenolic structure (Swain and
Goldstein, 1964), and they may be reduced by many other plant constituents (e.g.,
alkaloids, proteins). If phenolics from different sources differ sufficiently in struc-
ture (especially the number or position of hydroxyls), or if plant extracts differ



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297462 March 17, 2001 10:38 Style file version Nov. 19th, 1999

FOLIN ASSAY LIMITATIONS 763

in the presence of other reducing agents, Folin-reagent assays cannot accurately
quantify differences in the amounts of phenolics present.

The FA is easy to perform and provides consistent estimates of the reducing
power of phenolics within a sample, as evidenced by the highR2 of standard curves
relating absorbance to known concentrations of a standard and by the relatively
low variance among aliquots from a sample. However, when samples from dif-
ferent sources (e.g., species, tissue, time, treatment) are compared, it is difficult
to interpret FA values because different sources may comprise different mixes of
phenolic structures as well as different amounts of the same structures. If those
differences result in the same overall capacity to reduce the FA reagent, then the
FA values will be the same. If the differences result in a different capacity to reduce
the FA reagent, then the FA values will differ. Both the composition and amount
of phenolics can differ among samples without a change in FA value.

Thus, although the FA is often used to measure the “amount” of phenolics in
a mixture, it does not do so, but rather provides an estimate of the overall reducing
capacity. The importance of this distinction between the amount of phenolics and
their reducing capacity depends on the specific goals of the study and on what
is known about the mode of action of the phenolics in the bioassay. If the goal
is to measure theamountof phenolics, e.g., as a measure of plant investment in
their production, then the FA is inappropriate. If the goal is to measure the redox-
basedactivity of a mixture, then the FA can be very useful. FA results have been
useful predictors of biological activity in several systems, either because they are
correlated with some other key component of activity or because biological activity
depends directly on the reducing capacity of the phenolic mixture.

The structural specificity of Folin reagents is also a major problem when
selecting appropriate standards for these colorimetric assays. If the standard cho-
sen fails to duplicate the phenolic extract’s ability to reduce the Folin reagent—
likely unless the standard is precisely the same as the extracted phenolics—then
concentrations calculated from a standard curve do not reflect sample concentra-
tions. Even relative concentrations derived this way may not be useful. We believe
that dependence on Folin assays and the widespread use of convenient commercial
standards by the ecological community has often produced misleading results in
intraspecific or interspecific comparisons. Martin and Martin (1982), Hagerman
and Butler (1989), and Wisdom et al. (1987) have suggested that purified pheno-
lics from the plant and tissue being studied should be used as standards (“self”
standards), but we have seen little adoption of this approach in recent publications.

Despite these chemical arguments, little experimental work has addressed the
actual impact of qualitative structural variation on estimates of phenolic concen-
trations using Folin reagents (but see van Alstyne, 1995). To assess the limitations
of Folin-type assays in intra- and interspecific comparisons and the value of using
self standards, we compared results of FAs of known concentrations of purified
tannins from 16 woody plant species and three commercial standards. We found



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297462 March 17, 2001 10:38 Style file version Nov. 19th, 1999

764 APPEL ET AL.

that the relationship between FA absorbance and the amount of self or commercial
standard differed significantly with sample source, confirming our expectation of
qualitative variation and demonstrating that a single standard cannot be used in
comparisons of this sort. With few exceptions, using commercial standards signif-
icantly over- or underestimated actual polyphenols to a degree that would produce
misleading ecological or evolutionary conclusions.

METHODS AND MATERIALS

Foliage Collection.We examined phenolic extracts from five oak species
sampled on three dates in May, June, and July 1994. Three species were sampled
from the subgenus Erythrobalanus (red oaks: red oak,Quercus rubraL.; black
oak, Quercus velutinaLam.; and scarlet oak,Quercus coccineaMuench.), and
two from the subgenus Lepidobalanus (white oaks: chestnut oak,Quercus prinus
L.; and white oak,Quercus albaL.)

To examine interspecific differences in foliar tannins, foliage from 16 woody
plant species was collected in July 1997: sugar maple,Acer saccharumMarsh.;
red maple,Acer rubrumL.; striped maple,Acer pensylvanicumL.; yellow birch,
Betula lutea Michx. f.; ironwood,Ostrya virginiana(Mill.) K. Koch; American ash,
Fraxinus americanaL.; black cherry,Prunus serotinaEhrh.; flowering dogwood,
Cornus floridaL.; witch hazel,Hamamelis virginianaL.; maple-leaf viburnum,
Viburnum acerfoliumL.; and blueberry,Vaccinium angustifoliumAit.

Leaves were collected haphazardly from 10 young trees (3–7 m in height)
of each species in a mixed stand at Wind Ridge Farm, Union Township, Centre
County, Pennsylvania. The leaf tissue was immediately frozen in liquid nitrogen
in the field, transported to the lab on Dry Ice, freeze-dried, ground in an air-driven
UDY Cyclone Mill (to reduce heating and oxidation) and the lyophilized powder
stored at−20◦C until use. For each species, leaves from the 10 trees were combined
for tannin measures.

Tannin Extraction and Purification.Five grams of lyophilized leaf powder
were washed in 100 ml of ether for 30 min to remove pigments and waxes, and
then extracted three times in 125 ml 70% acetone at 45◦C for 1 hr under sonication.
Ascorbate (10 mM) was added to the acetone to prevent oxidation. Acetone was
removed by evaporation under reduced pressure, and distilled water was added to
the aqueous extracts to a constant volume of 125 ml. This procedure favors extrac-
tion of polymeric tannins (Hagerman and Klucher, 1986) and is not exhaustive;
substantial amounts of polyphenols may remain covalently bound to cells walls or
other cellular components (Appel and Schultz, unpublished data).

Tannins in the polyphenol extracts were separated from nontannin polyphe-
nols by the method of Hagerman and Klucher (1986). A slurry of 50 g of Sephadex
LH20 (Pharmacia, Piscataway, New Jersey) and approximately 1 liter of 95%
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reagent-grade ethanol was equilibrated overnight and then mixed thoroughly with
125 ml of crude extract. Using a large Buchner funnel and vacuum filtration, non-
tannin, monomeric polyphenols were eluted from the slurry by washing it with
95% ethanol until the eluant contained no polyphenols. Polyphenols were detected
by the ferric chloride assay (Waterman and Mole, 1994), in which a drop of the
yellow ferric chloride reagent was mixed with a drop of eluant, immediately result-
ing in a blue color in the presence of polyphenols. Larger polymeric polyphenols
(tannins) were subsequently eluted with 70% acetone until the eluant tested neg-
ative with ferric chloride, indicating an absence of polyphenols, irrespective of
their composition. Acetone was removed from the filtrate by evaporation under
reduced pressure, and the extract was freeze-dried and stored under nitrogen at
−10◦C. This is a crude purification. While nonphenolic materials are unlikely to
be present (Hagerman and Klucher, 1986; Appel and Schultz, unpublished data),
the product is merely a more representative sample of extractable polyphenols
found in the actual plant than is a commercial standard from some other source.
Yields of the off-white tannin powder averaged 5% of the dry weight of the leaf.

Three commercial sources of tannins commonly used by ecologists as
standards in the Folin-Denis assay were also purified with LH20 to remove
low-molecular-weight contaminants: two different sources of the hydrolyzable tan-
nin mixture called “tannic acid” (Sigma T0125 prepared from Rhus sp.,
Anacardiaceae, and T8406 fromCaesalpinia spinosa, Leguminosae tara tannin),
and the condensed tannin quebracho (Leon Monnier, Inc., fromSchinopsisspp.,
Anacardiaceae).

Polyphenol Assays.Purified tannins of each species were assayed for
(1) total phenolicsby the FA (Swain and Hillis, 1959; Swain and Goldstein, 1964),
which measures the ability of phenolics to reduce a mixture of phosphomolybdic
and phosphotungstic acids; (2)condensed tanninsby the butanol HCl assay (Bate-
Smith, 1977), which quantifies hydrolyzed proanthocyanidin residues; and (3)
hydrolyzable tanninsby the potassium iodate method modified for quantitative
use (Schultz and Baldwin, 1982), which quantifies galloyl esters. Serial dilutions
were made of each extract to provide final concentrations of dry weight leaf pow-
der per milliliter of DD water of 2, 8, 14, and 20 mg/ml, and these were assayed
in triplicate for each assay. The data are reported as averages, and standard devi-
ations of triplicate measurements of absorbance of single extracts of each sample
comprising foliage combined from 10 trees. To determine the impact of the use
of commercial standards, we calculated the values obtained for a hypothetical ab-
sorbance of 0.200 using the regression equations for commercial standards and for
individual species, and then expressed each pair of values as a proportion.

Statistics.Linear regression was used to construct standard curves relating
absorbance of the FA reaction mixture to the known concentration (mg/ml) of
tannin. The relationships among absorbance of the FA reaction, polyphenol con-
centration, species, sampling date, and their interactions were examined using
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GLM (SAS 1996). Significant differences among species in their absorbance at
each concentration were determined by Tukey’s studentized range test, which
corrects alpha for the number of pairwise comparisons. To determine how com-
positional variation (i.e., condensed versus hydrolyzable tannin contents) among
the tree species might influence FA results, the relationships among absorbance
of the FA reaction mixture, condensed tannin levels, hydrolyzable tannin levels,
and their interactions were examined in a separate GLM analysis. To evaluate the
relative impact of these polyphenol types on variation for each species, we con-
ducted stepwise multiple regression (best model) of FA values with the variables
condensed tannins, hydrolyzable tannins, and their sum (SAS Institute, 1996).

RESULTS

All Species.As expected, all relationships between FA absorbance and tannin
concentration (all species) were strongly and significantly linear. TheR2 values
ranged from 0.970 to 0.999 (allP = 0.0001), confirming that the FA can gen-
erate standard curves relating absorbance and polyphenol concentrations for a
wide range of individual species. However, slopes ranged from 0.009 to 0.0328
(Figure 1) and intercepts from 0.005 to 0.030 among species, making the use of
a single standard inappropriate for comparisons among them. GLM analysis re-
vealed strong significant statistical interactions between polyphenol concentration

FIG. 1. Slopes and 95% confidence intervals for linear regressions of absorbance as a
function of concentration (milligrams purified polyphenol per milliliter) in the Folin-Denis
assay of total phenolics in foliage of 14 tree and two shrub species collected on July 14,
1998, and two commercial standards. Tannic acid used was Sigma T0125.
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TABLE 1. GLM ANALYSIS OF EFFECTS OFSPECIES ONESTIMATES OFFOLIN-DENIS

REACTIVE PHENOLICS IN 14 FORESTTREES AND2 SHRUBS AT 4 CONCENTRATIONS OF

PURIFIED POLYPHENOLS FROMEACH SPECIES

Source df Type III SS F P

Concentration= 2 mg/ml
Species 15 0.00930 249.01 0.0001

Concentration= 8 mg/ml
Species 15 0.06145 278.01 0.0001

Concentration= 14 mg/ml
Species 15 0.18192 73.70 0.0001

Concentration= 20 mg/ml
Species 15 0.32462 1190.52 0.0001

and source (species) at every concentration (Table 1), and specific pairwise com-
parisons revealed significant sample absorbance differences among most species
as a result (Tukey’s studentized range testP < 0.05). The slopes of American ash
and white birch were substantially lower and that of flowering dogwood much
higher, than all the other species (Figure 1). No single standard could represent
the phenolics in comparisons of all species. Single standards also are not repre-
sentative in comparisons within genera. Among oaks, no single standard would
be appropriate because the slope of red oak is much lower and that of scarlet oak
much higher, than the black, chestnut, or white oaks (Figure 1). Note that the
slopes do not segregate among subgenera. Slopes were more similar among the
three species of maple than among the oaks, but they too produced statistically
different absorbances at theP < 0.05 level in pairwise comparisons.

Interspecific differences in slope are likely due to different ratios of polyphe-
nol types (Swain and Goldstein, 1964; Feeny, 1968). Both condensed and hy-
drolyzable tannins contributed significantly to FA results in these assays, with
significant interactions between them (Table 2), indicating that the presence of
each class of tannin influences the other’s impact on FA absorbance. For some
species, hydrolyzable tannins were the best predictor of FA values, for others con-
densed tannins or the sum of hydrolyzable and condensed tannins was the best
predictor of FA values (Table 3).

TABLE 2. GLM ANALYSIS OF EFFECTS OFCONDENSEDTANNIN LEVELS,
HYDROLYZABLE TANNIN LEVELS, AND THEIR INTERACTIONS ONESTIMATES OF

FOLIN-DENIS REACTIVE PHENOLICS IN FOLIAGE OF 14 FORESTTREES AND2 SHRUBS

Source df Type III SS F P

Condensed tannins 1 1.17141 164.76 0.0001
Hydrolyzable tannins 1 0.43243 60.82 0.0001
Condensed X hydrolyzable 1 0.16086 22.63 0.0001



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297462 March 17, 2001 10:38 Style file version Nov. 19th, 1999

768 APPEL ET AL.

TABLE 3. MOSTSIGNIFICANT TANNIN CLASSES INSTEPWISEREGRESSION ON

FOLIN-DENIS ABSORBANCEVALUESa

Source of polyphenol Variable R2 F P

Red oak (Quercus rubra) HT 0.9983 5881.8 0.0001
Black oak (Quercus velutina) CT+ HT 0.9972 3235.4 0.0001
Scarlet oak (Quercus coccinea) HT 0.9990 9760.8 0.0001
Chestnut oak (Quercus prinus) CT+ HT 0.9936 1398.8 0.0001
White oak (Quercus alba) HT 0.9979 4678.6 0.0001
Sugar maple (Acer saccharinum) CT 0.9980 2443.4 0.0001
Red maple (Acer rubrum) CT+ HT 0.9864 436.0 0.0001
Striped maple (Acer pensylvanicum) CT 0.9916 354.5 0.0003
White birch (Betula papyrifera) CT 0.9982 505.6 0.0001
Ironwood (Ostrya virginiana) CT 0.9913 682.0 0.000
American ash (Fraxinus americana) CT 0.9849 196.2 0.0008
Black cherry (Prunus serotina) CT 0.9942 510.8 0.0002
Flowering dogwood (Cornus florida) CT+ HT 0.9988 4241.8 0.0001
Witch hazel (Hamamelis virginiana) CT 0.9812 209.3 0.0001
Viburnum (Viburnum acerifolium) CT 0.9893 555.9 0.0001
Blueberry (Vaccinium angustifolium) CT 0.9873 311.2 0.0001

aNo other classes contributed more than 2% of the variation in Folin absorbance. CT= condensed
tannins, HT= hydrolyzable tannins in foliage of 14 forest tree and 2 shrub species collected in July
1998.

Oaks. Relationships between FA absorbance and tannin concentrations were
strongly and significantly linear, as expected, for all oak species on each of three
dates (R2 values ranged from 0.960 to 0.999, allP = 0.0001). However, even
within the genusQuercusand within subgenera, there were differences among
the slopes and intercepts of standard curves [slopes ranged from 0.019 to 0.029
(Figure 2), intercepts from 0.004 to 0.021. GLM analysis revealed strong sta-
tistical interactions between polyphenol source (species) and date, and between
species and date at all but the lowest concentration (Table 4). Specific pair-
wise comparisons revealed differences among species in their absorbance in the
FA (Tukey’s studentized range testP < 0.05). The relationship (slope) between
polyphenol concentration and FA absorbance differed among the oak species, dif-
fered within species among dates, and shifted among species from date to date
(Figure 2). In four of the five species, May values were highest and July val-
ues lowest. In some cases, thesame amountof purified tannins from May and
July leaves produced a twofold difference in FA values. These seasonal and in-
trageneric differences are as large in magnitude as the interfamilial differences in
Figure 1.

Seasonal shifts in FA values within oak species are likely due to changing
ratios of polyphenol types (Feeny, 1968; Hatano et al., 1992). Both condensed
and hydrolyzable tannins contributed significantly to FA results, with significant
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TABLE 4. GLM ANALYSIS OF EFFECTS OFSPECIES, SAMPLING DATE, AND THEIR

INTERACTIONS ONLEVELS OFFOLIN-DENIS REACTIVE PHENOLICS FORFIVE OAK SPECIES

AT THREESAMPLING DATES AND FOURCONCENTRATIONS OFPURIFIED POLYPHENOLS

Source df Type III SS F P

Concentration= 2 mg/ml
Species 4 0.000313 33.18 0.0001
Date 2 0.000070 1.48 0.2444
Species× date 8 0.001334 7.07 0.0001

Concentration= 8 mg/ml
Species 4 0.014429 99.50 0.0001
Date 2 0.004474 61.71 0.0001
Species× date 8 0.007983 27.53 0.0001

Concentration= 14 mg/ml
Species 4 0.033520 86.50 0.0001
Date 2 0.009317 48.08 0.0001
Species× date 8 0.022376 28.87 0.0001

Concentration= 20 mg/ml
Species 4 0.068371 404.81 0.0001
Date 2 0.021463 254.16 0.0001
Species× date 8 0.040830 121.17 0.0001

FIG. 2. Slopes and 95% confidence intervals for linear regressions of absorbance as a
function of concentration (milligrams purified polyphenol per milliliter) in the Folin-Denis
assay of total phenolics in foliage of five oak species collected in May, June, and July 1994.
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TABLE 5. GLM ANALYSIS OF EFFECTS OFSAMPLING DATE, CONDENSEDTANNIN

LEVELS, HYDROLYZABLE TANNIN LEVELS, AND THEIR INTERACTIONS ONLEVELS OF

FOLIN-DENIS REACTIVE PHENOLICS FORFIVE OAK SPECIES

Source df Type III SS F P

Date 2 0.00968 1.18 0.3093
Condensed tannins 1 0.23741 57.98 0.0001
Hydrolyzable tannins 1 0.10400 25.40 0.0001
Date× condensed tannins 2 0.05333 6.51 0.0019
Date× hydrolyzable tannins 2 0.22242 27.16 0.0001
Condensed X hydrolyzable 1 0.00041 1.01 0.3162

interactions with date (Table 5). Thus, the impact of each class of tannin on FA
absorbance changed with date (Table 6).

Commercial Standards. Although relationships between FA absorbance and
known concentrations of three commercial standards were strongly and signifi-
cantly linear, as expected, they too differed dramatically in the slopes and intercepts
of their standard curves (Figure 1). Quebracho (a condensed tannin mixture from

TABLE 6. MOSTSIGNIFICANT TANNIN CLASSES INSTEPWISEREGRESSION ON

FOLIN-DENIS ABSORBANCEVALUESa

Source of polyphenol Variable R2 F P

Red oak (Quercus rubra)
May CT 0.9977 2552.44 0.0001
June CT 0.9987 2266.02 0.0001
July CT 0.9983 4021.44 0.0001

Black oak (Quercus velutina)
May CT 0.9811 363.29 0.0001
June CT+ HT 0.9915 817.81 0.0001
July HT 0.9770 170.03 0.0002

Scarlet oak (Quercus coccinea)
May CT+ HT 0.9972 2124.10 0.0001
June CT 0.9954 1518.23 0.0001
July HT 0.9690 218.64 0.0001

Chestnut oak (Quercus prinus)
May CT 0.9916 236.01 0.0042
June CT+ HT 0.9896 668.57 0.0001
July CT 0.9746 191.70 0.0001

White oak (Quercus alba)
May CT 0.9866 444.13 0.0001
June CT+ HT 0.9833 412.06 0.0001
July CT+ HT 0.9930 988.277 0.0001

aNo other classes contributed more than 2% of the variance in Folin absorbance. CT= condensed
tannins, HT= hydrolyzable tannins in foliage of 5 oak species collected in May, June, July 1995.
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Schinopsisspp., Anacardiaceae) had a much lower slope than that of all the plant
species except American ash (AA) and substantially lower slope than the two
hydrolyzable tannin standards. Sigma’s T-0125 tannic acid, a mixture of gallotan-
nins and monomers extracted fromRhus(Anacardiaceae) (Figure 1), produced
slopes and intercepts significantly lower than Sigma’s T-8406 product (tara tannin,
a mixture of gallotannins fromCaesalpinia spinosa, Leguminosae). Thus, none of
the commonly used commercial standards better approximated the FA slopes and
intercepts of the plants examined here, and in most cases were substantially out of
range.

To compare results using a commercial standard with those using a standard
purified from each plant species (self standard), we calculated the ratio of FA
values obtained from the standard curves of the commercial standard and from
those of purified tannin from each species, for a hypothetical absorbance of 0.2
(Figure 3). This ratio reflects the degree of over- or underestimation of the tannin
content of each species by three commercial standards. Since the slopes of the
commercial standards differed, none over- or underestimated the tannin content of
all species to the same degree, producing widely varying errors of up to twofold in

FIG. 3. The effect of choice of standard on Folin-Denis estimates of total phenolics in leaf
extracts. Bars represent positive and negative deviations from “true,” concentrations (as in
Fig. 4) calculated using self standards, obtained by (as in Fig. 4) using three commercial
standards. RO= red oak, BO= black oak, SO= scarlet oak, CO= chestnut oak, WO=
white oak, SM= sugar maple, RM= red maple, StM= striped maple, WB= white birch,
I = Ironwood, AA= American ash, BC= black cherry, FA= flowering dogwood, WH=
witch hazel, V= viburnum, B= blueberry.
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FIG. 4. The effect of choice of standard and seasonal variation on Folin-Denis estimates
of total phenolics in leaf extracts. Bars represent positive and negative deviations from
“true” concentrations, calculated using self standards, obtained by using three commercial
standards. RO= red oak, BO= black oak, SO= scarlet oak, CO= chestnut oak, WO=
white oak.

the estimates of polyphenol concentrations (Figure 3). All three standards consis-
tently overestimated tannin content in all but ironwood (I), and to a lesser extent
white birch (WB), the one species that had a lower slope than the commercial stan-
dards. In a few cases, commercial standards came close to approximating tannin
levels in some species. Both tannic acid sources estimated WB within 5%, and the
tara tannic acid (Sigma T-8406) came within 10% for red oak (RO) and viburnum
(V). Even seasonal variation in polyphenol composition is sufficient to invalidate
the use of commercial standards to compare FA values within a species across
sampling dates (Figure 4). In five oak species, the same amount of polyphenols
produced significantly different FA values at different times of the season (Table 4),
and none of the commercial standards reflected this variation (Figure 4).

DISCUSSION

Our study examined the utility of the Folin-Denis assay (FA) to compare the
levels of polymeric polyphenols (tannins) in leaves of 16 woody plant species at a
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single sampling date and of five closely related tree species at three sampling dates
within one season. We found that there was dramatic variation among species
in the reactivity of thesame amountof purified tannins in the FA assay, even
among related species, and even among sampling dates of the same species. This
variation was associated with differences in the relative amounts of hydrolyzable
and condensed tannins in the tannin mixtures and probably also reflected variation
in a potentially large number of other phenolics.

Our study was a conservative test of the limitations of the FA because it was
designed to minimize structural differences among tannin sources. First, we com-
pared primarily tannins, and not total phenolics, which reduced the potentially
great variation among species in the amounts and structures of simple, nontan-
nin phenolics. For oaks, this approach restricted analyses to less than one third
of the phenolic species likely to be present (Knopps and Jensen, 1980; Appel
and Schultz, unpublished data). Second, we included a comparison of five related
species of oaks, known to have structurally related and less seasonally variable
tannin chemistries than some other tree species [e.g.,Liquidambar(Hatano et al.,
1992; Appel and Schultz, unpublished data)]. As is true for other classes of sec-
ondary metabolites, the more distantly related two plant species are, the greater
the potential difference between them in phenolic composition; Folin-type assays
should be less reliable as these differences grow greater. However, our conserva-
tive estimates indicate that even congeneric comparisons with FA using a single
standard produce errors likely to be biologically significant, and intraspecific com-
parisons through time may require separate standards. This would also be true for
other redox-based assays like the Prussian blue (Price and Butler, 1977), and to a
lesser extent, for more structurally specific assays, such as the butanol HCl proan-
thocyanidin assay for condensed tannins (Hagerman and Butler, 1989) and the
potassium iodate method (Schultz and Baldwin, 1982) for hydrolyzable tannins.

These observations are not new. Over 30 years ago, Swain and Goldstein
(1964) described 10-fold variation in FA estimates of phenolic content among 20
different equimolar samples of purified phenolics. Feeny’s (1968, 1969) widely
cited papers on the tannin chemistry and ecology of English oak indicated clearly
that phenolic composition changes seasonally within a single plant. Caveats about
Folin methods have appeared sporadically since then (Martin and Martin, 1982;
Mole and Waterman, 1987; Wisdom et al., 1987; Hagerman and Butler, 1989;
Waterman and Mole, 1994), but with little evident effect: every ecological paper
we could find in two major journals during 1994–1999 in which phenolics were
“quantified” used Folin methods without appropriate standards. In the same search,
we could not find any phenolic quantification (including condensed tannins, hy-
drolyzable tannins, etc.) in which appropriate standards were used.

The complete phenolic composition of most plants is unknown, and the rela-
tionships among phenolic concentration, phenolic composition, reducing power,
and FA absorbance are unknown and unpredictable for most species. Hence, one
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can say very littlea priori about the likely relationship between composition or
concentration and FA absorbance within or between species. Failing to do so can
lead to serious over- or underestimates of total concentrations or amounts of phe-
nolic fractions, as shown in this study.

Although the relationships between actual purified phenolic concentrations
and FA absorbance for all but three species we examined had slopes between
0.019 and 0.026, these differences are biologically significant. For example, con-
stitutive and induced levels of tannins in oaks differ to a similar degree and are
related to herbivore performance (Schultz and Baldwin, 1982; Rossiter et al., 1988;
Hunter and Schultz, 1993). Levels of tannins in flowering dogwood vary in sim-
ilar magnitudes as a function of microsite and are related to levels of herbivory
(Dudt and Shure, 1994). These biologically significant differences in tannin content
would go undetected if inappropriate standards were used.

The magnitude of seasonal differences estimated—or mistaken—with the FA
are also biologically significant (Schultz et al., 1982; Schultz, 1983) but would go
undetected with inappropriate standards. Temporal differences in FA reactivity of
phenolic extracts from the same species and tissues clearly make the use of a single
standard across the season inappropriate, even though the standard may be from
the same trees at an earlier or later date.

The widespread use of commercial standards only exacerbates the problem.
Our results indicate that the use of commercial standards often fails to yield re-
sults similar to those obtained with self standards comprising phenolics extracted
and purified from the material under study. Using these commercial standards can
over- or underestimate presumed actual concentrations by as much as twofold in the
species examined and may not even retain the rankings among species or between
dates. These deviations from reality presumably arise from structural differences
between the standards and the material actually being assayed in the plant extract,
yielding different impacts on the FA reagent. For example, different plant species
produce condensed tannins containing different mixtures of anthocyanidins and
catechins, hydrolyzable tannins containing different mixtures of gallotannins and
ellagitannins, and hybrid molecules containing gallotannins and flavonoids (gal-
locatechins). As a result, standards containing only a single structure or structural
group (e.g., tannic acid or quebracho) may be irrelevant or misleading.

Commercially available standards with the same name (“tannic acid”) can
produced significantly different results. This is not surprising, given that some are
extracted from plants in different families. We have also found measurable variation
among batches of the same product, as have others (Hagerman and Butler, 1989),
but purification of standards reduces much of this batch-to-batch variation (Appel
and Schultz, unpublished data).

Purifying self standards from the same leaf material to be used in the FA
assay resolves this problem because it provides a standard curve that allows one
to interpret sample absorbances in the same currency in which they exist in the
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leaf. Rather than using a commercial standard that may over- or underestimate the
reducing power of one’s extract, self standards quantify exactly what is present in
the leaf. If one wishes to compare results with previously collected data lacking a
self standard, one can simply generate a second standard curve with the previous
standard.

Purifying self standards is neither complex nor expensive and would greatly
improve the ecological inferences arising from any study of plant phenolics. Ide-
ally, one would develop separate self standards for each sample that might have
a different phenolic composition, e.g., different tissues, tissues of different ages,
plants of different ages, samples from different dates, and possibly from different
treatments if treatments are expected to change composition. This is clearly not
feasible for large numbers of different sources of samples or for limited amounts of
samples. However, one can create standards that are a mixture of sample material,
reflecting the diversity of phenolics present within a population, treatment, etc., to
which individual samples are compared. Valid comparative results can be obtained
using mixtures of tissues from potentially differing sources as long as attention
is given to the proportions of different tissue sources used. Modern microtiter
plate readers and the ability to store standard curves facilitate this approach. The
FA is still in widespread use by ecologists to quantify the relative and absolute
amounts of phenolics produced in response to environmental variables or corre-
lated with biological activity, but failure to use self standards can result in under-
or overestimates of up to twofold, depending on the species compared and the
commercial standard selected (see Figure 3), even for intraspecific comparisons
(see Figure 4). Many influential papers on plant herbivore interactions, as well as
some of our own, have based conclusions, in part, on variation within the range
we find is generated by using inappropriate standards (Coley, 1983; Rossiter et al.,
1988; Denslow et al., 1990; Shure and Wilson, 1993; Dudt and Shure, 1994; Shure
et al., 1998). We find that differences in such studies probably need to exceed
100% to be biologically meaningful and account for error introduced by the use
of inappropropriate standards for the FA reagent.

Biological activity can be estimated reliably by the Folin-type redox assay
when it is known to depend directly or indirectly on phenolic oxidation. This is the
case in many ecological settings (Appel, 1993). In our own studies (e.g., Schultz,
1983; Rossiter et al., 1988; Hunter and Schultz, 1993; Appel and Schultz, 1994)
and some others (e.g., Dearing, 1997), FA values have been consistent correlates
of the biological activity of plant phenolics for this reason.

It is clear that the Folin assays cannot be used to determine absolute amounts of
phenolics to test hypotheses about plant investment in phenolics (e.g., Coley et al.,
1985; Herms and Mattson, 1992; Shure and Wilson, 1993; Dudt and Shure, 1994;
Shure et al., 1998). As we have demonstrated, there is no absolute relationship
between FA values and the amount of phenolics in a plant extract. Interspecific com-
parisons, differences in tissue age or condition, and the use of a single commercial
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standard make estimates of amounts impossible to obtain with this reagent. The
only truly reliable and accurate way to estimate amounts of “total phenolics” or
phenolic classes is to extract, purify, and weigh them, but this is not feasible for
large numbers of small samples. Estimates may be obtained with the FA and self
standards, but their approximation of reality should be determined by extracting
and weighing a subset of samples. Even extensive extraction is unlikely to recover
bound polyphenols and provide a true measure of ‘total phenolic’ mass.

We suggest that Folin reagents can be useful in ecological studies as indi-
cators of redox-based biological activity and as indicators of relative amounts of
phenolics if appropriate standards are used, but never as indicators of absolute
concentration or mass and never for interspecific or temporal comparisons us-
ing a common standard. We recommend that investigators considering the use of
Folin-type assays do the following: (1) Decide whether the goal is to quantify
theamountor activity of phenolics. (2) If measuring amount is the goal, then the
most accurate approach is to purify and weigh total phenolics, although extraction
is unlikely to be complete. Colorimetric assays can be made semiquantitative by
using purified self standards. (3) If measuringactivity is the goal, use purified plant
phenolics for standards and measure the samples’ redox potential with the FA. (4)
Always make separate colorimetric standards for each plant species. (5) Within
species, design standards or standard mixtures to reflect the range of variation
encountered within the desired unit of comparison, i.e., include subsamples of the
sources in appropriate proportions. (6) When reporting results, be specific about
assay limitations.
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Abstract—In this study, we compared the effects of several preservation meth-
ods on the secondary phenolics of the mature leaves of purple willow (Salix
purpureaL., Salicaceae) with results obtained with fresh leaf analyses. Conven-
tional freeze-drying, in which the leaves were first frozen with liquid nitrogen
and then placed in a freeze-dryer, produced substantial qualitative and quantita-
tive changes in purple willow flavonoids and salicylates. Modified freeze-drying,
in which leaves were put into a freeze-dryer without being prefrozen, gave con-
centrations that, for most secondary components, were comparable with those
found in fresh leaves. Reducing the freeze-dryer chamber temperature hindered
the decomposition of phenolics in prefrozen leaves and in leaves dried without
prefreezing. Heat drying induced substantial changes in the composition of all
phenolics, except for apigenin-7-glucoside. Vacuum drying at room temperature
gave the highest concentrations for nearly all phenolics, while room-drying with
desiccation gave results that were comparable with those obtained by fresh leaf
analyses.

Key Words—Drying tests, phytochemicals, flavonoids, tannins, salicylates,
leaves, willow,Salix.

INTRODUCTION

One problem in phytochemical research is the difficulty of obtaining valid results
due to the high chemical and biochemical lability of many of the phytochemicals
found in plants. In order to obtain accurate results for concentrations of secondary
products, it is important to use a suitable method of prehandling the fresh plant ma-
terial. This is especially critical in ecophysiological and ecobiochemical research,
where a small group of components or even a single component may determine
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the primary biological or chemical response of plant tissues to biotic factors such
as herbivores and pathogens and abiotic factors such as nutrition and UV ra-
diation (e.g., Tahvanainen et al., 1985; Hakulinen et al., 1995; Julkunen-Tiitto,
1996; Juntheikki et al., 1996; Lavola et al., 1998). Phytochemical preservation
is also essential in herbal drug production and chemotaxonomical research (e.g.,
Julkunen-Tiitto, 1989; Julkunen-Tiitto and Meier, 1992).

Salicaceous plants produce a wide variety of lower molecular mass phenolics,
mainly glycosylated flavonoids and salicylates, together with high concentrations
of condensed tannins. During the last 30 years these have been studied intensively
by European and American researchers investigating defense functions, ontogeny,
phenology, chemotaxonomy, herbal medication, etc. (e.g., Thieme, 1965; Pearl
and Darling, 1970; Egloff, 1982; Bryant et al., 1987; Meier et al., 1988; Julkunen-
Tiitto, 1989; Shao, 1991). The occurrence of these bioactive components is fairly
species-specific and plant-part specific, and their relative proportions in specific
tissues may change substantially as the plant matures (Bryant and Julkunen-Tiitto,
1995).

Most of the flavonoids are considered to be fairly stable under different pre-
handling and extraction conditions (e.g., Markham, 1982; Kein¨anen and Julkunen-
Tiitto, 1996), while several higher molecular mass salicylates, such as salicortin
and tremulacin, are known to be labile and prone to decomposition during sample
preservation and extraction (e.g., Thieme, 1965; Meier et al., 1988; Julkunen-
Tiitto, 1989). Neutral and alkaline conditions, certain organic solvents, and being
soaked in water readily result in lower molecular mass salicylates (e.g., Julkunen-
Tiitto, 1985; Julkunen-Tiitto and Meier, 1992). It has been reported that con-
ventional freeze-drying induces deleterious changes in the leaves ofPopulusand
Salix species(Lindroth and Pajutee, 1987; Julkunen-Tiitto and Tahvanainen, 1989;
Orians, 1995). Vacuum-drying (Orians, 1995) and conventional freeze-drying
(prefreezing with liquid nitrogen) at low temperature (Lindroth and Koss, 1996)
are previously recommended methods of preservingPopulus tremuloides, Salix
sericea, andS. eriocephalaleaves. Unfortunately, vacuum-drying has been found
to alter the carbohydrate content in the leaves ofPopulus tremuloides, with the
result that the decrease in starch content is reflected by an increase in percent
leaf dry mass for glucose (Lindroth and Koss, 1996). Oven-drying mature wil-
low leaves at low temperature (48◦C) gives practically no qualitative or quanti-
tative differences in salicylates compared those found in fresh leaves (Julkunen-
Tiitto and Tahvanainen, 1989). As expected, tissue destruction before oven-drying
induces deleterious changes in willow salicylates (see Lindroth and Pajutee,
1987)

In this study, the appropriateness of different plant preservation methods
was studied in order to find a faster and safer method of preserving the most labile
phytochemicals. The mature leaves of purple willow (Salix purpureaL.) were used
because purple willow contains the two most labile salicylates, tremulacin and
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TABLE 1. TREATMENTSUSED FORPURPLEWILLOW (S. purpurea) PHENOLICS

Drying chamber Time
Test Method temperature (◦C) (hr)

I Immediate fresh analyses (test control)
II Room drying, without desiccation +22 12
III Room drying, desiccation with silicagel +22 12
IV Room drying, desiccation with molecular sieve +22 12
V Vacuum drying with a freeze-dryer, cooler off +22 16
VI Freeze-drying, prefreezing with liquid nitrogen +18 16
VII Freeze-drying, without prefreezing +18 16
VIII Freeze-drying, prefreezing with liquid nitrogen −30 72
IX Freeze-drying, without prefreezing −30 72
X Air drying (heat) +60 12
XI Air drying (heat) +90 12

salicortin, together with a small amount of salicin and tremuloidin. It also contains
partners of three different flavonoid groups: flavanones, flavones, and flavan-3-ol,
the lability of which has not been thoroughly studied previously.

METHODS AND MATERIALS

Leaf Material.Leaves were collected from an ornamental purple willow (S.
purpureaL.) clone growing on the campus of the University of Joensuu, Finland.
Fully expanded, mature leaves were detached from their shoots, put into a plastic
bag, and placed in a Styrox container, where they were kept at<4◦C. The leaves
were taken to the laboratory within 5 min and randomly separated into batches
of 20 for the prehandling tests. We tested 10 different drying methods (Table 1).
Immediate fresh analyses were carried out as a control treatment. In method II the
leaves were dried on the laboratory table. In methods III and IV, which used drying
media, the fresh leaves (2.9 g) were processed in desiccators each containing 300 g
of drying medium (20 leaves, one leaf fresh wt= 0.143± 0.011). Well-ventilated
ovens were used for air drying in methods X and XI.

Chemical Analyses. Eight mature leaves from each preparation method were
analyzed separately for willow flavonoids, condensed tannins, and salicylates. In
order to ensure complete recovery of the soluble compounds, care was taken not
to overload the extraction solvent. Three to four milligrams of leaf tissues, cut
so as to avoid main veins, were extracted three times with 400µl of the solvent.
Methanol was used for flavonoids and salicylates. This extraction procedure gave
more than 98% recovery for the components. Soluble condensed tannins were ex-
tracted with 70% acetone (as above) and quantified by oxidative depolymerization



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297463 March 17, 2001 10:39 Style file version Nov. 19th, 1999

782 JULKUNEN-TIITTO AND SORSA

TABLE 2. CONDITIONS USED IN HPLC GRADIENT ELUTION FOR S. purpureaPHENOLICSa

Time (min) Solvent A (%) Solvent B (%)

Initial 100 0
5 100 0

10 80 20
20 70 30
30 65 35
40 50 50
45 50 50
Rinsing 0 100
Equilibration 100 0

aSolvent A= aqueous 1.5% tetrahydrofuran+ 0.25% orthophosphoric acid in DAD and acetic acid
in MS; solvent B= 100% methanol.

to anthocyanidins in acid butanol, as described by Porter et al. (1986). The ex-
traction residue was hydrolyzed with acid butanol for insoluble tannins. The sum
of soluble and insoluble condensed tannins was quantified using Sephadex LH20
purified tannin fromS. purpurealeaves (see Hagerman, 1995). The residual water
was measured by drying the leaves for 12 hr at 105◦C. The results are expressed
as milligrams per gram dry weight at 105◦C. Flavonoids and salicylates were
quantified by HPLC-DAD as reported by Julkunen-Tiitto et al. (1996). HPLC-MS
was used to identify the components. The gradient used is described in Table 2.
HPLC/API-ES (positive ions) conditions were as follows: the column was Hy-
persil Rp C-18, 2 mm ID, 10 cm long; the ES fragmentor voltage was 80–120,
depending on the components; the flow rate was 0.4 ml/min.

The quantification of components was determined as follows: salicin,
salicyl alcohol, tremulacin, eriodictyol-7-, naringenin-7-, luteolin-7-, apigenin-
7-glucoside, and luteolin were based on commercial standards; salicortin and
tremuloidin were based on purified standards obtained from Prof. Beat Meier,
ETH, Zurich, Switzerland. The derivatives of eriodictyol, naringenin, and luteolin
were based on corresponding flavonoid-7-glucoside. HPLC/API-ES produced the
following molecular weights: eriodictyol-7 glucoside, 473 (M+ 23); eriodictyol-
glycoside 2, 922 (M+ 23, tentatively identified as dieriodictyol-monoglucoside);
naringenin-7-glucoside, 457 (M+ 23); luteolin-7-glucoside, 471 (M+ 23); lute-
olin-glycoside 2, 557 (M+ 23, tentatively identified as diacetylderivative of
luteolin-monoglucoside); luteolin-glycoside 3, 499 (M+ 23, tentatively identified
as methylderivative of luteolin-glucuronide); apigenin-7-glucoside, 455
(M + 23); (+)-catechin, 291 (M+ 1); salicin, 309 (M+ 23); salicortin, 447
(M + 23); tremuloidin, 413 (M+ 23); and tremulacin, 551 (M+ 23). In addition,
two unknown salicylates (871, M+ 23) were detected in very tiny amounts (results
not shown). These were tentatively identified as disalicortins.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297463 March 17, 2001 10:39 Style file version Nov. 19th, 1999

EFFECT OF DRYING ON WILLOW COMPOUNDS 783

RESULTS AND DISCUSSION

In this study mature, fully expanded purple willow (S. purpurea) leaves were
used to test the effect of 10 preservation methods on flavonoids, condensed tannins,
and salicylates. During heat-drying the leaves turned brown or blackish, indicating
kinone formation and advanced decomposition of the phenolics. After all the other
drying methods the leaves were still green or, after freeze-drying with prefreezing,
slightly pale green. The residual water content of the dried material varied between
methods. In methods III and IV it was 4.80± 0.11% and 3.02± 0.08%, respec-
tively, while in methods II and V–IX the mean residual water was 6.65± 0.31%.

We found four flavanones (naringenin-7-glucoside, eriodictyol-7-glucoside,
and two unknown eriodictyol-glycosides), six flavones (apigenin-7-glucoside,
luteolin-7 glucoside, luteolin-glycosides 1-3 and luteolin), two flavan-3-ols
[(+ )-catechin and condensed tannins], and four salicylates (salicortin, tremulacin,
salicin, and tremuloidin) and compared the concentrations with those found in the
fresh leaf extracts. We found that the concentrations of individual phytochemicals
were significantly affected by the prehandling method (Figures 1–3). Aglycons
identified as decomposition products of the corresponding glycosides included
luteolin, naringenin, salicyl alcohol, and 6-OH-oxocyclohexenone, depending on
the preservation method.

The most abundant flavonoids in purple willow leaves are flavanones,
eriodictyol-7-glucoside (more than 3% dry wt), and naringenin 7-glucoside (about
0.4% dry wt) (Figure 1) (Meier, 1988; Shao, 1991). Both flavanones (except for
minor eriodictyol-glycoside 2) were significantly reduced by conventional freeze-
drying (method VI). In this method, the prefrozen samples were put into an external
drying chamber normally used for drying solid material. The temperature inside
the chamber was 18◦C. For some flavanones, room-drying without desiccation
(method II) and freeze-drying at a low temperature (method VIII) also gave con-
centrations that were lower, although not significantly so. Air drying at an elevated
temperature (method X and XI) was deleterious to leaf flavanones: there was a
greater than 50% reduction in the concentration of naringenin-7-glucoside and a
greater than 60% reduction in that of eriodictyol glycosides. All the other methods
tested gave concentrations of flavanones that were similar to those found in the
fresh leaf analyses.

The responses of flavones, luteolin glycosides, and apigenin-7-glucoside
to conventional freeze-drying (method VI) were similar to those of flavanones
(Figure 2). The amounts of luteolin-7-glucoside and apigenin-7-glucoside were
reduced by more than 30% compared with those found in the fresh leaf anal-
yses. The concentrations of apigenin-7-glucoside, luteolin-7-glucoside, and two
luteolin-derivatives were also reduced by method VII (freeze-dying without pre-
freezing). Room drying (method II) also caused a moderate reduction in the
amounts of luteolin-7-glucoside and its two derivatives (1 and 2). Desiccation at
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FIG. 1. The effects of prehandling methods on flavanones and flavan-3-ols in mature leaves
of purple willow (S. purpurea). The results are expressed as means±SE from eight separate
leaves. Multiple comparisions were done using the Dunnettt test, with method I as the
control (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

room temperature (methods III and IV) enhanced the yield of apigenin-7-glucoside
as compared to the control level (method I). Heat drying at 60◦C and 90◦C (meth-
ods X and XI) was too high for most luteolins, but apigenin-7-glucoside remained
fairly stable. Our results show that the flavanone glucosides and flavone gluco-
sides of purple willow leaves are very sensitive to preservation methods compared
with flavonol glycosides, which are the most abundant flavonoids in birch (Betula
pendulaRoth) leaves. The concentrations of quercetin and myricetin glycosides
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FIG. 2. The effects of prehandling methods on flavones in mature leaves of purple willow
(S. purpurea). The results are expressed as means±SE from eight separate leaves. Multiple
comparisions were done using the Dunnettt test with method I as the control (∗∗P < 0.01;
∗∗∗P < 0.001).

were significantly higher in leaves dried at 80◦C than in leaves dried at 40◦C
or 20◦C (Keinänen and Julkunen-Tiitto, 1996). Conventional freeze-drying (pre-
freezing at−18◦C) yielded higher concentrations of those flavonols compared
with those found when the leaves were dried without prefreezing.

The third flavonoid group in purple willow is flavan-3-ols, comprising (+)-
catechin (0.25% dry wt) and condensed tannins (about 5–6% dry wt) (Figure 1).
The concentrations of (+)-catechin were similar for all methods except for both
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heat-drying methods (X and XI). Heat drying induced strong decomposition, tight
binding with other components, or both for (+)-catechin, leaving no traces at
all of (+)-catechin after treatment. This result is very different from those ob-
tained from mature birch (Betula pendulaRoth) leaves in our laboratory, where
a<20% decrease in (+)-catechin was found after drying at 80◦C (Keinänen and
Julkunen-Tiitto, 1996). Except for the heat drying methods (methods X and XI),
none of the methods used resulted in a significant reduction of condensed tannins
(oligomeric and polymeric flavan-3-ols). Hagerman (1988) recommends freeze-
drying for condensed tannins, while Orians (1995) and Lindroth and Koss (1996)
prefer vacuum drying. Increasing the drying temperature to 60◦C (method X) low-
ered the condensed tannin amount by>60%, and using 90◦C for drying (method
XI) gave only 21% of the tannin amount compared with that found in the fresh
analyses. The effect of heat drying on purple willow condensed tannins was sim-
ilar to that found inSalixcv. aquaticaandS. phylicifolialeaves (Julkunen-Tiitto,
1985). On the other hand, heat drying had a less severe effect on the condensed
tannins found inSalix eriocephala, S. sericea, and their hybrid compared with
freeze-dried leaves by Orians (1995).

The highest concentrations of the most abundant salicylates, salicortin and
tremulacin, were obtained from vacuum-dried leaves (method V) (Figure 3). This
difference in secondary products may be due to changes in other metabolites,
such as volatiles induced by vacuum drying. Lindroth and Koss (1996) have re-
ported that, compared with freeze-drying, vacuum drying usingPopulus tremu-
loidesleaves increased hexoses and reduced the starch level by 38%. The salicylate
results with vacuum drying are consistent with those obtained fromSalix sericea
(Orians, 1995) andPopulus tremuloidesleaves (Lindroth and Koss, 1996).

We found that conventional freeze-drying in an external drying chamber (ma-
terial kept frozen, method VI) induced completely artifactual concentrations of
the main salicylates (Figure 3) (Julkunen Tiitto and Tahvanainen, 1989). The high
amounts of decomposition products, such as salicyl alcohol (10,07± 1.16 mg/g
dry wt) and 6-OH cyclohexenone (not quantified), as well as significantly increased
salicin and tremuloidin confirm the unsuitability of method VI. Freeze-drying is
too slow and, although most of them may be frozen, some thin leaves may thaw
sufficiently during water sublimation to induce interconversion among the com-
pounds by chemical or even biochemical decomposition. Freeze-drying, without
prefreezing, in an external drying chamber (method VII) proved to be a far better
method, but it still reduced the concentrations of salicortin and tremulacin com-
pared with those found in the fresh analyses. This indicates that not only thawing,
as suggested by Lindroth and Koss (1996), but also prefreezing matters in the
freeze-drying process. Method VIII, which is comparable to VI except that cham-
ber temperature in the freeze-dryer during sublimation was−30◦C, led to a small,
but nonsignificant loss of the most abundant salicylates. In contrast, method IX
(comparable to method VII), which used the same freeze-drying temperature but
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FIG. 3. The effects of prehandling methods on salicylates in mature leaves of purple willow
(S. purpurea). The results are expressed as means±SE from eight separate leaves. Multiple
comparisions were done using the Dunnettt test with method I as the control (∗∗∗P < 0.001).

did not prefreeze the leaves, gave amounts that were quite similar to those found
in the fresh leaf analyses. Thus, if one wants to use a freeze-dryer to preserve sal-
icylate material, prefreezing with liquid nitrogen or at−20◦C should be avoided
or the temperature in a drying chamber must be low (less than−20◦C).

Air drying at room temperature (method II) (Figure 3) and at 45◦C (Julkunen-
Tiitto and Tahvanainen, 1989) and the use of drying media (silica gel in method III
and molecular sieves in method IV) proved to be safe and suitable drying techniques
for labile S. purpurealeaf salicylates. The results show levels for salicortin and
tremulacin similar to those found in the fresh analyses. The effect of using silica gel
and molecular sieves is to speed up the drying process compared with the air drying
at room temperature. They are also cheap and easy to use in the field, so that samples
can be treated on the way to the laboratory. Increasing the drying temperature to
60◦C induced very significant losses of salicortin and tremulacin, increased the
levels of salicin and tremuloidin, and possibly caused them to decompose further.
Interestingly, similar air drying at 60◦C reduced the concentrations of salicortin
and 2′-O-cinnamoylsalicortin inS. sericealeaves only slightly (Orians, 1995).

Salicortin, which contains a carboxyl ester bond, decomposed much more
easily under the drying conditions than tremulacin, which also contains a benzoyl
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ester bond. Freeze-drying method VI reduced the amount of salicortin by more
than 83%, while that of tremulacin was reduced by about 60%. Thus, it may be that
the benzoyl ester stabilizes the compound under these drying conditions while the
carboxyl esters are very labile. Decomposition of salicortin and tremulacin pro-
duce salicin and tremuloidin, respectively, as their first decomposition products.
Tremuloidin further decomposes to salicin. In this study, salicin and tremuloidin
were detected in low amounts in fresh leaves. So far, we do not know if salicin
is a precursor of salicortin and tremulacin, but earlier phenological and ontoge-
netic screening of willow leaves in our laboratory indicates that salicin is a real
component and not simply induced by decomposition of higher molecular mass
salicylates. This is consistent with the results of Meier (1988) and Shao (1991),
who have reported 0.1–1.6% of salicin in Central EuropeanS. purpurealeaves,
and Thieme and Benecke (1970), who detected 1–2% of salicin inP. tremuloides
leaves. Our results disagree with the findings of Orians (1995) and Lindroth and
Koss (1996), who did not detect salicin inS. sericeaandP. tremuloidesleaves.

In our study we used fully expanded, mature, undamaged leaves that had
a moderately low water content (59.22± 0.34%). We found that fresh analyses
should be made whenever possible. However, if analytical procedures necessitate
sample preservation, then desiccation at room temperature and freeze-drying at
low temperature, preferably without prefreezing, are the best methods for mature
willow leaves.
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KEINÄNEN, M., and JULKUNEN-TIITTO, R. 1996. Effect of sample preparation method on birch (Betula
pendulaRoth) leaf phenolics.J. Agric. Food Chem.44:2724–2727.

LAVOLA , A., JULKUNEN-TIITTO, R., APHALO, P., DE LA ROSA, T., and LEHTO, T. 1998. The effect of
UV-B radiation on UV-absorbing secondary metabolites in birch seedlings grown under simulated
forest soil.New Phytol.137:617–621.

LINDROTH, R. L., and PAJUTEE, M. S. 1987. Chemical analysis of phenolic glycosides: art, fact, and
artifacts.Oecologia74:144–148.

LINDROTH, R. L., and KOSS, P. A. 1996. Preservation of Salicaceae leaves for phytochemical analyses:
Further assessment.J. Chem Ecol.22:765–771.

MARKHAM , K. R. 1982. Techniques of Flavonoid Identification. Academic Press, London, pp. 15–16.
MEIER, B. 1988. Analytik, chromatographisches Verhalten und potentielle Wirksamkeit der In-

haltsstoffe salicylathaltiger Arzneipflanzen Mitteleuropas. Habilitationschrift, ETH, Z¨urich.
MEIER, B., JULKUNEN-TIITTO, R., TAHVANAINEN , J., and STICHER, O., 1988. Comparative high-

performance liquid and gas–liquid chromatographic determination of phenolic glucosides in Sal-
icaceae species.J. Chromatogr.442:175–186.

ORIANS, C. M. 1995. Preserving leaves for tannin and phenolic glycoside analyses: A comparison of
methods using three willow taxa.J. Chem. Ecol.21:1235–1243.

PEARL, I. A., and DARLING, S. F. 1970. Phenolic extractives ofSalix purpureabark.Phytochemistry
9:1277–1281.

PORTER, L. J., HRSTICH, L. N., and CHAN, B. G. 1986. The conversion of proanthocyanidins and
prodelphinidins to cyanidins ans delphinidins.Phytochemistry25:223–230.

SHAO, Y. 1991. Phytochemischer Atlas der Schweizer Weiden. Dissertation ETH. Nro. 9532. Zurich.
TAHVANAINEN , J., JULKUNEN-TIITTO, R., and KETTUNEN, J. 1985. Phenolic glycosides govern the food

selection pattern of willow feeding leaf beetles.Oecologia67:52–56.
THIEME, H. 1965. Die Phenolglycoside der Salicaceen.Pharmazie20:570–574.
THIEME, H., and BENECKE, R. 1970. Die Phenolglycoside der Salicaceen. 7. Mitteilung:Über die
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Abstract—The lepidopteran genusSaturniahas three representatives in North
America,S. walterorum,S. mendocino, andS. albofasciata. (E4,Z9)-Tetradecadi-
enal (E4,Z9–14 : Ald) was identified as a sex pheromone component for all three
species by combinations of coupled gas chromatography–electroantennogram
detection (GC-EAD), GC–mass spectrometry (MS), and field trials. In field tri-
als, all three species were strongly attracted to (E4,Z9–14 : Ald) as a single
component. Small amounts of (Z)-9-tetradecenal (Z9–14 : Ald) also were found
in extracts of all three species, but blends of this compound withE4,Z9–14 : Ald
were no more attractive to male moths thanE4,Z9–14 : Ald alone. Extracts of
pheromone glands of femaleS. walterorumoccasionally contained a third, trace
compound eliciting responses from male antennae in GC-EAD experiments, but
this compound was not identified. It is suggested that the three species can use
the same, single component as a sex attractant because the flight period ofS. al-
bofasciata(fall) is different than that of the other two species (spring), whereas
the geographic distributions ofS. mendocinoandS. walterorumoverlap over
only small portions of their ranges. Furthermore, the latter two species readily
hybridize, so there may be minimal fitness cost to cross-attraction.

Key Words—(4E,9Z)-tetradecadienal, (Z)-9-tetradecenal,Saturniaspp., pheromone.

*To whom correspondence should be addressed. e-mail: jocelyn.millar@ucr.edu

791

0098-0331/01/0400-0791$19.50/0C© 2001 Plenum Publishing Corporation



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-297464 March 16, 2001 14:33 Style file version Nov. 19th, 1999

792 MCELFRESH, MILLAR , AND RUBINOFF

INTRODUCTION

The genusSaturnia(Lepidoptera: Saturniidae) is represented by three species in
the New World,Saturnia mendocinoBehrens,S. walterorumHogue and Johnson,
andS. albofasciata(Johnson), all of whose distributions and biologies have been
described by Tuskes et al. (1996). All three species are univoltine.S. mendocino
andS. walterorumare sister species that are found in both montane and coastal
chaparral plant communities, whereasS. albofasciatais restricted to montane cha-
parral.S. mendocinoranges from central California to Oregon and is found in
both the coastal and Sierra Nevada mountain ranges, whereasS. walterorumis
found from southern California to northern Baja California, Mexico. The ranges
of the latter two species overlap in San Luis Obispo and Monterey counties of
California. The range ofS. albofasciataspans that of the other two species, and it
is found at higher elevations from northern California to northern Baja California,
Mexico. Adults ofS. mendocinoandS. walterorumemerge from February through
May and are diurnally active. In contrast,S. albofasciataflies from mid-October
to mid-November, with males being active in the late afternoon until dusk, and
females ovipositing just after sunset. Eggs of all three species are laid singly or in
small clusters on the larval hosts, which include manzanita (Arctostaphylosspp.
Adanson) and madrone (Arbutus menziesiiPursh) forS. mendocino, manzanita
(Arctostaphylosspp.) and laurel sumac (Malosma laurinaNuttall) for S. wal-
terorum, and severalCeanothusspp. L. andCercocarpos betuloidesNuttall for
S. albofasciata(Tuskes et al., 1996). Eggs ofS. mendocinoandS. walterorum
hatch in approximately three weeks, whereas those ofS. albofasciataoverwinter
and hatch the following spring. Larvae of all three species develop through the
spring, spin silk cocoons on or near the host, and subsequently emerge in the fall
of that year forS. albofasciata, or in the spring of the following year for the other
two species.

In conjunction with an ongoing study of sex attractant pheromones of sat-
urniid moth species in the western United States, we undertook a study of the sex
pheromone chemistry of these threeSaturniaspp. We describe here the identifi-
cation and field testing of (E4,Z9)-tetradecadienal (E4,Z9–14 : Ald) as a female-
produced sex pheromone component for all three species.

METHODS AND MATERIALS

Insects

Pupae ofS. mendocinowere obtained from a culture maintained by one
of the authors (D.R.) at the Division of Insect Biology, University of Califor-
nia, Berkeley, California. This culture had been outcrossed frequently by mating
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laboratory-reared females with wild males collected from several northern Cali-
fornia counties, so as to maintain the vigor of the laboratory colony. Specimens
of S. walterorumwere obtained from C. Conlan and were from cultures that orig-
inated in San Diego County, California. Larvae of both species were reared on cut
bouquets of natural hosts in water or in nylon sleeves directly upon living plants.
Cocoons were kept outdoors in screen cages (approx. 30 cm square) in the shade
until adult emergence. Freshly emerged adults were separated by sex and were
either used immediately for preparation of pheromone gland extracts (females) or
for electroantennograms (males’ antennae), or were held at 4–10◦C in glassine
envelopes for up to one week. Storing at cool temperatures was necessary because
the nonfeeding adult moths typically live less than one week.

A few pupae ofS. albofasciatawere obtained from C. Conlan, and these
produced a single female and several males. Further males used in GC-EAD studies
were collected from field sites, usingE4,Z9–14 : Ald lures to attract them (see
below).

Extraction of Sex Pheromone Glands

Sex pheromone glands were removed from 1- to 4-day-old calling virgin fe-
males. The gland was extruded by applying gentle pressure to the abdomen to
evert the ovipositor, and the terminal abdominal segments were excised into a
0.25-ml conical glass vial insert containing∼30 µl pentane. Care was taken to
avoid contamination of the samples with the dark-colored material that was abun-
dant in the abdomen, which may be used to glue eggs to the host plant. The glands
were extracted for 2–20 min, and the extract was transferred to a clean insert,
with two rinses with 1 drop of pentane. Extracts were concentrated by passive
evaporation as needed prior to analysis. If not used immediately, extracts were
stored at−20◦C. Approximately 20 extracts of femaleS. walterorumwere ob-
tained, whereas fewer than 10S. mendocinofemale extracts and only a single
S. albofasciataextract were available.

Gas Chromatography

GC analyses were conducted with Hewlett-Packard 5890A or 5890 Series II
gas chromatographs (H-P= Agilent, Palo Alto, California), with helium carrier
gas, in splitless mode. Columns and programs used to analyze female extracts
of S. walterorumincluded DB-225 (J&W Scientific, Folsom, California; 30 m×
0.26 mm ID, 0.25-µm film, 100◦C/0 min, 15◦C/min to 130◦C/0 min, 3◦C/min to
175◦C/0 min, then 20◦C/min to 220◦C for 60 min), DB-WAX (J&W Scientific;
30 m× 0.32 mm ID, 0.25-µm film, 100◦C for 1 min, 5◦C/min to 240◦C for 10 or
more min), DB-5 (J&W Scientific; 30 m× 0.25 mm ID, 0.25-µm film, 100◦C for
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1 min, 5◦C/min to 275◦C for 60 min).S. mendocinoextracts were analyzed on the
DB-225 column as described above. Extracts also were analyzed by coupled GC-
EAD (see below). Tentative identifications were made by comparison of retention
times of compounds in extracts to those of synthetic standards.

Coupled Gas Chromatography–Electroantennography (GC-EAD)

Antennae from maleS. mendocino(N = 3) were stimulated with standards
of theE andZ isomers of each of the monounsaturated tetraenals with the double
bond in positions 3–12. One-microliter aliquots containing approx. 50 ng of a given
standard in hexane were injected in random order onto a DB-5 column (30 m×
0.32 mm, 0.25-µm film) in split mode with a 20 : 1 split ratio, run isothermally at
200◦C. Antennal response peak heights were measured to the nearest 0.5 mm, then
analyzed using two-way analysis of variance of the log transformed data followed
by a Student-Neumann-Keuls means separation test. Because these standards were
the products of microscale oxidations and partial purifications, their concentrations
varied. Concentrations of individual samples were adjusted to keep the amount of
each compound injected within a twofold range, but no further compensation was
made for variability in amounts injected because antennal responses were relatively
insensitive to variations in the quantity injected. For example, halving the amount
of Z9–14 : Ald injected resulted in only a 27% reduction in antennal response.

Aliquots of pheromone gland extracts from females and synthetic standards
were analyzed by splitless coupled GC-EAD, using an H-P 5890 series II GC
equipped with a DB-5 column (30 m× 0.32 mm ID, 0.25-µm film, 100◦C/1 min,
5◦C/min to 150◦C/5 or 10 min, then 25◦C/min to 275◦C/30 min forS. waltero-
rum and S. mendocino, and 100◦C/1 min, then 10◦C/min to 275◦C/25 min for
S. albofasciata), using an injector temperature of 250◦C. The column effluent was
split equally with a press-fit Y-connector (J&W Scientific) into two branches of
0.25-mm-ID, uncoated fused silica tubing, with one branch going to the GC flame
ionization detector (FID), and the other being directed through a heated trans-
fer line (275◦C) to a 15-mm-diameter glass stimulus delivery tube. The capillary
effluent was diluted with humidified air (400 ml/min) and passed over the male
moth antennal preparation (see below). The moth antenna was suspended between
glass capillary electrodes filled with modified Locke’s saline (7.5 g NaCl, 0.21
CaCl2, 0.35 g KCl, 0.20 g NaHCO3 in 1 liter distilled water) (Humason, 1972)
or Kaissling’s saline (Kaissling and Thorson, 1980), with electrical contact to the
custom-built amplifier made with AgCl-coated silver wires. The amplifier and FID
outputs were simultaneously recorded on a matched pair of H-P 3394 recording
integrators.

Male antennae were removed using fine forceps to firmly hold the scape and
pull the antenna free of the head, without crushing the scape. The terminal rami and
tip of the antenna were removed so that the end of the antenna could be placed into
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the saline-filled recording electrode. The antenna was positioned on the amplifier
mount at the end of the delivery tube such that the plane of the antennal branches
was perpendicular to the air flow from the stimulus delivery tube. A single antenna
preparation could be used for several hours with periodic additions of saline.

Field Trials

Pherocon 1C sticky traps (Tr´ecé Inc., Salinas, California) were used in all
trials, with 11-mm red rubber septum lures (Wheaton Scientific, Millville, New
Jersey), loaded with heptane solutions (100µl) of test compounds, plus 2 drops
of 10 mg/ml butylated hydroxytoluene (BHT) in heptane as an antioxidant. Lures
were kept in 20-ml glass vials in a freezer or an ice-chest when not in use. Traps were
placed in areas where host plants were common. Traps were spaced approximately
8 m apart and blocks were 600 m or more apart. Traps were suspended from shrubs
at heights of 0.5–1.5 m above ground. Trapped moths were counted at irregular
intervals of 3–11 days forS. mendocinoandS. walterorum, with traps left in the
field for nearly one month in total.

S. mendocinofield trials were conducted in the western Sierra Nevada moun-
tains near Hams Station, Amador County, California in April 1997 using 10 blocks
of treatments and controls. A secondS. mendocinotrial, comparing a blend of
E4,Z9–14 : Ald andZ9–14 : Ald (100 : 10µg) to 100µg E4,Z9–14 : Ald alone,
was conducted in Del Puerto Canyon, Stanislaus County, California in March
1998.S. walterorumfield trials were conducted in late March to April 1997 with
five blocks of traps placed in the vicinity of Viejas grade near Descanso, and the
Laguna Mountains along Highway S1 between Monument peak and Kwaaymii
Point, San Diego County, California.S. albofasciatafield trials were conducted
in November 1998 near Thomas Mountain, Riverside County, California. A sin-
gle block of traps was used, consisting of three traps baited with 100µg E4,Z9–
14 : Ald and three traps baited with blank controls. Traps were left in place for one
day, after which time the treatment trap bottoms were completely covered with
male moths and so further testing was discontinued.

For the purposes of statistical analysis, a replicate consisted of a single block,
and counts for a particular treatment in a given block were pooled to eliminate
day effects. Trap catches were analyzed using two way analysis of variance of the
square root (x+ 0.5) transformed counts.

Synthesis of Authentic Standards

Standards of tetradecenals with the double bonds at carbons 3–12 were pre-
pared by oxidation of samples of the corresponding alcohols, obtained from the
Research Institute for Plant Protection, Wageningen, The Netherlands, with excess
pyridinium dichromate in methylene chloride for 2 hr (Corey and Suggs, 1979).
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The reaction mixtures were diluted with 10 volumes of pentane, then vortexed
for 30 sec. The precipitate was allowed to settle, and the supernatant solutions
were filtered through 2.5-cm plugs of Celite. The resulting solutions were used
immediately for electroantennogram studies as described above.

4,9-Tetradecadienals

Proton NMR spectra were taken on a General Electric QE-300 instrument
(300 MHz), as CDCl3 solutions. Electron impact mass spectra (70 eV) were taken
with a Hewlett-Packard 5970B mass selective detector interfaced to a 5890 gas
chromatograph fitted with a DB-5MS column (20 m×0.2 mm ID, J&W Scientific).
Mass spectra are reported asm/z (abundance). All reactions were carried out in
oven-dried glassware. THF was purified by distillation from sodium benzophenone
ketyl under nitrogen. Unless otherwise specified, worked up reaction mixtures
were dried with anhydrous Na2SO4 and concentrated by rotary evaporation under
reduced pressure. Flash chromatography (Still et al., 1978) and vacuum liquid
chromatography (Coll and Bowden, 1986) were carried out with 230 to 400-mesh
silica gel (Aldrich Chemical Co.).

Synthesis of (E4,Z9)-Tetradecadienal (Scheme 1)

1-Bromonon-4-yne(3). Butyllithium (42.5 ml of 2.5 M solution in hexanes,
110 mmol) was added dropwise over∼20 min to an icebath-cooled solution of
1-hexyne1 (8.2 g, 100 mmol) in THF (100 ml) under Ar. The mixture was stirred
20 min, then warmed to room temperature, and 1,3-dibromopropane2 (12.2 ml,
120 mmol) was added dropwise. The mixture was warmed to 55◦C for 24 hr,
then cooled and quenched with water (250 ml). The mixture was extracted with
hexane, and the hexane extracts were washed with brine, dried, and concentrated,
yielding a mixture of unreacted starting material, the desired bromide3, and the
alkadiyne from coupling at both ends of 1,3-dibromopropane (16 : 66 : 12 by
GC). The residue was slowly Kugelrohr distilled, yielding 20.11 g of a purified
monobromide fraction, oven temperature 55–60◦C (0.4 mm Hg). NMR:δ 3.54

SCHEME 1
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(t, 2H, J= 6.9 Hz), 2.34 (tt, 2H,J= 6.7, 2.1 Hz), 2.15 (tt, 2H,J= 6.7, 2.3 Hz),
2.02 (quint, 2H,J = 6.6 Hz), 1.52–1.35 (m, 4H), 0.91 (t, 3H,J = 6.9 Hz). MS:
m/z202/204 (1/1, M+), 174/176 (8/7), 132/134 (31/30), 123 (5), 107 (8), 95 (67),
81 (99), 79 (58), 77 (49), 67 (78), 53 (69), 41 (100).

(Z)-1-Bromo-4-nonene(4). Cyclohexene (8.3 ml, 82 mmol) was added drop-
wise to BH3-dimethylsulfide complex (4.0 ml, 40 mmol) in 50 ml of THF at 0◦C
under Ar. The mixture was warmed to room temperature for 2 hr, then cooled to
0◦C again, followed by dropwise addition of 4.06 g (20 mmol) of bromoalkyne
3 to the white slurry. The mixture was warmed to room temperature, stirred 2 hr,
then cooled in an icebath while glacial acetic acid (16 ml) was added. The mixture
was stirred overnight, then cooled in an icebath during sequential slow addition of
5 M NaOH (60 ml) and 30% H2O2 (16 ml; Caution: Exothermic). The resulting
mixture was diluted with water, extracted twice with hexane, and the hexane ex-
tracts were washed with brine, dried, and concentrated. The more volatile fraction
of the residue (∼4 g) was removed by careful Kugelrohr distillation, oven temper-
ature 30–35◦,∼0.4 mm Hg. The remaining liquid (∼6 g) was purified by vacuum
flash chromatography in a 150-ml sintered glass funnel, eluting with hexane. The
purified bromoalkene was Kugelrohr distilled (oven temperature∼50◦C, 0.4 mm
Hg), yielding 2.22 g of4 as a colorless oil. The yield was not optimized, and the
volatile fraction removed before chromatography contained approx. 25% of the
bromoalkene. NMR:δ 5.49–5.62 (m, 2H), 3.42 (t, 2H,J= 6.5 Hz), 2.20 (br. quart,
2H,J= 7.3 Hz), 2.1–2.0 (m, 2H), 1.92 (quint, 2H,J= 6.9 Hz), 1.4–1.28 (m, 4H).
MS: m/z204/206 (4/4, M+), 162/164 (4/4), 148/150 (9/9), 135 (4), 109 (4), 95 (9),
83 (20), 81 (21), 69 (46), 55 (78), 41 (100).

(Z)-9-Tetradecen-4-yn-1-ol(6). Butyllithium (6.4 ml of a 2.5 M solution
in hexanes; 16 mmol) was added to a solution of THP-protected pentynol5
(2.54 g, 15 mmol) in THF (25 ml) at−10◦C, under Ar. The solution was stirred
20 min, followed by sequential addition of 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone (DMPU, 8 ml) and bromoalkene4 (2.05 g, 10 mmol). The reaction
was warmed to room temperature and stirred overnight, then poured into water
and extracted with hexane. The hexane extract was washed with dilute HCl, water,
and brine; dried; and concentrated. The residue was taken up in 25 ml MeOH, and
p-toluenesulfonic acid was added until the solution became acidic to moistened
litmus paper. The mixture was stirred at room temperature until the transacetaliza-
tion reaction was complete (∼2 hr), the reaction was quenched by addition of 1 g
NaHCO3, and the solvent was removed on a rotary evaporator. The residue was
partitioned between hexane and water, and the hexane extract was washed with
brine, dried, and pumped under vacuum (0.1 mm Hg) to remove the THP methyl
ether byproduct. The crude enynol6 (96% pure by GC) was used without further
purification. NMR:δ 5.46–5.28 (m, 2H), 3.77 (t, 2H,J = 6.1 Hz), 2.29 (tt, 2H,
J= 6.8, 2.3 Hz), 2.19–1.95 (m, 6H), 1.75 (quint, 2H,J= 6.4 Hz), 1.54 (quint, 2H,
J= 7.3 Hz), 1.39–1.25 (m, 4H), 0.91 (t, 3H,J= 6.9 Hz). MS:m/z 164 (2), 149
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(8), 137 (16), 121 (17), 119 (18), 108 (44), 107 (21), 105 (22), 93 (49), 91 (50),
79 (61), 67 (59), 55 (65), 41 (100).

(E4,Z9) -Tetradecadienol(7). LiAlH 4 (2 g, 53 mmol) was added in portions
to an ice-cooled mixture of dry diglyme (20 ml) and THF (2.5 ml) under Ar. When
the vigourous foaming had subsided, 2 g of the crude enynol6 (∼9.6 mmol) in
5 ml diglyme was added to the thick slurry. When the foaming had subsided,
the mixture was heated to 110◦C overnight. The next morning, the mixture was
cooled to 0◦C, then hexane (150 ml) was added, followed sequentially by cautious
dropwise addition of 2.1 ml water (Foams!), 1.6 ml 20% NaOH, and 7.5 ml water.
The mixture was stirred for 15 min to allow the precipitate to granulate, then
the hexane layer was decanted, and the residue was rinsed several times with
aliquots of hexane. The combined hexane solutions were washed several times
with water and once with brine, then dried and concentrated. The residue was
purifed by flash chromatography (2.5× 25 cm), eluting with a stepwise gradient of
15–25% EtOAc in hexane. The purifed product was Kugelrohr distilled (bp∼80◦C
at 0.1 mm Hg), yielding 1.1 g of (E4,Z9)-tetradecadienol7. NMR: δ 5.48–5.41 (m,
2H), 5.41–5.32 (m, 2H), 3.66 (t, 2H,J= 6.5 Hz), 2.12–1.94 (m, 8H), 1.64 (quint,
2H, J = 6.9 Hz), 1.40 (quint, 2H,J = 7.5 Hz), 1.36–1.25 (m, 4H), 0.91 (t, 3H,
J= 6.9 Hz). MS:m/z210 (trace, M+), 138 (5), 135 (4), 121 (6), 110 (9), 95 (22),
82 (25), 81 (50), 79 (59), 67 (61), 55 (62), 41 (100).

(E4,Z9)-Tetradecadienal(8). Dienol7 (0.42 g, 2 mmol) was added to a slurry
of pyridinium dichromate (2.26 g, 6 mmol) and powdered 3Å molecular sieve (2 g)
in CH2Cl2 (12 ml) (Herscovici et al., 1982). The mixture was stirred vigourously
for 30 min, then diluted with 50 ml hexane. After stirring for 5 min, the mixture
was filtered, decolorized with∼2 cc decolorizing charcoal, filtered again, and
concentrated. A few milliliters of toluene were added to the residue, which was
concentrated again to azeotrope out traces of pyridine. The clear liquid was then
Kugelrohr distilled (oven temperature 80–105◦C, 0.1 mm Hg), yielding 325 mg
of aldehyde8, >98% pure by GC. The aldehyde was diluted with hexane to a
concentration of 20 mg/ml, butylated hydroxytoluene was added (∼10 mg), and
the solution was stored at−20◦C under N2. NMR: δ 9.77 (t, 1H,J = 1.2 Hz),
5.54–5.28 (m, 4H), 2.50 (tt, 2H,J= 6.9,1.2 Hz), 2.34 (br. quart., 2H,J= 6.5 Hz),
2.0 (m, 6H), 1.46–1.28 (m, 6H), 0.91 (t, 3H,J= 7.0 Hz). MS:m/z208 (trace, M+),
164 (3), 151 (2), 135 (3), 121 (4), 110 (10), 95 (19), 82 (33), 81 (34), 67 (60), 55
(71), 41 (100).

Synthesis of (Z4,Z9)-Tetradecadienal(11) (Scheme 2)

4,9-Tetradecadiynol(9). Butyllithium (10 ml of 2.5 M solution in hexanes,
25 mmol) was added dropwise to an icebath-cooled solution of 4-pentyn-1-ol THP
ether5 (4.2 g, 25 mmol) in 25 ml THF under Ar. The mixture was stirred 10 min,
then bromoalkyne3 (5.1 g, 25 mmol) was added. The mixture was warmed to
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SCHEME 2

55◦C and stirred overnight. GC analysis showed considerable quantities of starting
material remaining. However, further heating resulted in no change in the product–
starting material ratio so the mixture was worked up by quenching with water
and extracting with hexane. The hexane extracts were washed with brine, dried,
and concentrated. The residue was transacetalated by treatment with MeOH and
PTSA as described above. The crude diynol9 (3 g) was purified by vacuum flash
chromatography in a 150-ml sintered glass funnel, eluting with 20% EtOAc in
hexanes. The purified alcohol was Kugelrohr distilled (oven temperature∼100–
120◦C, 0.1 mm Hg), yielding 2.1 g of clear oil. NMR:δ 3.76 (t, 2H,J= 6.2 Hz),
2.33–2.22 (m, 6H), 2.14 (tt, 2H,J = 7.0, 2.1 Hz), 1.74 (quint, 2H,J = 6.3 Hz),
1.67 (quint, 2H,J = 7.0 Hz), 1.52–1.33 (m, 4H), 0.91 (t, 3H,J = 7.1 Hz). MS:
m/z 177 (3), 163 (35), 150 (11), 135 (16), 131 (14), 119 (27), 117 (29), 105 (40),
91 (100), 79 (57), 67 (41), 55 (45), 41 (94).

(Z4,Z9)-Tetradecadienol(10). Ni(OAc)2 · 4H2O (150 mg, 0.6 mmol) was
dissolved in 20 ml 95% EtOH (Brown and Ahuja, 1973). The solution was purged
with Ar, then 0.6 ml of a filtered 1 M solution of NaBH4 (prepared by dissolving 0.2
g NaBH4 in 4.75 ml EtOH and 0.25 ml 2 M aq. NaOH) was added by syringe. After
bubbling ceased, the reaction vessel was flushed with H2 and maintained under H2
for the duration of the reduction. Ethylene diamine (0.1 ml) was added, followed
5 min later by addition of diynol (1.04 g, 5 mmol). The mixture was stirred 2 hr,
monitoring by GC, then poured into 300 ml of 0.2 M HCl and extracted with hexane.
The hexane extracts were washed with water and brine, dried, concentrated and
Kugelrohr distilled (oven temperature∼110–120◦C, 0.1 mm Hg), yielding 0.85 g
of dienol10. NMR: δ 5.48-5.33 (m, 4H), 3.67 (t, 2H,J= 6.5 Hz), 2.12 (br. quart,
2H, J = 7.5 Hz), 2.10–1.98 (m, 6H), 1.64 (quint, 2H,J = 7.0 Hz), 1.42 (quint,
2H, J= 7.6 Hz), 1.38–1.28 (m, 4H), 0.91 (t, 3H,J= 6.8 Hz). MS:m/z210 (trace,
M+), 138 (5), 135 (4), 121 (8), 110 (8), 95 (27), 82 (27), 81 (49), 79 (58), 67 (65),
55 (70), 41 (100).

(Z4,Z9)-Tetradecadienal(11). (Z4,Z9)-tetradecadienol10 (20 mg) was oxi-
dized to the aldehyde as described above for theE4,Z9-isomer. The crude aldehyde
11 was purified by passage through a short column of silica gel in a disposable
pipet, eluting with ether. NMR:δ 9.78 (t, 1H,J = 1.4 Hz), 5.49–5.29 (m, 4H),
2.50 (tt, 2H,J= 7.3,1.3 Hz), 2.38 (br quart, 2H,J= 7.0 Hz), 2.11–1.99 (m, 6H),
1.48–1.20 (m, 6H), 0.91 (t, 3H, J= 7.0 Hz).
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Scrambling of Double Bonds of (Z4,Z9)-Tetradecadienol(Sonnet, 1974).
(Z4,Z9)-tetradecadienol10(0.21 g, 1 mmol) was mixed with 52µl 2M aq. NaNO2

and 36µl 6M HNO3 in a heavy-wall conical bottomed vial, and the mixture was
flushed with Ar, sealed, and heated 45 min at 75◦C with stirring. The cooled mix-
ture was extracted with hexane, and the hexane solution was washed with dilute
NaHCO3, water, and brine; simultaneously dried and decolorized with a mixture
of charcoal and anhyd. Na2SO4; filtered; and concentrated. The crude mixture was
used in the next step.

4,9-Tetradecadienal Isomer Mixture. The mixture of 4,9-tetradecadienol iso-
mers was oxidized as described above for (E4,Z9)-tetradecadienal. In GC analyses
of the two pure isomers and the scrambled mixture, all four isomers were dis-
tinguishable on the DB-5 and DB-Wax columns using a 5◦C/min temperature
program. The isomers were identified by comparison with the two authentic stan-
dards (Z4,Z9 andE4,Z9), and on the assumption that the most abundant isomer in
the scrambled mixture would be the most thermodynamically stableE4,E9-isomer.
By elimination, the fourth isomer wasZ4,E9–14 : Ald.

RESULTS

Pheromone gland extracts of females contained only a single compound that
elicited large and consistent responses from male antennae in coupled GC-EAD
experiments, for all three species (Figure 1). The compound was the same for all

FIG. 1. Coupled gas chromatogram–electroantennograms of pheromone gland extracts
from single females and antennae from males of : (A)Saturnia walterorum, (B) S. mendo-
cino, and (C)S. albofasciata. Column: DB-5 (30 m× 0.32 mm, 0.25-µm film; program
for S. walterorum, 100◦C for 0 min, 15◦C/min to 275◦C for 25 min; forS. mendocino,
100◦C for 1 min, 15◦C/min to 150◦C for 5 min, then 25◦C/min to 275◦C for 40 min; for
S. albofasciata, 100◦C for 1 min, 10◦C/min to a final temperature of 275◦C for 25 min. The
maleS. albofasciatawas field collected using a lure containingE4,Z9–14 : Ald at Thomas
Mountain, Riverside County, California.
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three species, based on identical retention times on polar and nonpolar columns.
On a nonpolar DB-5 column, the retention time was slightly shorter than that of a
Z9–14 : Ald standard. Furthermore, during preliminary trials to determine the reten-
tion characteristics of the antennal stimulatory compound on various GC columns,
it was discovered that theZ9–14 : Ald standard elicited strong responses from
male moth antennae, providing circumstantial evidence that the insect-produced
compound was probably a 14-carbon aldehyde, possibly with a double bond in
the 9 position. The fact that the retention time of the insect-produced compound
was slightly shorter than that ofZ9–14 : Ald eliminated the possibility that the
compound might be anα, β-unsaturated aldehyde or a conjugated dienal, because
both of these structural units result in significant increases in retention times on
DB-5 columns versus a monoenal (Marques et al., 2000). The mass spectrum also
suggested a C14 dienal, with a small molecular ion atm/z 208, a small ion atm/z
190 from loss of water from the M+ ion, and abundant ions atm/z 67 (100%),
81 (70%), 95 (43%), and 110 (30%), characteristic of unsaturated hydrocarbon
fragment ions.

Further GC-EAD studies were carried out with the complete series of (Z)-
and (E)-tetradecenal isomers with double bonds in the C3 to C12 position, using
S. mendocinoas the test species. These experiments provided compelling evidence
for aZ double bond at C9, with male moth antennae being strongly stimulated by
theZ9–14 : Ald standard (Figure 2). However, the slightly shorter retention time
of the insect-produced compound (10.32 min) versus theZ9–14 : Ald standard
(10.62 min) on the nonpolar DB-5 column, and the slightly longer retention time
(11.35 min) versusZ9–14 : Ald (11.19 min) on a polar DB-225 column suggested
the presence of a second, unconjugated double bond. The most likely position
and geometry appeared to beE4, based on the GC-EAD trials with tetradecenal
standards (Figure 2), but the antennal responses toE4-14 : Ald were much smaller
than those to theZ9–14 : Ald standard. On the assumption that alkenes with double
bonds in the 7, 8, 10, and 11 positions could be excluded because this would result
in conjugated dienes with significantly longer retention times than the monoenes;
a second analysis of treatments 3, 4, 5, 6, and 12 (Figure 2) showed that response
to E4–14 : Ald was significantly larger than the responses elicited by the other
possible isomers with double bonds at positions 3, 5, 6, and 12.

Comparison of the retention times of authenticE4,Z9–14 : Ald on polar and
nonpolar GC columns with those of the other three stereoisomers confirmed that
E4,Z9–14 : Ald was the isomer in the female extracts of all three species. On
DB-5 all four isomers were resolved using a 5◦C/min ramp (ZZ= 15.47,ZE=
15.51,EZ= 15.59, andEE= 15.72 min), and an exact retention time match with
E4,Z9–14 : Ald was obtained upon coinjection of standards and anS. walterorum
female extract. On DB-Wax, all four isomers also were resolved (ZE = 10.89,
ZZ = 10.94,EZ = 11.02, andEE = 11.11 min), and the retention time of the
insect-produced compound exactly matched that ofE4,Z9–14 : Ald. Final proof of
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FIG. 2. Mean (±SE) electroantennographic responses from antennae of three maleS. men-
docino to monounsaturated tetradecenals. Data were analyzed first by two-way ANOVA
of all data points (log10 x + 1 transformed) (bond position effect,F = 20.55,df = 19,38,
P < 0.0001; for male effectF = 9.91,df = 2,38,P = 0.0003) followed by a Student-
Neuman-Kuels means separation test (α = 0.05); bars surmounted by different lowercase
letters were significantly different. Second, the data were reanalyzed, assuming that one
double bond was at C-9, and that the compound was not conjugated or an allene, so that
only the C-3–C-6 and the C-12 positions were included in the two-way ANOVA (for bond
position effectF = 13.4,df= 8,26, P < 0.0001; for male effectF = 26, df= 2,26,P=
0.0001) and Student-Neuman-Kuels means separation test (α = 0.05, bars surmounted by
different uppercase letters are significantly different).

the structure was obtained from match-up of the electron impact mass spectrum of
the compound with that of the standard and by the strong responses of male moths
to E4,Z9–14 : Ald in field trials.

In addition to the dienal, pheromone gland extracts of all three species con-
tained small amounts ofZ9–14 : Ald (compound 2 in Figure 1A–C). The antennal
responses to this compound were not resolved from those of the slightly earlier
elutingE4,Z9–14 : Ald. The identification was confirmed by matching of reten-
tion times on three GC columns, and matching of the mass spectra with that of an
authentic standard. Although the molecular ion atm/z210 was not seen, there was
a significant ion atm/z 192 from loss of water from the parent ion. Furthermore,
match-up of retention times on both DB-5 and DB-Wax columns excluded all
other monoene aldehyde positional and geometrical isomers from consideration
(Marques et al., 2000). The relative amount ofZ9–14 : Ald as a percentage of
E4,Z9–14 : Ald forS. walterorumwas 9.7± 2.6 % (mean of eight single-female
extracts) and 10.9% for a four-female composite extract, whereas the amounts
found in single extracts ofS. mendocinoandS. albofasciatafemales was 9.3%
and 19.5%, respectively.
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FIG. 3. Results ofS. mendocinoandS. walterorumfield trials using blends ofE4,Z9–14 : Ald
(100µg) andZ9–14 : Ald as trap lures.S. mendocinofield trials were conducted in Amador
County, California from April 27 to May 10, 1997, with a total of 381 moths trapped. Two-
way ANOVA for Z9–14 : Ald dose effect,F= 2.733,df= 4,16,P= 0.0633, for block effect,
F= 0.909,df= 4,16;P= 0.4824.S. walterorumfield trials conducted in San Diego County,
California from March 27 to April 24, 1997, total of 149 moths trapped. Two-way ANOVA
for Z9–14:Ald dose effect,F = 0.128,df= 4,16;P= 0.9702, for block effect,F = 4.203,
df= 4,16;P= 0.0163.

A second EAD response was seen sporadically to a trace component in
S. walterorumextracts. This compound was not identified, but comparisons of
its retention time on a DB-5 column with those of standards determined that it
was possiblyE4,Z9–14 : OH or a geometrical isomer, a compound that might be
expected to be present as a precursor toE4,Z9–14 : Ald.

Field Trials. Sticky traps baited with syntheticE4,Z9–14 : Ald (100µg) were
attractive to maleS. mendocinoand S. walterorummoths (Figure 3). For both
species, addition ofZ9–14 : Ald did not significantly increase the attractiveness of
blends relative to the diene alone. These results were corroborated forS. mendocino
in a subsequent field trial in Del Puerto Canyon, in which there was no difference
in attractiveness between baits containingE4,Z9–14 : Ald alone and baits with
a 10 : 1 blend ofE4,Z9–14 : Ald+ Z9–14 : Ald (2-way ANOVA, for blend
effect:F = 0.0101,df= 1,9,P= 0.9221, for block effectF = 1.2018,df= 9,9,
P= 0.3944, based on totals of 100 moths in the treatment withZ9–14 : Ald, and
90 moths in the treatment withoutZ9–14 : Ald). Thus, the available data suggest that
Z9–14 : Ald is not a pheromone component for these two species.

In a single field trial withS. albofasciata, three traps baited withE4,Z9–14 :
Ald (100µg) caught a total of 151 moths in one night whereas the control traps
caught no moths. This number may underestimate the attractiveness of the lures
because the sticky trap surfaces were completely covered with moths. In addition,
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males showed no hesitation in approaching lures, and, when in close proximity,
were observed to initiate copulatory attempts with lures, further suggesting that
the pheromone consists of a single component.

DISCUSSION

There have been few reports of 14-carbon 4,9-diene compounds as lepi-
dopteran pheromone components, and even in those few reports, details have
been sketchy. For example, Bestmann et al. (1987a) identifiedE4,Z9–14 : Ac
in pheromone gland extracts from the silk mothAntheraea pernyi, and located a
large-spiking antennal cell that was stimulated by this compound. However, the
effects of this compound on male moth behavior were not reported. A second study
by Bestmann et al. (1987b) examining the effects of differing functional groups on
the responses of single receptor cells used bothE4,Z9–14 : Ac andE4,Z9–14 : Ald,
but in neither case were the syntheses of the compounds reported. Tomida et al.
(1987) prepared all four 4,9–14 : OH isomers and tested the formate derivatives in
laboratory bioassays as mimics of E6,Z11-16 : Ald, a sex pheromone component of
the eri-silk mothPhilosamia cynthia ricini; no synthetic details were given. Other
syntheses ofE4,Z9–14 : OH (Sharma et al., 1990; Du et al., 1994) and Z4,Z9–14
: OH (Ducoux et al., 1992) have been published, but there have been no other
reports of biological activity associated with any C14 4,9-dienes as lepidopteran
pheromone components.

The numbers of moths of each of the threeSaturniaspecies available for study
varied. Pheromone gland extracts were obtained from 21 femaleS. walterorumand
five femaleS. mendocino, providing sufficient material for GC and GC-EAD anal-
yses on several columns and GC-MS studies. In contrast, only a single extract from
a femaleS. albofasciatawas obtained, due to the relative scarcity of this species
and difficulties in rearing it. This extract provided only sufficient material for
GC-EAD analysis on a DB-5 column. Nevertheless, given that the retention time
exactly matched that ofE4,Z9–14 : Ald and that all four 4,9–14 : Ald stereoiso-
mers were separable under the conditions used, there can be little doubt that
E4,Z9–14 : Ald is indeed a sex pheromone component for this species.

All three species appear to use the same, single compound as their pheromone,
leading in theory to the possibility of interspecific interference in the pheromone
channels. However, the flight period ofS. albofasciatais in the fall, whereas the
other two species fly in the spring, precluding any interference between
S. albofasciataand the other two species. Furthermore, experimental manipulation
of S. walterorumto encourage unnatural fall emergence of adults by exposing pu-
pae to an artificially lengthened cold period (November of one year until October
of the next) resulted inS. walterorummales that were attracted to and attempted to
mate withS. albofasciatafemales and vice versa (K. Wolfe and C. Conlan, personal
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communication, 2000), despite gross differences in size. No copulations occurred
due to the physical incompatibility of the two species. Nevertheless, these results
suggest that separation in time provides an effective barrier to interspecific mating
between these two species, allowing them to share the same sex pheromone with
no fitness cost. For the other two species, only small parts of their ranges overlap,
and the two species are closely related and known to hybridize (Tuskes and Collins,
1981), so the costs of cross-attraction may be minimal. Overall, it is clear that the
pheromone chemistry is highly conserved within the North American members of
the genus.

Furthermore, there are obvious parallels with the pheromone chemistry of
other members of the Saturniinae subfamily. For example, the pheromone blends
of Antherea pernyiGuérin-Méneville (Bestmann et al., 1987a) and the congeneric
A. polyphemusCramer (Kochansky et al., 1975) are reported to consist of
E6,Z11–16 : Al and the corresponding acetate, both of which contain the same
diene motif asE4,Z9–14 : Ald, but with two more carbons in the chain.E4,Z9–14 :
Ac also was reported fromA. pernyigland extracts. In another genus and tribe,
the pheromone blend ofSamia cynthia riciniDonovan consists ofE4,Z6,Z11–
16 : Ald andE4,Z6,Z11–16 : Ac, again with two of the three double bonds in the
same position relative to the nonfunctionalized end of the chain. Finally, Bestmann
et al. (1982) mentioned thatE6,Z11–16 : Ac was attractive toEudia(= Saturnia)
pavonia, but provided no further details.

In conclusion, we have presented spectroscopic, retention time, and field
trapping data that indicate that the three North AmericanSaturniaspecies share
the same sex pheromone component,E4,Z9–14 : Ald. Possible negative effects of
cross-attraction between species are largely avoided by temporal and geographic
barriers that keep the species apart in space and time.
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Abstract—In order to demonstrate that allelopathic interactions are occurring,
one must, among other things, demonstrate that putative phytotoxins move from
plant residues on or in the soil, the source, through the bulk soil to the root
surface, a sink, by way of the rhizosphere. We hypothesized that the incorpo-
ration of phytotoxic plant residues into the soil would result in a simultaneous
inhibition of seedling growth and a stimulation of the rhizosphere bacterial com-
munity that could utilize the putative phytotoxins as a sole carbon source. If true
and consistently expressed, such a relationship would provide a means of es-
tablishing the transfer of phytotoxins from residue in the soil to the rhizosphere
of a sensitive species under field conditions. Presently, direct evidence for such
transfer is lacking. To test this hypothesis, cucumber seedlings were grown in
soil containing various concentrations of wheat or sunflower tissue. Both tis-
sue types contain phenolic acids, which have been implicated as allelopathic
phytotoxins. The level of phytotoxicity of the plant tissues was determined by
the inhibition of pigweed seedling emergence and cucumber seedling leaf area
expansion. The stimulation of cucumber seedling rhizosphere bacterial commu-
nities was determined by the plate dilution frequency technique using a medium
containing phenolic acids as the sole carbon source. When sunflower tissue
was incorporated into autoclaved (to reduce the initial microbial populations)
soil, a simultaneous inhibition of cucumber seedling growth and stimulation of
the community of phenolic acid utilizing rhizosphere bacteria occurred. Thus,
it was possible to observe simultaneous inhibition of cucumber seedlings and
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stimulation of phenolic acid utilizing rhizosphere bacteria, and therefore pro-
vide indirect evidence of phenolic acid transfer from plant residues in the soil
to the root surface. However, the simultaneous responses were not sufficiently
consistent to be used as a field screening tool but were dependent upon the
levels of phenolic acids and the bulk soil and rhizosphere microbial populations
present in the soil. It is possible that this screening procedure may be useful for
phytotoxins that are more unique than phenolic acids.

Key Words—Allelopathy, bulk-soil and rhizosphere bacteria,Cucumis sativus,
Helianthus annuus, Triticum aestivum, Amaranthus retroflexus, phenolic acid
mixtures, chlorogenic acid, phytotoxicity.

INTRODUCTION

In order to establish that inhibitory plant–plant allelopathic interactions are opera-
tive in the field, one must demonstrate, among other things, that potential organic
phytotoxins released into the soil by living plants (e.g., root exudates, leachates)
or plant residues contact the roots of a sensitive plant (Willis, 1985; Blum et al.,
1999). Because of the lack of direct access to roots and the dynamic nature of
field soil processes (e.g., sorption, oxidation, microbial interconversion, polymer-
ization, and leaching of phytotoxins in soils), direct tracing of the movement of
phytotoxins from living plants or plant residues to the roots of another plant in the
soil is extremely difficult, if not impossible. Establishing that such transfer actually
occurs under field conditions is an essential step in demonstrating the existence
and importance of allelopathic interactions. At present, no definitive data on direct
transfer of phytotoxins between living roots of one plant (and/or plant residue) to
another plant root system have been obtained under field conditions. The objective
of this research was to determine if evidence for such a transfer could be obtained.

Research by Blum and Shafer (1988), Shafer and Blum (1991), and Blum et al.
(2000) suggested such a means. They observed that phenolic acid enrichments
of soils inhibited cucumber seedling growth and stimulated both bulk soil and
rhizosphere microorganisms. Of particular interest was the observed increase of
bacteria in the rhizosphere that could utilize phenolic acids as a sole carbon source.
Assuming that phytotoxic levels of phenolic acids released from plant residues in
the field would also increase phenolic acid-utilizing bacteria in the rhizosphere of
sensitive species, such increases could provide the first evidence for the transfer of
phytotoxic concentrations of phenolic acids from the bulk soil to the rhizosphere.
We, therefore, hypothesized that phenolic acids released at phytotoxic levels from
living plants or plant residues should simultaneously inhibit the growth of sensitive
plant species and stimulate phenolic acid utilizing bacteria within the rhizosphere
of sensitive species.

We initially chose to test this hypothesis in the laboratory using field grown
wheat shoot and root tissue and sunflower leaf tissue, since a variety of potential
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phytotoxins, including phenolic acids, have been identified for wheat (Chou and
Patrick, 1976; Liebl and Worsham, 1983; Barnes et al., 1986; Blum et al., 1991)
and sunflower (Armstrong et al., 1970, 1971; Hall et al., 1982, 1983; Macias et al.,
1993, 1998, 1999). Among the phenolic acids that have been identified for these
species are ferulic acid,p-coumaric acid, vanillic acid,p-hydroxybenzoic acid,
and chlorogenic acid. Since wheat and sunflower tissue phytotoxicity has been
characterized by inhibition of several weed species, including pigweed, pigweed
seedling emergence was used to characterize wheat and sunflower tissue phyto-
toxicity (Blum et al., 1997; Lehman and Blum, 1997). Simultaneous inhibition
of growth and stimulation of rhizosphere bacteria, however, was determined for
cucumber seedlings to be consistent with earlier observations of Shafer and Blum
(1991) and Blum et al. (2000).

METHODS AND MATERIALS

Plant Tissue and Soil Materials. Living wheat (Triticum aestivumL. Southern
States 555) roots and shoots were collected on May 15, 1997, and June 8 and 9,
1998, from experimental plots at the Lake Wheeler Field Laboratory, approxi-
mately 5 km south of North Carolina State University. Roots and shoots were
immediately separated, and the remaining soil was removed from freeze-dried
roots with a fine bristle brush. Sunflower leaves (Helianthus annuuscv. Black Oil)
were collected in July 1999 from plots 20 miles west of North Carolina State Uni-
versity. Freeze-dried plant tissue samples were stored in closed plastic bags at room
temperature in the dark. On May 7, 1998, Cecil Ap horizon soil material (pH 5.06,
total C= 2.24%, and total N= 0.21%) was collected from plots adjacent to the
wheat plots. This soil was sieved (2.5-mm mesh), air dried, and stored at room
temperature in the laboratory. Prior to each experiment, wheat shoot, wheat root,
and/or sunflower leaf blade tissue was ground in a Wiley mill (20-mesh screen).
A range of 0–10 mg/g soil of the plant tissue collected in 1997 and/or 1998 was
incorporated into a 150 g mixture of washed river sand and the Cecil Ap soil (2:1
sand to soil ratio, w/w).

Pigweed Seedling Emergence. Plant tissue–soil mixtures (150 g/Petri dish)
were placed into 100× 25-mm Petri dishes. Petri dishes were used to provide
sufficient surface area for planting the pigweed seeds. The dishes were seeded just
below the soil surface with 50 pigweed seeds (Amaranthus retroflexusL.; Azland
Seed Service, Leland, Mississippi), and the loosely covered Petri dishes were
placed under a light bank (140µmol/m2/sec PAR supplied by cool white florescent
bulbs, 12-hr photoperiod, room temperature). All Petri dishes were watered to
0.093 g H2O/g soil each day.

Emerging pigweed seedlings were counted each day and removed from
the Petri dishes. Lehman and Blum (1997) had previously determined that total
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seedling emergence over six days was adequate for characterizing the phytotoxicity
of wheat tissue, thus, the experiments were terminated after six days and cumula-
tive (days 1–6) seedling emergence was calculated.

Phenolic Acid Utilizing-Bacteria in Bulk Soil. Petri dishes or cup systems
(see below) containing soil and/or plant tissue–soil mixtures were placed under a
light bank (140µmol/m2/sec PAR supplied by cool white florescent bulbs, 12-hr
photoperiod, room temperature) and supplied with water to bring the water con-
tent of the soil to 0.093 g H2O/g soil each day. Soil in Petri dishes or cup sys-
tems was subsampled to determine soil moisture (100◦C) and in the presence of
soil-borne bacterial populations that could utilize phenolic acids as a sole carbon
source. Bacterial populations were determined on day 6 by the plate-dilution fre-
quency technique (Harris and Sommers, 1968). Approximately 20 g of a given
soil sample plus 30 ml of a solution containing 8.5 g/liter NaCl and 0.1% agar
were shaken on a wrist action shaker for 30 min. The resulting soil suspensions
were diluted (10-fold series) to 1× 10−9 or 1× 10−10 using the aqueous agar–
NaCl solution. Colony forming units (CFU) were determined on an agar (15g/liter)
medium composed of mineral salts (1 g/liter KH2PO4, 0.4 g/liter MgSO4·7H2O,
0.13 g/liter CaCl2·2H2O, 0.1 g/liter NaCl, 0.01 g/liter FeCl3, 0.5 g/liter KNO3),
Delvocid (0.05g/liter natamycin, an antimycotic; G B Fermentation Industries,
Inc. Charlotte, North Carolina), and a 0.5 mM phenolic acid mixture composed
of 0.071 mM caffeic, ferulic,p-coumaric,p-hydroxybenzoic, sinapic, syringic,
and vanillic acids, or a 0.5 mM phenolic acid mixture composed of 0.125 mM
ferulic, p-coumaric,p-hydroxybenzoic, and vanillic acids. Inoculated plates were
incubated in the dark in closed plastic bags at 30◦C. CFU were determined after
six or seven days of bacterial growth.

Cucumber Seedling Growth and Phenolic Acid-Utilizing Bacterial Popu-
lations in the Rhizosphere. Cucumber seeds (Cucumis sativuscv. Early Green
Cluster; Wyatt Quarles Seed Company, Raleigh, North Carolina) were germinated
in the dark at 30◦C in a tray containing vermiculite and distilled water. After 48 hr,
seedlings were transferred to a light bank (140µmol/m2/sec PAR supplied by cool
white florescent bulbs, 12-hr photoperiod, room temperature). After 48 hr in the
light bank, seedlings were transplanted into cups containing 150 g of an auto-
claved or nonautoclaved soil–sand mixture (Cecil Ap; 1 : 2 w/w) and 0–10 mg/g
soil wheat or sunflower tissue collected in 1998 or 1999. For the autoclaved soil
mixture, batches (approximately 3 kg) of the soil–sand mixture were autoclaved
once for 30 min at 16–18 psi and 121◦C in a 29× 17-cm steel tray before placing
150 g into each cup. The autoclaving procedure was used not to sterilize the soil
but to reduce the initial microbial populations. The initial log CFU per gram of
soil for the autoclaved and nonautoclaved soil was 3.47± 0.02 (2945 actual CFU
per gram soil) and 3.59± 0.01 (3912 actual CFU per gram soil), respectively.

In addition, soil–sand mixtures without plant tissue added were treated with
0.6µmol/g soil (days 5, 7, 9, 11) of chlorogenic acid (a phenolic acid, pH 5) or
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a phenolic acid mixture (equimolar solution of ferulic,p-coumaric,p-hydroxy-
benzoic, and vanillic acids, pH 5). The seedling cup systems (Blum et al., 1989)
were also supplied with 7 ml double-strength Hoagland’s solution (pH 5.0) on
days 4, 6, 8, 10, 12, 14, and 16. Water (controls) or phenolic acids were added on
alternate days. Systems were harvested on day 6, 7, 8, 10, 12, or 17. Water content
of soil was brought up to 0.167 g H2O/g soil each day.

Leaf areas for seedlings were nondestructively measured to calculate absolute
rates of seedling leaf expansion over days 9–11, 9–12, 11–13, 13–15, and/or 15–17
(Blum et al., 1985). For each harvest at the termination of the experiment, shoot and
root dry weights (100◦C) were determined. Prior to dry weight determinations, the
root systems were dipped three times in sterile deionized water to dislodge larger
soil particles. Root systems with remaining rhizosphere soil were transferred to
bottles containing 99 ml of a sterile solution composed of 8.5 g/liter NaCl, 0.1%
aqueous agar, and 1 g of sand. Bottles were shaken on a platform shaker for
30 min. The resulting suspension of rhizosphere soil was diluted and assayed
by the plate-dilution frequency technique (Harris and Sommers, 1968). Colony
forming units (CFU) were determined on mineral agar medium (see previous
section, “Phenolic Acid-Utilizing Bacteria in Bulk Soil” for details) containing
either a 0.5 mM phenolic acid mixture composed of equimolar 0.125 mM ferulic,
p-coumaric,p-hydroxybenzoic, and vanillic acids, or 0.5 mM chlorogenic acid (all
at pH 5). The root systems were subsequently recovered from the dilution bottles
to determine their dry weights. Shoots and roots were dried in an oven at 100◦C.
Then CFU per gram of root dry weight, seedling leaf area, and shoot and root dry
weights were determined.

Plant Tissue Analysis. The phenolic acid content of the tissue was determined
by the polyvinylpyrrolidone (PVP) method (Anderson and Todd, 1968). Tissue ex-
tracts were obtained by autoclaving 200 mg of ground tissue (Wiley mill, 60 mesh
screen) in 50 ml deionized water. Extracts were filtered prior to phenolic acid
analysis (Whatman No. 1) (Lehman and Blum, 1997).

Data Analyses. All data were subjected to analysis of variance and/or regres-
sion analysis using the Statistical Analysis Systems of JMP (SAS Institute, Cary,
North Carolina). Means comparisons were made by the Tukey-Kramer HSD test.
Alpha was set at 0.05 for all analyses. Analyses of CFU of bacterial populations
that could utilize phenolic acids as a sole carbon source were all based on log
CFU per gram soil or log CFU per gram root dry weight (Harris and Sommers,
1968; Loper et al., 1984). All experiments were organized in the light bank in a
randomized complete block design. Calculations were as follows: Absolute rates
of seedling leaf expansion (AGRSL)= [leaf area on day 11 (or 13, 15, 17)− leaf
area on day 9 (or 11, 12, 15, respectively)]/2 or (leaf area on day 12− leaf area
on day 9)/3; % Inhibition of cumulative pigweed emergence or AGRSL= [(indi-
vidual treatment unit− control mean)/control mean]∗ 100; and % stimulation of
CFU= [(individual treatment unit− control mean)/control mean]∗ 100.
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Experimental Objectives and Designs. The objectives for each experiment
are provided in the Results section. The specific design for each experiment is
provided in Table 1.

RESULTS

For comparative purposes, percent changes from the control are presented for
cumulative pigweed seedling emergence, absolute rates of seedling leaf expansion
(ARGSL), and shoot and root dry weights. For the sake of clarity, inhibitory
effects are presented as negative values, while stimulatory effects are presented as
positive values. Both soil and rhizosphere bacterial colony forming units (CFU)
are presented as log CFU and actual CFU. However, all statistical analyses of
CFU for bulk-soil and rhizosphere bacteria were based on log CFU (Harris and
Sommers, 1968; Loper et al., 1984). The initial log CFU per gram soil for the
autoclaved and non-autoclaved soil was 3.47± 0.02 (2945 actual CFU per gram
soil) and 3.59± 0.01 (3912 actual CFU per gram soil), respectively. Finally, for
all regression models the tissue concentrations added to soil are in milligrams per
gram of soil and time is in days.

Experiment 1

The purpose of experiment 1 was to determine the effects of soil-incorporated
wheat shoot and root tissue on pigweed seedling emergence (experiment 1a) and
on bulk-soil bacterial populations that can utilize phenolic acids as a sole carbon
source (experiment 1b). Wheat shoot and root tissues collected during May 1997
and June 1998 significantly reduced pigweed seedling emergence when these tis-
sues ranging from 0 to 10 mg/g soil were incorporated into a Cecil Ap substrate
(Figure 1). The main treatment effects of tissue type (shoot vs. root tissue), tissue
concentration, and the interactions between tissue type× concentration were sig-
nificantly different for pigweed emergence. The effects of collection time (1997
vs. 1998) of wheat tissues on seedling emergence, however, were not significantly
different. The cumulative emergence of pigweed seedlings (over days 1–6) in soils
without tissue incorporated (i.e., control; mean± SE) was 27.5± 0.91 out of 50,
or 55%.

The percent change in cumulative pigweed seedling emergence became more
negative (i.e., more inhibitory) in a concave manner with increasing concentrations
of wheat shoot tissue (Figure 1; % change in emergence= 0− [18.59∗ concentra-
tion]+ [1.08∗ concentration2]; P < 0.001;R2 = 0.91) and became more negative
(i.e., more inhibitory) in a linear manner with increasing concentrations of wheat
root tissue (Figure 1; % change in emergence= 0.16− [2.10∗ concentration];
P = 0.009;R2 = 0.27). Soil-incorporated shoot tissues (−78% change for 10
mg/g soil) were more inhibitory to cumulative seedling emergence than root tissues
(−21% change for 10 mg/g soil).
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FIG. 1. Percent change in cumulative pigweed seedling emergence (Experiment 1a), log
colony forming units of bulk soil bacteria (Experiment 1b) and percent change in cucumber
seedling absolute growth rates of seedling leaf expansion (AGRSL) (Experiment 2) in the
presence of soil-incorporated wheat shoot or root tissue. For the sake of clarity, inhibitory
effects are presented as negative numbers while stimulatory effects are presented as positive
numbers. Data in figures are means± SE.

Wheat shoot and root tissues collected during June 1998 significantly stimu-
lated the bulk-soil bacteria that could utilize phenolic acids as a sole carbon source
when these tissues, ranging from 0 to 10 mg/g soil, were incorporated into the Cecil
Ap substrate. Only the main treatment effects of concentration and the interactions
between tissue type× concentration were significantly different.
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Log bacterial colony forming units (Figure 1; log CFU on day 6) per gram
of soil (bulk soil) increased linearly with increasing concentrations for both soil-
incorporated shoot (log CFU= 7.41+ [0.14∗ concentration];P < 0.001;R2 =
0.84) and root tissues (Figure 1; log CFU= 7.70+ [0.06∗ concentration];P =
0.024;R2 = 0.41). The stimulatory effects of 10 mg/g soil-incorporated wheat
shoot tissues were significantly greater (+2412% change in actual CFU
per gram soil for 10 mg/g soil) than wheat root tissue (+298% change in ac-
tual CFU per gram soil for 10 mg/g soil). However, there were no significant
differences in log CFU per gram of soil for incorporated wheat shoot and root
tissue at 5 mg/g soil when compared to each other. The mean± SE for CFU per
gram for soils without tissue incorporated (i.e., control) was 7.58± 0.19 log CFU
per gram of soil (3.8× 107 actual CFU per gram soil).

Experiment 2

The purpose of experiment 2 was to determine the effects of soil-incorporated
wheat shoot tissue on cucumber seedlings and on rhizosphere bacteria that can
utilize phenolic acids as a sole carbon source. Soil-incorporated wheat shoot
tissue (0–10 mg/g soil) collected during June 1998 significantly inhibited absolute
rates of cucumber seedling leaf expansion (AGRSL) for seedlings measured over
days 9–11, 11–13, 13–15, and 15–17 (Table 2, Figure 1). Percent changes for these
intervals were−99%,−61%,−55%, and−35% for the 10 mg/g soil, respectively.
Control AGRSL (mean± SE) were 4.61± 0.53, 8.38± 0.57, 11.97± 0.46, and
13.56± 0.33 (cm2/day), respectively.

Shoot dry weight determined on day 17 was significantly reduced (% change
in shoot dry weight= −9.25− [4.64∗ concentration];P < 0.001;R2 = 0.64;

TABLE 2. PARTIAL REGRESSIONCOEFFICIENTS ANDR2 VALUES FOR

PERCENTCHANGE IN AGRSL OF CUCUMBER SEEDLINGSGROWN IN

PRESENCE OFSOIL-INCORPORATEDWHEAT (EXPERIMENT 2) OR

SUNFLOWERSHOOT TISSUE(EXPERIMENT 4C)

Growth period (days) Intercept Linear Quadratic R2 P

Wheat shoot tissue
9–11 −7.58 −9.12 0.80 <0.001

11–13 −7.21 −5.34 0.66 <0.001
13–15 −4.69 −5.05 0.71 <0.001
15–17 2.29 −3.75 0.54 <0.001
Sunflower shoot tissue
9–11 2.07 −7.84 0.77 <0.001

11–13 5.85 −6.57 0.60 <0.001
13–15 12.33 −6.74 0.55 <0.001
15–17 0.58 +7.17 −1.19 0.64 <0.001
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−56% change for 10 mg/g soil) by wheat shoot tissue. The soil-incorporated
shoot wheat tissue had no effect on root dry weight or the rhizosphere bacteria
of cucumber seedlings that could utilize phenolic acids as a sole carbon source.
Shoot and root dry weights (mean± SE) of cucumber seedlings and rhizosphere
log CFU per gram root dry weight (day 17) for soils without incorporated tissue
(i.e., control) were 248.88± 16.93 mg, 35.34± 3.79 mg, and 10.71± 0.41 log
CFU per gram root (5.13× 1010 actual CFU per gram root), respectively.

Experiment 3

The purpose of experiment 3 was to determine how cucumber seedlings and
rhizosphere bacteria that can utilize phenolic acids as a sole carbon source respond
over time (transplanted day 4; harvested days 6–12) in autoclaved (to reduce initial
microbial populations) soil to soil-incorporated wheat shoot tissue or multiple soil
applications of a phenolic acid mixture.

Soil-Incorporated Wheat Tissue. Wheat tissue (5 mg/g soil) had no nega-
tive effect on AGRSL (days 9–12 only measurement) and shoot and root dry
weights. However, shoot and root dry weights increased over time (days 6–12) in
an exponential manner: (a) shoot dry weight (mg)= 92.35− [22.24∗ time] +
[1.64∗ time2]; P < 0.001;R2= 0.88, and (b) root dry weight (mg)= 16.59−
[3.60∗ time] + [0.27∗ time2]; P < 0.001;R2= 0.75. Control mean± SE for
AGRSL (days 9–12) was 5.26± 0.24 cm2/day. Control means± SE for shoot
and root dry weights for days 6–12 ranged from 16.46± 1.27 to 65.24± 3.59 mg,
and from 4.26± 0.72 to 11.88± 1.06 mg, respectively.

The main treatment effects of time (days 6–12), soil-incorporated wheat shoot
tissue (0 or 5 mg/g soil), and the interaction between incorporated shoot tissue and
time significantly impacted log CFU per gram root of rhizosphere bacteria that
utilize phenolic acids as a sole carbon source. The log CFU per gram cucumber root
dry weight increased linearly over time for both soil with incorporated wheat shoot
tissue (Figure 2; log CFU per gram root= 10.80+ [0.15∗ time]; P = 0.004;R2 =
0.30) and without (Figure 2; log CFU per gram root= 10.23+ [0.16∗ time];
P = 0.001;R2 = 0.48). Based on means comparisons, the log CFU per gram root
were significantly higher than the controls only on days 7 (+496% change in actual
CFU) and 12 (+333% change in actual CFU). The log CFU/per gram root for soil
without incorporated wheat shoot tissue (i.e., control) on days 6, 7, 8, 10, and 12
was 11.04± 0.07, 11.56± 0.16, 11.38± 0.06, 12.16± 0.28, and 11.99± 0.07,
respectively. Mean actual values ranged from 1.10× 1011 to 1.44× 1012 CFU per
gram root.

Multiple Application of Phenolic Acid Mixture. The four-phenolic acid mix-
ture (0.6µmole/g soil) significantly impacted cucumber AGRSL (−24%± 8
change; days 9–12) only when an outlier from the phenolic acid treatment was
removed. No significant effects of the phenolic acid mixture were observed for
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shoot and root dry weights over the 4 to 12-day period. However, both shoot
(mg= 51.12− [12.34∗ time]+ [1.10∗ time2]; P < 0.001;R2 = 0.88) and root
dry weight (mg= −3.13+ [1.16∗ time]; P < 0.001;R2 = 0.69 increased in an
exponential and linear manner, respectively, with time. Control mean± SE for
AGRSL (days 9–12) was 5.26± 0.24 cm2/day. Control means± SE for shoot and
root dry weights for days 6–12 ranged from 16.46± 1.27 to 65.24± 3.59 mg, and
from 4.26± 0.72 to 11.88± 1.06 mg, respectively.

The main treatment effects of time (days 6–12), phenolic acid mixture (0 or
0.6µmol/g soil), and the interaction between time and phenolic acid mixture sig-
nificantly impacted log CFU per gram root dry weight of rhizosphere bacteria that
utilize phenolic acids as a sole carbon source. The log CFU per gram root of the
controls (no phenolic acid treatments) increased in a linear manner over time (Fig-
ure 2; log CFU per gram root= 10.23+ [0.0163∗ time]; P = 0.001;R2 = 0.48),
while the log CFU per gram root increased in an asymptotic manner when the
phenolic acid mixture (0.06µmol/g soil) was applied to the soil (log CFU per
gram root= 4.21+ [1.50∗ time]− [0.06∗ time2]; P < 0.001;R2 = 0.83). Based
on means comparisons, the log CFU per gram root values were significantly
higher than the controls on days 8 (+626% change in actual CFU per gram
root) and 12 (+1029% change in actual CFU per gram root). The values of log

FIG. 2. Log colony-forming units of rhizosphere bacteria based on phenolic acid medium
on days 6, 7, 8, 10, and 12 (Experiment 3) for cucumber seedlings treated with 0.6µmol/g
soil of a phenolic acid mixture or 5 mg/g soil wheat shoot tissue. Data in figures are means
± SE. Asterisks indicate significant differences between control and treatments.
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CFU per gram root for soil without phenolic acid treatment (i.e., control) on days
6, 7, 8, 10, and 12 were 11.04± 0.07, 11.56± 0.16, 11.38± 0.06, 12.16± 0.28,
and 11.99± 0.07, respectively. Mean actual CFU per gram root ranged from
1.10× 1011 to 1.44× 1012.

Experiment 4

The purpose of experiment 4 was to determine the effects of soil-incorporated
sunflower leaf tissue on pigweed seedling emergence (experiment 4a), bulk-soil
bacteria that can utilize phenolic acids as a sole carbon source (experiment 4b),
and cucumber seedlings and rhizosphere bacteria (day 17) that can utilize pheno-
lic acids as a sole carbon source (experiment 4c). The incorporation of 0–10 mg/g
soil of sunflower leaf tissue collected in 1999 to the Cecil Ap substrate significantly
reduced (days 1–6) cumulative pigweed seedling emergence (Figure 3; % change
in emergence= −0.13− [8.05∗ concentration];P < 0.001;R2 = 0.70;−81%
change for 10 mg/g soil). Control mean± SE of cumulative pigweed seedling
emergence was 21.43± 2.27 out of 50 or 43%.

Sunflower leaf tissue significantly stimulated the bulk-soil bacteria that could
utilize phenolic acids as a sole carbon source when these tissues ranging from
0 to 10 mg/g soil were incorporated into the Cecil Ap substrate. Log bacterial
CFU (Figure 3; log CFU on day 6) per gram of soil (bulk soil) increased in
a convex manner with increasing concentrations of soil-incorporated sunflower
leaf tissue (log CFU= 6.80+ [0.07∗ concentration]− [0.004∗ concentration2];
P < 0.001;R2 = 0.70. Mean± SE for CFU per gram for soils without tissue in-
corporated (i.e., control) was 6.80± 0.02 log CFU per gram soil (6.4× 106 actual
CFU per gram soil).

Cucumber AGRSL were inhibited by sunflower leaf tissue over days 9–11,
11–13, 13–15, and 15–17 (Table 2, Figure 3). Percent changes for these inter-
vals were−76%,−60%,−55%, and−47% for the 10 mg/g soil treatment, re-
spectively. Control means± SE for AGRSL over days 9–11, 11–13, 13–15, and
15–17 were 6.79± 0.22, 8.94± 0.74, 11.63± 0.88, and 12.75± 0.64 (cm2/day),
respectively.

Shoot (% change= 6.78− [6.01∗ concentration];P < 0.001;R2 = 0.61;
−53% change for 10 mg/g soil) and root dry weights (% change= 0.063−
[6.31∗ concentration];P = 0.001;R2 = 0.59;−63% change for 10 mg/g soil)
determined on day 17 were also significantly reduced by sunflower leaf tissue.
Means± SE (day 17) for shoot and root dry weights were 219.54± 12.83 and
38.58± 2.82 mg, respectively. Soil-incorporated sunflower leaf tissue, however,
did not modify the cucumber seedling rhizosphere bacteria (day 17) that could
utilize phenolic acids as a sole carbon source (log CFU per gram root dry weight
= 11.69± 0.15, actual CFU per gram root= 4.87× 1011).
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FIG. 3. Percent change in cumulative pigweed seedling emergence (Experiment 4a) log
colony forming units of bulk soil bacteria (Experiment 4b) and cucumber seedling absolute
growth rates for seedling leaf expansion (AGRSL; Experiment 4c) in the presence of soil-
incorporated sunflower leaf tissue. For the sake of clarity, inhibitory effects are presented
as negative numbers while stimulatory effects are presented as positive numbers. Data in
figures are means± SE.

Experiment 5

The purpose of experiment 5 was to determine the effects of soil-incorporated
sunflower leaf tissue on cucumber seedlings and rhizosphere bacteria (day 12)
that can utilize phenolic acids as a sole carbon source. The incorporation of
5 mg/g soil of sunflower leaf tissue to the Cecil Ap substrate significantly inhibited
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AGRSL (−25%± 3 change; days 9–12), shoot (−27%± 3 change; day 12) and
root dry weights (−36%± 6 change; day 12) when compared to the control (no
soil-incorporated sunflower leaf tissue). Mean control values± SE for AGRSL
and shoot and root dry weight were 6.42± 0.23 cm2/day, 80.01± 4.01 mg, and
14.31± 1.23 mg, respectively. However, cucumber seedling rhizosphere bacteria
(control= 11.56± 0.13 log CFU per gram root dry weight, 3.63× 1011 actual
CFU per gram root) that could utilize phenolic acids as a sole carbon source were
not changed in the presence of soil-incorporated sunflower leaf tissue.

Experiment 6

The purpose of experiment 6 was to determine how cucumber seedlings and
rhizosphere bacteria that can utilize phenolic acids as a sole carbon source respond
over time (days 6–12) in autoclaved (to reduce initial microbial populations) soil
to soil-incorporated sunflower leaf tissue or multiple applications of chlorogenic
acid.

Soil-Incorporated Sunflower Leaf Tissue. Soil-incorporated sunflower leaf
tissue (5 mg/g soil) significantly reduced AGRSL (−52%± 11 change), which was
only determined over days 9–12. Control mean±SE for AGRSL was 4.83± 0.51
cm2/day.

The main treatment effects of time (days 6–12), soil-incorporated sunflower
leaf tissue (0 or 5 mg/g soil), and the interaction between time and tissue signifi-
cantly impacted shoot and root dry weights. Cucumber seedling shoot dry weight
significantly increased over time in the presence (mg= −5.85+ [3.54∗ time];
P < 0.001;R2 = 0.67) and absence (mg= −33.66+ [7.87∗ time]; P < 0.001;
R2 = 0.88) of soil-incorporated sunflower leaf tissue. Cucumber seedling root dry
weight did not increase over time in the presence of soil-incorporated sunflower
leaf tissue, while in the absence of soil-incorporated sunflower leaf tissue root
dry weight increased in a linear manner with time (mg= −1.03+ [0.88∗ time];
P < 0.001;R2 = 0.57).

Based on means comparisons, soil-incorporated sunflower leaf tissue had no
effect on shoot and root dry weight from days 6 to 8. On day 10, soil-incorporated
sunflower leaf tissue significantly reduced shoot dry weight (−27%± 7 change),
but not root dry weight. On day 12, soil-incorporated sunflower leaf tissue sig-
nificantly reduced shoot (−43%± 6 change) and root dry weight (−48%± 10
change) of cucumber seedlings. Control means± SE (days 6–12) for shoot and
root dry weight ranged from 18.14± 1.96 to 64.54± 3.76 and 4.78± 0.35 to
10.16± 1.48 (mg), respectively.

For rhizosphere bacteria grown on medium with chlorogenic acid as a sole
carbon source, the main treatment effects of time (days 6–12) and incorporated
sunflower leaf tissue (0 or 5 mg/g soil) and the interaction between time and tissue
significantly impacted the log CFU per gram root dry weight. Rhizosphere bacteria
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FIG. 4. Log colony forming units of cucumber rhizosphere bacteria based on chlorogenic
medium or phenolic acid medium on days 6, 7, 8, 10, and 12 or days 8, 10, and 12,
respectively (Experiment 6). Cucumber seedling systems were treated with 0.6µmol/g soil
chlorogenic acid or 5 mg/g soil sunflower leaf tissue. Data in figures are means± Standard
errors. Asterisks indicate significant differences between control and treatments.

were harvested on days 6, 7, 8, 10, and 12. Log CFU per gram root of chlorogenic
acid utilizing rhizosphere bacteria for the soil-incorporated sunflower leaf tissue
treatment did not change with time. However, log CFU per gram root of the
control (no tissue incorporated) significantly increased in a linear manner (Figure 4;
log CFU per gram root= 10.69+ [0.15∗ time]; P = 0.005;R2 = 0.31).

Based on means comparisons, incorporated sunflower leaf tissue significantly
stimulated log CFU per gram root of rhizosphere bacteria grown on media with
chlorogenic acid as a sole carbon source on days 7 (+4798% change of actual CFU
per gram root), 8 (+1095% change of actual CFU per gram root), and 12 (+586%
change of actual CFU per gram root) when compared to their respective controls
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(Figure 4). Means±SE for control log CFU per gram root for days 6, 7, 8, 10, and 12
were 11.68± 0.17, 11.60± 0.28, 11.62± 0.20, 12.68± 0.12, 12.25± 0.22 log
CFU, respectively. Mean actual CFU per gram root ranged from 3.98× 1011 to 4.79
× 1012.

For rhizosphere bacteria grown on medium with phenolic acids as a sole car-
bon source, the main treatment effect of soil-incorporated sunflower tissue (5 mg/g
soil) significantly increased the log CFU per gram root of rhizosphere bacteria
(+279% change in actual CFU per gram root) when compared to the control
(11.63± 0.10 log CFU per gram root; 4.27× 1011 actual CFU per gram root).
There was no significant change in log CFU per gram root over time (days 8, 10,
and 12) for control and tissue treatments (Figure 4).

Multiple Application of Chlorogenic Acid. Multiple applications of chloro-
genic acid (0.6µmol/g soil) had no effect on cucumber AGRSL (control; days
9–12= 4.83± 0.51 cm2/day) or shoot or root dry weights. However, time (days
6–12) significantly impacted shoot dry weight in an exponential manner (mg
= 64.03− [14.85∗ time] + [1.24∗ time2]; P < 0.001;R2 = 0.89) and root dry
weight in a linear manner (mg= −0.17+ [0.78∗ time]; P < 0.001;R2 = 0.58).
Mean± SE (days 6–12) for control shoot and root dry weight ranged from
18.14± 1.96 to 64.54± 3.76 and 4.78± 0.35 to 10.16± 1.48 (mg), respectively.

For rhizosphere bacteria grown on medium with chlorogenic acid as a sole
carbon source, the multiple applications of 0.6µmol/g soil of chlorogenic acid had
no effect on the log CFU per gram root dry weight when compared to the control
(no applications of chlorogenic acid). The log CFU per gram root of rhizosphere
bacteria for control and treatment increased over time (Figure 4; log CFU per gram
root= 10.39+ [0.19∗ time]; P < 0.001;R2 = 0.50). The log CFU per gram root
ranged from 11.53± 0.15 (3.39× 1011 actual CFU per gram root) to 12.62±
0.12 (4.17× 1012 actual CFU per gram root).

For rhizosphere bacteria grown on medium with phenolic acids as a sole
carbon source, the multiple applications of chlorogenic acid had no effect on
the log CFU per gram root of phenolic acid utilizing bacteria in the rhizosphere
of cucumber seedlings. However, the rhizosphere log CFU per gram root dry
weight of cucumber seedlings for both control and treatment increased (log CFU
= 10.47+ [0.12∗ time]; P = 0.025;R2 = 0.17) with time (days 8, 10, and 12).
The log CFU per gram root ranged from 11.35± 0.15 (2.2× 1011 actual CFU per
gram root) to 11.85± 0.15 (7.1× 1011 actual CFU per gram root).

DISCUSSION

We hypothesized that soil-incorporated wheat or sunflower tissue would
simultaneously inhibit cucumber seedling absolute rates of seedling leaf expan-
sion (AGRSL) and stimulate the log colony forming units (CFU) per gram root
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of phenolic acid utilizing rhizosphere bacteria, and therefore provide indirect
evidence of phytotoxin transfer from residues in the bulk soil to the rhizosphere
of a sensitive species. In nonautoclaved soil, soil-incorporated sunflower or wheat
tissue inhibited cucumber seedling AGRSL but had no effect on the log CFU per
gram root of phenolic acid utilizing bacteria. In autoclaved soil (−25% reduction
in initial microbial populations), soil-incorporated wheat tissue significantly stim-
ulated the log CFU per gram root of phenolic acid utilizing bacteria, but had no
effect on cucumber seedling AGRSL. However, soil-incorporated sunflower tissue
did simultaneously inhibit cucumber seedling AGRSL and stimulate log CFU per
gram root of phenolic acid utilizing rhizosphere bacteria.

Allelopathic cover crop residues that will provide consistent year-to-year
weed control and help reduce the use of preemergence herbicides have been eagerly
sought by farmers, weed scientists, regulators, and environmentalists. However, the
complex nature of the soil environment, the intensity of biological activity and as-
sociated chemical transformation within soils (e.g., sorption, oxidation, microbial
interconversions, polymerization, and leaching), and the lack of direct access to
roots in the field have prevented researchers from actually documenting the trans-
fer and efficacy of phytotoxins produced by cover crop residues, such as wheat
residues, under field conditions. At present, no definitive data on direct transfer
of phytotoxins (i.e., substances that inhibit germination and/or seedling growth at
field concentrations) from putative cover crop residues in or on the soil to roots
of sensitive weed or crop species have been obtained under field conditions. The
objective of this research was to determine if evidence for such transfer could be
obtained by other than direct means, since evidence for direct transfer has eluded
researchers so far.

Wheat residues have been observed to be phytotoxic to a variety of weeds, in-
cluding pigweed, prickly sida, and morning-glory (Lehman and Blum, 1997; Blum
et al., 1997). Potential allelopathic compounds identified in living and decompos-
ing tissue of small grain cover crops, such as wheat, include phenolic acids (Liebl
and Worsham, 1983; Blum et al., 1991), organic acids (Patrick, 1971; Lynch, 1977;
Tang and Waiss, 1978; Shilling et al., 1985), hydroxamic acids and related com-
pounds (Willard and Penner, 1976; Niemeyer et al., 1989), and volatiles (Buttery
et al., 1985; Bradow, 1991). However, phenolic acids, in particular cinnamic (e.g.,
ferulic acid,p-coumaric acid) and benzoic acid (e.g., p-hydroxybenzoic acid, vanil-
lic acid) derivatives, have been the most frequently cited allelopathic agents for
wheat residues.

It has also been observed that phenolic acids, individually or in mixtures,
applied to soil–microbe–plant systems not only inhibit germination and seedling
growth, but also stimulate bulk soil and rhizosphere bacteria that can utilize pheno-
lic acids as a sole carbon source (Blum and Shafer, 1988; Shafer and Blum, 1991;
Blum et al., 2000). More importantly, Blum et al. (2000) noted that there was an
inverse relationship between phytotoxicity and rhizosphere bacterial populations
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that could utilize phenolic acids as a sole carbon source when cucumber seedlings
growing in Cecil Ap soil were treated with a phenolic acid mixtures.

Phenolic acids released from wheat residues, however, do not enter soils in
isolation. In fact, leachates from such debris are not only composed of a variety
of phenolic acids, but also of other organic molecules and inorganic ions. Such
complex mixtures of promoters, inhibitors, ions, and carbon sources will influ-
ence plant growth and associated microbial populations in a variety of ways. For
example, the presence of carbohydrates, amino acids, or other organic molecules
can increase the inhibitory activity of phenolic acids in soils; as the addition of
noninhibitory levels of glucose or inhibitory levels of methionine to soil has been
shown to increase the inhibitory activity ofp-coumaric acid on morning-glory
seedling biomass production (Blum et al., 1993; Pue et al., 1995). Additionally,
Pue et al. (1995) and Blum et al. (2000) observed that phenolic acid utilization by
soil microbes was reduced in the presence of other more readily available carbon
sources. This induction and/or selection of phenolic acid–utilizing bacteria in bulk
soil and in the rhizosphere of cucumber seedlings was not dramatically impacted
by the presence of another carbon source, such as glucose. However, no matter
how complex such debris leachates may be, if phenolic acids are to have a phy-
totoxic effect, they must pass through the rhizosphere where they will, depending
on the rate of their movement and the nature of the rhizosphere bacterial popula-
tions, lead to various levels of selection and/or induction of phenolic acid–utilizing
bacteria.

If the observations made for phenolic acid treatments could be demonstrated
for wheat residues or other plant residues high in phenolic acids, such as sunflower
(Armstrong et al., 1970, 1971; Hall et al., 1982, 1983; Macias et al., 1993, 1998,
1999), then the simultaneous inhibition of seedling growth and stimulation of
rhizosphere bacteria that can utilize phenolic acids as a sole carbon source could
provide indirect evidence for the transfer of phenolic acids released from soil debris
particles to the rhizosphere and root surface of sensitive species.

Before field trials were initiated, however, the potential of the simultaneous
inhibition of plant growth and stimulation of phenolic acid–utilizing rhizosphere
bacteria was tested for wheat and sunflower tissue in the laboratory. Since the
phytotoxicity of wheat and sunflower tissue varies with growth conditions and
age of plants (Koeppe et al., 1970; Armstrong et al., 1970, 1971; del Moral, 1972;
Lehman and Blum, 1997), we utilized pigweed seedling emergence to determine if
phytotoxicity was similar to past experiments. The levels of phytotoxicity for wheat
and sunflower tissue observed for pigweed seedling emergence were consistent
with those observed by Lehman and Blum (1997) and Hall et al. (1982, 1983),
respectively. However, Hall et al. (1983) observed that total phenolic acid content
in sunflower tissue did not account for a significant amount of inhibition of pigweed
plant biomass unless the N, P, K content of the sunflower tissue was included in
the response model. Total phenolic acid and N added to soil by sunflower tissue
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were negatively correlated with pigweed plant biomass, whereas P and K were
positively correlated.

Total phenolic acid content±SE for wheat shoot and root tissue and sunflower
leaf tissue determined by Folin and Ciocateau’s phenol reagent were 98± 5, 75±
0.6, and 465± 67 µg/g as ferulic acid equivalents, respectively. The inhibition
of pigweed seedling emergence for 5 mg/g soil-incorporated wheat shoot and
root tissue and sunflower leaf tissue were−66%,−10%, and−40%, respectively.
The unexpected pattern of ferulic acid equivalence and percent inhibition was
very likely a result of both qualitative and quantitative tissue differences in the
phenolic acids present (e.g., for wheat cinnamic and benzoic acid derivatives and
sunflower chlorogenic acids, isochlorogenic acids, the coumarins scopolin and
ayapin, cinnamic acid derivatives, and benzoic acid derivatives) (Wilson and Rice,
1968; Koeppe et al., 1970; Macias et al., 1999), differences in color development
for different phenolic acids (Blum et al., 1991), and the presence of a number of
other phytotoxins (see Macias et al., 1999) and nontoxins (Gerig and Blum, 1991;
Blum et al., 2000).

We chose to use the cucumber bioassay system used by Shafer and Blum
(1991) and Blum et al. (2000) to test the effects of wheat shoot and sunflower
leaf tissues on cucumber seedling absolute rates of leaf expansion and rhizosphere
bacteria that could utilize phenolic acids as a sole carbon source. For comparative
purposes we discuss only the results for 5 mg/g tissue soil treatments and the 0.6
µmol/g soil phenolic acid treatments.

The inhibition of AGRSL by 5 mg/g soil-incorporated wheat shoot and sun-
flower leaf tissue in both autoclaved and nonautoclaved soil ranged from−0%
to−53% and from−25% to−52%, respectively. Such variation in inhibition by
similar concentrations of plant tissue samples is not uncommon and results from
differences in tissue chemistries and bioassay environments. Recall that new tis-
sue samples were ground for each experiment. The inhibition of AGRSL by the
0.6µmol/g soil four-phenolic acid mixture (primary phenolic acids in wheat) and
the 0.6µmol/g soil chlorogenic acid (primary phenolic acid in sunflower) treat-
ments in autoclaved (to reduce initial microbial populations) soil were−24% and
0%, respectively. This effect of the phenolic acid mixture is consistent with Blum
et al. (2000), who found that the 0.6µmol/g soil phenolic acid mixture reduced cu-
cumber seedling AGRSL by 20–23%. The absence of a chlorogenic acid effect on
seedling growth, in the presence of nutrient solution treatments, has also been ob-
served by Hall et al. (1983) for pigweed seedlings. The stimulation of rhizosphere
bacteria that utilize phenolic acids as a sole carbon source in both autoclaved and
nonautoclaved soil was just as variable from one tissue experiment to another as
that of the inhibition of cucumber seedling AGRSL. Stimulation of rhizosphere
bacteria ranged from 0% to+496% when 5 mg/g wheat shoot tissue was incorpo-
rated into soil and ranged from+0% to+4798% when 5 mg/g sunflower leaf tissue
was incorporated into soil. The stimulation of rhizosphere bacteria over days 5–11
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ranged from+0% to+1029% for the 0.6µmol/g soil four-phenolic acid mixture
(primary phenolic acids in wheat), but was not modified by the 0.6µmol/g soil
chlorogenic acid (primary phenolic acid in sunflower).

In nonautoclaved soil, the incorporation of wheat or sunflower tissue con-
sistently inhibited cucumber seedling AGRSL, but had no effect on log CFU per
gram root of phenolic acid–utilizing bacteria. Potential reasons for these results
could be that phenolic acid–utilizers were not competitive in nonautoclaved soils
and that these populations were already at carrying capacity. Another potential
reason could be that cucumber inhibition was not due solely to phenolic acids,
but to a complex mixture of molecules such as organic acids, volatiles, hydrox-
amic acids, etc., so selection pressure of phenolic acids was negated. In autoclaved
soil (−25% reduction in initial populations), the log CFU per gram root of phe-
nolic acid–utilizing rhizosphere bacteria consistently increased while cucumber
seedling AGRSL declined only when sunflower tissue was incorporated into the
soil. A possible reason for these results could be that phenolic acids released by
wheat tissue stimulated rhizosphere bacteria that could utilize phenolic acids as
a sole carbon source; the bacteria utilized the phenolic acids and prevented them
from reaching the root surface. Conversely, levels of phenolic acids in sunflower
tissue were much higher than in wheat, so the bacteria may not have utilized them
all, thus cucumber seedling AGRSL was inhibited.

Blum et al. (2000) used the range of response by individual seedlings and
their rhizosphere phenolic acid-utilizing bacteria to the 0.6µmol/g soil equimolar
four-phenolic acid mixture from several experiments to determine how changes
in phenolic acid-utilizing rhizosphere bacteria might influence seedling inhibition
and found that an increase of 500% in rhizosphere phenolic acid-utilizing bacteria
would lead to a 5% decrease (e.g., 20–25%) in inhibition of absolute rates of leaf
expansion. Attempts to model these relationships were not successful from our
data due to low replicate numbers. The soils used by Blum et al. (2000) and for
these experiments were collected at the same location but several years apart. For
our soils, the log CFU of bacteria that could utilize phenolic acids as a sole carbon
source at harvest were much higher. The log CFU per gram root for Blum et al.
(2000) experiments were all below 11, whereas for our experiments they were all
above 10 and ranged up to 13 log CFU per gram root. The inconsistent relationships
between inhibition of AGRSL and the stimulation of rhizosphere phenolic acid-
utilizing bacteria may thus have been a result of these high bacterial populations,
since no response would be expected if bulk-soil and rhizosphere bacteria were
phenolic acid limited and/or the resulting level of phenolic acids reaching the root
surfaces were too low for inhibition. This observation is supported by the fact
that consistent relationships were only observed in autoclaved soil (i.e., soils with
lower microbial populations).

Since a simultaneous expression of inhibition for cucumber seedling AGRSL
and stimulation of the community of rhizosphere bacteria that could utilize phenolic
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acids as a sole carbon source occurred only for phenolic acid treatments and incor-
porated sunflower tissue in autoclaved soil, we are left to conclude for the present
set of experiments that the strong selection pressure observed for individual phe-
nolic acids or phenolic acid mixtures by Blum et al. (2000) was not consistently
evident for either the phenolic acid mixture treatments or the incorporated wheat
shoot and sunflower leaf tissue treatments in these nonautoclaved soils.

Inhibition of AGRSL, however, was observed for nonautoclaved soils in the
absence of a stimulation of rhizosphere phenolic acid-utilizing bacteria for both in-
corporated wheat and sunflower tissue. This suggests that the inhibition observed
for both autoclaved (only to reduce initial microbial populations) and nonauto-
claved soil was due to phytotoxin mixtures, which may have included phenolic
acids (see beginning of Discussion for potential list of phytotoxins). At the same
time the effects of phenolic acids were clearly evident (i.e., stimulation of phenolic
acid–utilizing bacteria) when phenolic acid-utilizing bacteria were free (e.g., could
be due to the absence of more aggressive microbial species in autoclaved soil or
that reduced microbial populations prevented phenolic acid carbon from being
limiting) to respond to the phenolic acid carbon source.

In summary, our data suggest that given the right conditions (e.g., right levels
of phenolic acid concentrations and bulk-soil and rhizosphere bacterial popula-
tions), it is possible to observe a simultaneous inhibition of seedling growth and
stimulation of phenolic acid–utilizing rhizosphere bacteria as was hypothesized,
and, thus, provide indirect evidence for phenolic acid transfer from sources within
the soil (e.g., plant debris) to root surfaces. We suspect that such simultaneous
behavior will probably be even more difficult to detect under field conditions and
thus is unlikely to be a useful tool for characterizing phenolic acid transfer from
the bulk soil to the rhizosphere of sensitive species. However, it is possible that
this screening procedure may be useful for phytotoxins that are more unique than
phenolic acids.
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Abstract—Butyl acetate is a volatile aroma and flavor compound in apple. Coni-
dia of three strains ofBotrytis cinerea, a fungus that causes decay of apple fruit
in postharvest storage, had greater adhesion to and greater germination on poly-
carbonate membrane filters on water inside sealed 500 cc glass jars that were
injected with 4µl butyl acetate than conidia not so exposed. Conidial germina-
tion was highly correlated with conidial adhesion. The yeastsSporobolomyces
roseusandCryptococcus laurentii, but notSaccharomyces cerevisiae, reduced
the adhesion and germination promoting effect of butyl acetate. Conidia did not
readily utilize butyl acetate as a food source, as shown by lack of tetrazolium vi-
olet reduction, whereasS. roseusandC. laurentii, but notS. cerevisiaedid. Butyl
acetate added to suspensions of conidia increased the electrical conductivity of
the suspensions and increased the loss of14C from14C-labeled conidia compared
to conidia unexposed to butyl acetate. Uptake of [14C]glucose by conidia was
not increased by butyl acetate. Wounds of Golden Delicious apples inoculated
with conidia (strain F-J-4) in a dilute solution of butyl acetate had greater decay
than unexposed wounds.S. roseusandC. laurentii, but notS. cerevisiae, added
with the conidia decreased the incidence or size of decay. Results indicated that
butyl acetate increased conidial adhesion, stimulating conidial germination, and
some yeasts can reduce this effect.

Key Words—Fungal spores, yeasts, germination, adhesion, butyl acetate,Botry-
tis cinerea, biological control, volatiles from apple, fungal ecology.

INTRODUCTION

Apple fruit produce acetate esters that influence aroma and flavor of the fruit
(Mattheis et al., 1991; Knee, 1993; Fellman and Mattheis, 1995). In addition,
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acetate esters may affect microbial growth and interactions on the surface of apple
fruit. Filonow (1999) found that ethyl, butyl, and hexyl acetate stimulatedin vitro
germination of conidia ofBotrytis cinereaPers.:Fr, a fungus that causes a decay of
apples and other fruits. These results support earlier findings (Brown, 1922) that
ethyl acetate from apples stimulated germination ofB. cinereaconidia. In addition,
Filonow (1999) found that germination of conidia was stimulated by acetate esters
on Golden Delicious apples, and apples in jars exposed to butyl acetate had more
fungal decay than apples unexposed to butyl acetate. This work was done with one
strain (F-J-4) ofB. cinerea, and it is not known whether other strains will respond
to acetate esters in a similar way. There appears to be no other study linking acetate
ester exposure to enhanced fungal decay in apple. Furthermore, how acetate esters
stimulate the germination ofB. cinereaconidia is not known. Since adhesion of
conidia of B. cinereato substrates appears to be a necessary event preceding
conidial germination (Doss et al., 1993, 1995), the present study assessed the link
between acetate ester exposure and conidial adhesion.

Acetate esters from apple also may serve as a food source for some yeasts
(Vishniac et al., 1997). Yeasts are common inhabitants of apple fruit, and sev-
eral yeasts are known antagonists of filamentous fungi that cause fruit decay in
postharvest storage (Janisiewicz et al., 1994; Filonow et al., 1996; Filonow, 1998).
Filonow (1998) found thatSporobolomyces roseusFS-43-238 andCryptococcus
laurentii BSR-Y22 were highly effective in protecting apple wounds from decay
caused byB. cinerea, but Saccharomyces cerevisiaeBY-1 was not. In this study,
nutrient competition for sugars played a role, but some other factor was most likely
involved. In this regard, Filonow (1999) found thatC. laurentii BSR-Y22, and
S. roseusFS-43-238 were more effective thanS. cerevisiaeBY-1 in reducing the
stimulatory effect that acetate esters have onin vitro germination ofB. cinerea
conidia. The mechanism by which some yeasts reduce this stimulatory effect is
unknown.

The objectives of this research were: (1) to determine if conidia of other
strains ofB. cinereaare stimulated to germinate by butyl acetate; (2) to find the
cause for the stimulatory effect, in particular to assess the role of conidial adhesion;
and (3) to determine why some yeasts are more capable than others in reducing
the stimulatory effect.

METHODS AND MATERIALS

Fungi and Culture. The sources forBotrytis cinereaF-J-4, Sporobolo-
myces roseusFS-43-238,Cryptococcus laurentiiBSR-Y22, andSaccharomy-
ces cerevisiaeBY-1 were previously reported (Filonow, 1999). Strains WMA1
and WMG2 ofB. cinereawere isolated by the author from infected Golden Deli-
cious apple and geranium, respectively, obtained from a local supermarket. Main-
tenance ofB. cinereastrains and the production of conidia on potato-dextrose agar
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(PDA; Difco, Inc. Detroit, Michigan) have been reported elsewhere (Filonow et
al., 1996). A PDA dish was inverted and tapped on a table to dislodge conidia on
the inside of the dish lid. Conidia were suspended in sterile double-distilled (sdd)
water with the aid of a rubber policeman, transferred to a 50-ml sterile centrifuge
tube, and conidial density determined in a Brightline hemacytometer (Hausser Sci.,
Horsham, Pennsylvania). Suspensions were adjusted with water and conidial den-
sities varied depending on the experiment. Maintenance of yeasts and their culture
have been described (Filonow et al., 1996). Yeast densities in suspensions were
1× 107 CFU/ml unless otherwise noted.

Effect of Butyl Acetate and Yeasts on Adhesion and Germination of Conidia
In Vitro. Two hundred microliters of water (sdd) or a suspension ofS. roseus,
C. laurentii, or S. cerevisiaewere aseptically pipetted into each of two autoclaved
stainless steel wells (4 mm× 250 mm diam.) affixed to double-stick tape on a glass
microscope slide. Membrane filters bearing 4× 104 conidia of each strain ofB.
cinereawere prepared (Filonow, 1999). Membrane filters used in experiments
were quarter sections cut from 47-mm-diam. polycarbonate membrane filters
(1.0-µm-diam. pore; Osmonics, Inc, Livermore, California). Membranes were
placed on the water or yeast suspensions, and two wells were placed inside an
autoclaved 500-cc glass Mason jar (Kerr, Inc., Los Angeles, California) resting on
its side. The jar was sealed with a lid fitted with a rubber septum. For each strain
of B. cinerea, there were 24 jars, representing one experiment. Twelve jars were
injected with 4µl of butyl acetate (99.9% pure) (Fluka Chemika), whereas the
others were not. There were three jars per treatment or control that were exposed
or not-exposed to butyl acetate. Jars were randomized on a bench. After 24 hr
at 22◦C, one filter from a jar was assessed for germination of conidia (Filonow,
1999), and the other filter was pressed to the inside of a glass funnel (3 cm diam.×
6 cm stem). The funnel was put into a 15-ml glass centrifuge tube and positioned
under a 10-ml glass disposable pipet containing 10 ml of water. The column of
water in the pipet was held in place by pinch clamping a rubber tube attached
to the top of the pipet, thereby stopping air pressure on the water column. The
distance from the tip of the pipet to the top of the filter was 13 cm. Opening the
pinch clamp caused the water to stream down on the filter, dislodging conidia.
Residual water in the stem of the funnel was blown into the centrifuge tube and
the tube capped. The filter in the funnel was discarded, the funnel washed with
a squirt of water, and the process repeated for the next sample. Centrifuge tubes
were centrifuged at 2800 rpm for 20 min. The supernatant was reduced to 2 ml by
gentle suction into a vacuum flask. Then 2 ml were vortex mixed and the number
of conidia per milliliter estimated in a hemacytometer from two counts per tube.
The total number of conidia in nine fields was considered one count. Percentage
adhesion was calculated from the mean number of conidia dislodged from a filter
unexposed to butyl acetate minus the mean number dislodged from an exposed
filter divided by the mean number dislodged from an unexposed filter×100.
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Utilization of Butyl Acetate by Yeasts or Conidia ofB. cinereaStrains As
Indicated by Tetrazolium Violet Reduction In Vitro.Microorganisms capable of
catabolizing certain organic substrates in a colorless tetrazolium violet (TV; Sigma
Chemical, Inc., St. Louis, Missouri) solution reduce the TV to a violet-colored
formazan (Bochner and Savageau, 1977). This method was used to assess the
capability of yeasts orB. cinereaconidia to use butyl acetate as food. The TV
preparation (TVP) consisted of 2.1 g K2HPO4, 0.9 g KH2PO4, 0.4 g proteose
peptone (Difco, Inc.), 40 mg MgSO4•7H2O, 100µl 1 M NH4NO3, 20µl 1 mM
thiamine HCl, 20µl 1 mM biotin, and 20 mg TV in 100 ml of water. Brief sonication
at different steps helped solubilize some of the ingredients. The very pale yellow
solution was filter-sterilized (0.2-µm pore) and stored in sterile centrifuge tubes at
4◦C until use. One hundred microliters each of TVP, a suspension of test organisms,
and water were aseptically pipetted into autoclaved 22-ml glass scintillation vials.
Test organisms were suspensions (3× 108 CFU/ml) of each yeast or conidia (3×
107 conidia/ml) of eachB. cinereastrain in sterile saline (0.9% NaCl). Vials were
placed in upright glass jars, and the lids were sealed. Each test organism was in
two vials per jar. Half of the jars had 4µl of butyl acetate injected into them, and
the other half did not. Some jars contained vials with TVP, a test organism, and
100µl of 20 mM glucose or vials with TVP, water instead of a test organism,
and 100µl of 20 mM glucose. These jars were not injected with butyl acetate.
There were three jars per treatment. After incubation at 22◦C for 24 hr, the color
of solutions in the vials was rated: 1= no purple color, 2= light purple, 3=
intermediate purple, and 4= intense purple.

Effect of Butyl Acetate on Electrical Conductivity of Conidia in Water. Five
milliliters of water (sdd) containing conidia (5–7× 106 conidia/ml) of each
B. cinereastrain in 15 ml polypropylene centrifuge tubes were treated with
1µl or 5µl of butyl acetate. The tubes were capped, shaken horizontally at 22◦C
for 1–24 hr at 100 rpm, and electrical conductivity of suspensions measured at 1, 4,
and 24 hr with a conductivity probe (Amber Science, Inc., San Diego, California)
on the lab bench. Controls were water without conidia, but treated with 5µl butyl
acetate, and water with conidia but no butyl acetate. There were three replicates
per treatment or control per experiment.

Effect of Butyl Acetate on Loss of14C from14C-Labeled Conidia. Conidia of
each strain ofB. cinereawere produced on 10-cm-diam. PDA dishes that were
supplemented with 370 kBq of [14C]glucose per dish. Solutions of [14C]glucose
(11.1Gbq/mM; ICN Biomedicals) were filter-sterilized(0.2-µm-diam.pore)before
use. Four hundred microliters of14C-labeled conidia (2.4–5.0× 106 conidia/ml)
of eachB. cinereaisolate or water (sdd) were aseptically pipetted into a sterile
well affixed to double-stick tape on the inside of a 6.5-cm-diam. glass Petri dish
cover. Also stuck to the tape was a 22-ml glass scintillation vial containing 200µl
of 1 M NaOH as a14CO2 trap. The cover dish was placed inside an upright 500 cc
glass jar that was then sealed. Three jars containing each of the fungi and three
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with water were injected with 4µl of butyl acetate, and three jars each with fungi
or water were not. After 24 hr at 22◦C, 14 ml of Econolume scintillation cocktail
(ICN Biomedicals) were added to the vial with NaOH, and the contents of a well
was transferred by pipet to a membrane filter on a sintered-glass suction head
and vacuum deposited on the filter. Two 200-µl water washings of the well were
also added to the membrane. Liquid was collected in a scintillation vial inside
the suction flask. The filter was dissolved in 200µl chloroform, and the conidia
suspended in 10 ml of 4% Cab-O-Sil cocktail (Filonow and Lockwood, 1983).
Ten milliliters of Econolume cocktail were added to the liquid from inside the
suction flask. Radioactivity was measured as disintegrations per minute (dpm).
Total14C available in a jar prior to an experiment was equal to14C (dpm) in liquid
+ in conidia on a filter+14CO2 . Percentage14C lost as leakage from conidia was
calculated as (14C in the liquid/total14C)× 100. Percentage14CO2 evolved from
conidial respiration was calculated from (14CO2/total14C)× 100. Total percentage
14C lost from conidia was the sum of14C leakage+14CO2 evolved.

Effect of Butyl Acetate on Uptake of14C-Labeled Sugars by Conidia.Two
hundred microliters of14C-labeled glucose (370 kBq) in water were pipetted into
a sterile well inside a small glass Petri dish cover. The cover also held a 22-ml
scintillation vial containing 200µl of 1 M NaOH. One membrane filter without
conidia as a control or one bearing 1× 106 conidia of eachB. cinereaisolate
was placed on the14C-labeled glucose and the dish cover placed inside an upright
500-cc glass jar. There were 24 jars per experiment: six jars with conidia of each
isolate and six of a control. The jars were sealed and three jars with conidia of
each isolate and a control were injected with 4µl of butyl acetate. Jars without
butyl acetate were the controls. Jars were completely randomized on a bench. After
9 hr at 22◦C, 14 ml of Econolume cocktail were added to the scintilliation vial,
and membrane filters were transferred to a sintered-glass suction flask and washed
(200µl) twice with cold water. Radioactivity in conidia was measured, as described
above. One experiment was done.

Effect of Butyl Acetate and Yeasts onB. cinereaInfection of Apples. Golden
Delicious apples were purchased from a local supermarket. Apples used in exper-
iments weighed 110–135 g, had a mean firmness of 40–44 N and soluble solids
of 11.5–12.7%, and were free of obvious bruises. Apples were used on the day of
purchase or stored (4◦C) for one week or less before use. Apples from cold stor-
age were equilibrated at 22◦C for 16–24 hr before use. Apples were washed with
tap water and dried with paper towels. Two wounds (3 mm diam.× 3 mm deep)
were made on opposite sides of an apple at the equator by puncturing the tis-
sue with a nail. The nail was passed through a flame and briefly allowed to cool
before the next puncture. Apples were incubated for 24 hr prior to inoculating
wounds. Treatments used for inoculation were prepared in 12-ml glass vials by
mixing 5 ml suspensions of isolate F-J-4 conidia with 5 ml of water or 5 ml of
yeast suspension to give: (1) conidia+ S. roseus,(2) conidia+ C. laurentii,
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(3) conidia+ S. cerevisiae,or (4) conidia+ water. Density of conidia was
2–4× 104 conidia/ml, whereas yeast density was 1× 107 CFU/ml. The con-
trol was 10 ml of water in a vial, and one vial per fungal suspension or water was
prepared. Water and fungal mixtures (10 ml each) were spiked with 10µl of butyl
acetate or not. Vials were capped, the contents mixed well, and 20µl of a treat-
ment pipetted into both wounds per apple using a fresh pipet tip for each wound.
Fifteen apples per treatment or control on a fruit tray were placed inside a 40-cm×
58-cm× 14-cm plastic storage box containing 500 ml of water, and sealed inside
a plastic bag. Each box contained a different treatment and was randomized on a
bench. After 10 days at 22◦C, the number of infected wounds and lesion diameters
(Filonow et al., 1996) were recorded.

Data Analysis.All experiments were repeated one or two times, unless other-
wise noted. Results from repeated experiments were reproducible. Percentage ad-
hesion of conidia exposed to butyl acetate and yeasts (Figure 2 below) is presented
as an increase over the percentage adhesion of unexposed conidia. Percentage
germination and percentage infection data were subjected to an arcsine square-
root transformation prior to analysis of variance (ANOVA). A two-way ANOVA
was performed on data from the apple infection experiments. Means were sep-
arated using the Student-Newman-Keul’s test or Dunnett’s test (P ≤ 0.05). The
relationship between conidial germination and conidial adhesion was analyzed by
regression (P ≤ 0.05).

RESULTS

Effect of Butyl Acetate and Yeasts on Adhesion and Germination of Conidia In
Vitro. Preliminary experiments showed that centrifugation of a 10-ml suspension of
conidia followed by suctioning off the supernatant consistently gave a 92% recov-
ery of conidia unexposed to butyl acetate. The water-stream method for dislodging
conidia yielded 85–88% of unexposed conidia within 3 min of conidia deposition
on membranes, indicating a rapid adhesion of some conidia. Since the 85–88% re-
covery of conidia was consistent for several trials (data not shown), and the method
was easy to use, it was considered suitable for assessing conidial adhesion.

Adhesion of unexposed conidia to membrane filters (experimental controls)
increased over time (Figure 1), ranging from 11–26% after 4 hr to 22–42% after
48 hr of incubation. Germination of these conidia was typically 0% after 12 hr and
only 2–10% after 48 hr (Figure 1). When conidia were exposed to butyl acetate
(Figure 1), their adhesion increased 0.3- to 2.3-fold by 4 hr and 1.6- to 3.0-fold by
48 hr over the controls. Conidia exposed to butyl acetate also germinated more
(Figure 1), with significant stimulation of germination beginning after 8–12 hr
and increasing to 3- to 5-fold greater than controls after 48 hr. Data for germi-
nation and adhesion of exposed conidia (Figure 1) were subjected to regression
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FIG. 1. Adhesion and germination of conidia of isolates F-J-4, WMA1, and WMG2 of
Botrytis cinereaafter 24 hr at 22◦C on polycarbonate membrane filters on water inside
500-cc jars injected with 4µl of butyl acetate. Controls were conidia not exposed to butyl
acetate. Data points are the means of three replicates± 1 SD.

analysis. Regression of percentage germination (G) to percentage adhesion (A) data
best fit second order polynomial models for isolates F-J-4 (G = 49.96− 2.00A+
0.019A2; r 2 = 0.99), and WMA1 (G = 30.44− 1.38A+ 0.014A2; r 2 = 0.77),
and a linear model for WMG2 (G = −31.46+ 0.79A; r 2 = 0.96).

Sporobolomyces roseusand C. laurentii generally reduced the adhesion-
promoting effect of butyl acetate on conidia to membrane filters (Figure 2), whereas
S. cerevisiaedid not.Sporobolomyces roseusinhibited adhesion of conidia more
thanC. laurentiifor isolates F-J-4 and WMA1, but not WMG2. Generally the lower
the level of conidial adhesion affected by the yeasts the lower the germination of
conidia (Figure 2).

Utilization of Butyl Acetate by Yeasts and Conidia of B. cinerea Isolates As
Indicated by Tetrazolium Violet Reduction In Vitro. All yeasts and conidia utilized
glucose as a food as indicated by the production of a violet-colored precipitate
(Table 1); however, onlyS. roseusandC. laurentii utilized butyl acetate. Con-
trols consisting of an organism plus TVP without a food source were colored pale
yellow, except for theS. roseuscontrol, which often was light violet, but easily
distinguishable from the medium-intense violet whenS. roesusutilized butyl ac-
etate or glucose. By 24 hr most of the formazan production had occurred, but
C. laurentiioften needed another 24 hr to improve color intensity.
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FIG. 2. Adhesion and germination of conidia of isolates F-J-4, WMA1, and WMG2 of
Botrytis cinereaafter 24 hr at 22◦C on polycarbonate membrane filters on water or water
suspensions of yeasts inside 500-cc jars injected with 4µl of butyl acetate. Controls were
conidia not exposed to butyl acetate. Bars are the means of three replicates and represent the
increase in percentage adhesion and germination above controls. Bars with the same letter
are not significantly (P ≤ 0.05) different according to the Student-Newman-Keul’s test.

Effect of Butyl Acetate on Electrical Conductivity of Conidia in Water. Ad-
dition of small amounts of butyl acetate to suspensions of conidia in water sig-
nificantly increased the electrical conductivity of the suspensions beyond that of
the controls. The conductivity of the suspensions dosed with 5µl butyl acetate
generally increased linearly over time (Figure 3), whereas the 1-µl dose increased
conductivity 150–255% after 1 hr, but thereafter conductivity did not increase

TABLE 1. UTILIZATION OF GLUCOSE ANDBUTYL ACETATE BY CONIDIA OF Botrytis
cinereaAND YEASTSUSING TETRAZOLIUM VIOLET REDUCTION ASINDICATOR

Violet color rating with
added substratea

Organism Water Glucose Butyl acetate

F-J-4 conidia 1.0a 2.2b 1.0a
WMA1 conidia 1.0a 2.3b 1.0a
WMG2 conidia 1.0a 2.3b 1.0a
S. cervisiae 1.0a 2.7b 1.0a
C. laurentii 1.2a 2.7b 2.7b
S. roseus 2.0a 4.5c 3.8b

a Color was rated using a scale of 1–5, where 1= no violet color and 5= intense violet color. Values are
the means of six replicates. Means in a horizontal row followed by the same letter are not significantly
different using Dunnett’s test (P ≤ 0.05).
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FIG. 3. Electrical conductivity (EC) at 22◦C of suspensions of conidia of isolates F-J-4,
WMA1, and WMG2 ofBotrytis cinereain water dosed with 5µl of butyl acetate. Controls
were conidia not exposed to butyl acetate. Bars are the means of three replicates and represent
the EC increase in percentage above controls. Bars with the same letter are not significantly
(P ≤ 0.05) different according to the Student-Newman-Keul’s test.

(data not shown). No isolate ofB. cinereaconsistently leaked more than others
after butyl acetate exposure.

Effect of Butyl Acetate on Loss of14C from14C-Labeled Conidia. 14C-Labeled
conidia incubated on water and not exposed to butyl acetate lost 3.4–7.9% of
their 14C. Exposure to butyl acetate increased14C lost to 16.9–25.1% (Figure 4).
Generally, respiration was the major route of14C lost from conidia of isolates
WMA1 and WMG2, but not F-J-4,which also leaked considerable14C. Leakage
of 14C from conidia exposed to butyl acetate was 2.2–2.8 times greater than that
from unexposed conidia.

Effect of Butyl Acetate on Uptake and Utilization of14C-Labeled Glucose by
Conidia. Exposure of conidia to butyl acetate did not make them more permeable to
glucose (Figure 5). Compared to unexposed conidia, neither [14C]glucose uptake
by conidia, respiration, nor total14C recovery from labeled conidia was increased
by butyl acetate.

Effect of Butyl Acetate and Yeasts on B. cinerea Infection of Apples. Butyl
acetate in water added to wounds of apples increased both the infection fre-
quency and the lesion diameter caused byB. cinereaF-J-4 compared to the control
(Table 2). Butyl acetate caused little additional disease in wounds treated with
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FIG. 4. 14C lost as leakage or evolved CO2 from 14C-labeled conidia of isolates F-J-4,
WMA1, and WMG2 ofBotrytis cinereaafter 24 hr at 22◦C on water inside 500-cc jars
injected with 4µl of butyl acetate (BA) or not (NBA). Bars with the same letter are not
significantly (P ≤ 0.05) different according to the Student-Newman-Keul’s test.

FIG. 5. Uptake and utilization of [14C]glucose by conidia of isolates F-J-4, WMA1, and
WMG2 of Botrytis cinereaafter 24 hr at 22◦C on water inside 500-cc jars injected with 4µl
of butyl acetate or not. No significant (P ≤ 0.05) differences were found between conidia
exposed or unexposed to butyl acetate.

840
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TABLE 2. EFFECT OFYEASTS ONINFECTION BY CONIDIA OF Botrytis cinerea(F-J-4)IN

WOUNDS OFGOLDEN DELICIOUS APPLESTREATED WITH BUTYL ACETATEa

Infection frequency (%) Lesion diameter (mm)

No butyl Butyl No butyl Butyl
Yeast acetate acetate acetate acetate

None 70.0aZ 90.0bZ 20.9aZ 31.0bZ
S. cerevisiae 60.0aZ 70.0aY 20.1aZ 23.0aZ
C. laurentii 46.7aY 43.3aX 10.4aY 11.9aY
S. roseus 6.7aX 26.7bW 5.5aY 9.1aY

a Values are the means of 15 replicates. Means in a horizontal row followed by a lowercase letter and
means in a column followed by uppercase letters are not significantly different using the Student-
Newman-Keul’s test (P ≤ 0.05).

yeasts. In wounds treated with butyl acetate, all yeasts reduced the infection fre-
quency compared to the control; however, lesion diameter was only reduced by
S. roseusandC. laurentii.Compared toC. laurentii, S. roseusreduced infection
frequency but not lesion diameter.

DISCUSSION

Butyl acetate stimulated germination of conidia ofB. cinereaon polycarbon-
ate filter membranes, a finding that supports early work with butyl acetate and other
acetate esters (Filonow, 1999). This phenomenon was found for two other isolates
of B. cinereain addition to F-J-4 (Filonow, 1999). My findings plus earlier work
(Brown, 1922) suggest a general germination response ofB. cinereato acetate
esters.

Butyl acetate increased the adhesion ofB. cinereaconidia to membrane fil-
ters, which is a new finding. The percentage germination of conidia was strongly
correlated with increasing adhesion. Other workers have reported that fungal spore
adhesion plays a role in spore germination (Young and Kauss, 1984; Hamer et al.,
1988; Doss et al., 1993, 1995). In the absence of butyl acetate, my results sup-
port the findings of Doss et al. (1993) that adhesion of freshly hydrated conidia
of B. cinereais a two-stage process with the first stage occurring very rapidly. A
second stage, involving germ tube formation, occurs hours later, with adhesion
increasing as germlings increase (Doss et al., 1995). Most likely, a minimum ad-
hesive threshold may have to be surpassed by someB. cinereaconidia prior to
germination.

Other mechanisms were investigated that could account for increased germi-
nation of conidia when exposed to butyl acetate. Conidia did not use butyl acetate
as a food source, as indicated by the lack of tetrazolium violet reduction, although
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this metabolic assay showed that conidia had an active metabolism capable of
using glucose. Although tetrazolium dyes are widely used in microbial ecology
as colorimetric indicators of organic substrate utilization, their use is sensitive to
several factors (Bochner and Savageau, 1977; Konopka et al., 1998), and care must
be used in assay interpretation. Nevertheless, under the conditions given in this
paper, the TV assay was simple to use and gave unequivocal results.

Butyl acetate increased the permeability of conidia, as indicated by the in-
crease in electrical conductivity (EC) of water suspensions of conidia treated with
butyl acetate. Part of the EC rise was due to leakage of organic compounds. An
increased loss of14C occurred from14C-labeled conidia of all isolates. Altered
permeability appeared to favor efflux of material rather than influx, as suggested
by the insignificant uptake and use of [14C]glucose by conidia exposed to butyl
acetate compared to unexposed conidia. The effect of butyl acetate on permeabil-
ity of B. cinereaconidia is a new finding and raises the question of whether other
fungal spores are likewise affected by acetate esters or other volatiles.

The present work also confirmed the finding (Filonow, 1999) thatSporo-
bolomyces roseusandC. laurentii,but notS. cerevisiaereduced the stimulatory ef-
fect of butyl acetate on thein vitro germination ofB. cinereaconidia. Reported here
for the first time is the capability of some yeasts to reduce the adhesion-promoting
effect of butyl acetate on fungal spores.Saccharomyces cerevisiaeshowed much
less capability, a result consistent with the poor capability ofS. cerevisiaeto reduce
butyl acetate stimulation of germination. The TV assay showed thatS. roseusand
C. laurentii, but notS. cerevisiaeused butyl acetate as a food source, a finding
supported by Vishniac et al. (1997) that some yeasts but not others can use ac-
etate esters as food sources. Therefore, depletion of butyl acetate byS. roseusor
C. laurentii from water films surrounding conidia, thereby reducing the adhesion-
promoting effect of butyl acetate, is a plausible mechanism explaining the action of
these yeasts. However, this hypothesis would be better tested by relating adhesion
and germination to butyl acetate depletion rates induced by yeasts. This could be
donein vitro but is now technically impossible in apple wounds.

Since butyl acetate caused increased leakage of organic compounds from coni-
dia, it is also plausible that the released material or some component of the material
may be an adhesive (Stahman et al., 1992; Doss et al., 1995). Depletion of butyl
acetate byS. roseusandC. laurentiimay reduce alterations in fungal permeability
with less leakage of adhesive. Alternatively or concomitantly, these yeasts may
feed on some component of the extracellular material altering adhesive capacity.

Filonow (1999) showed that exposing apples to a butyl acetate headspace in
glass jars produced more infection byB. cinerea.The work herein expands on this
finding to show thatS. roseusandC. laurentii, but notS. cerevisiaereduced the
infection-promoting effect of butyl acetate. Although this finding is consistent with
in vitro germination and adhesion results, conclusive evidence awaits investigations
of microbial interactions within apple wounds. In this study, wounds of apples were
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directly treated with a dilute solution of butyl acetate and the apples incubate in a
manner frequently used by workers in the biological control of postharvest diseases
(Janisiewicz et al., 1994; Filonow, 1998). The wounds were also allowed to dry
overnight to facilitate a quicker absorption of butyl acetate by wounds from the
introduced solution.

Butyl acetate and other acetate esters are volatile aroma- and flavor-producing
compounds readily emitted by apples (Knee, 1993; Fellman and Mattheis, 1995),
but whose concentrations vary according to the physiological state of the apple
(Mattheis et al., 1991; Fellman and Mattheis, 1995). Since butyl acetate is one of the
most volatile of acetate esters, it has typical concentrations of 200–1000 nppb and
1–3µppm in the flesh and peel, respectively. During storage, conidia ofB. cinerea
in apple wounds will be exposed to indigenous acetate esters and to volatile acetate
esters that partition into and out of water films on the surfaces of apples. In the
present study, conidia on filter membranes in glass jars were exposed to 4µl of
butyl acetate or about 7µppm. Since butyl acetate is slightly soluble in water, it
is reasonable to assume that concentrations of butyl acetate used in thein vitro
studies were most likely similar to the ppb to ppm range typically found in apples.

The relevance of the present findings to the use of yeasts as biological control
agents needs additional study, although these findings and those of Filonow (1998,
1999) indicate that other chemicals besides the standard nutrients, e.g., sugars, may
influence interactions of fungal pathogen and biocontrol yeasts in apple wounds.
The chemical ecology of fungal pathogen interactions with fruit appears to be
exceedingly complex (Hamilton-Kemp et al., 1992; Vaughan et al., 1993; Eckert
and Ratnayake, 1994; Archbold et al., 1997; Filonow, 1999) and may make the
search for a single causal biocontrol mechanism difficult. If so many interacting
chemicals affect microbial interactions in an apple wound, is it worthwhile to focus
on single mechanisms of antagonism such as antibiosis or nutrient competition for
the purposes of antagonist improvement?

Apart from this question, the present findings support the acquisition of fur-
ther knowledge regarding the physiological and biochemical effects that volatile
chemicals from apples or other fruits have on the ecology of fungal plant pathogens.
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Abstract—To understand how mammalian herbivores process plant secondary
compounds, we examined differences in expression of biotransformation en-
zyme mRNAs among populations of wild woodrats (Neotoma lepida) and labo-
ratory rats. We compared expression of mRNAs for 10 biotransforming enzymes
in five families (CYP, mEH, QOR, GST, and UGT) by using Northern blot anal-
ysis. We found significant differences in eight of 10 mRNAs tested. We suggest
that the differences in mRNA expression among populations of woodrats and lab-
oratory rats may be due to differences in the secondary compound composition
of their diets. Our results provide background for future studies of detoxification
strategies in mammalian herbivores that combine pharmacological techniques
with an ecological perspective.

Key Words—Detoxification, biotransforming enzymes, plant secondary com-
pounds,Neotoma, woodrats, xenobiotics.

INTRODUCTION

Mammalian herbivores ingest and detoxify a wide variety of plant secondary com-
pounds. Detoxification and elimination is carried out by a multitude of enzymes
collectively referred to as “xenobiotic biotransforming enzymes” or less precisely,
“drug-metabolizing enzymes.” These enzymes transform hydrophobic molecules
into hydrophilic compounds that can be excreted as metabolites in the urine or
feces.

To understand how mammalian herbivores detoxify secondary compounds,
ecologists have focused primarily on the end products of detoxification by exam-
ining metabolites in the urine. Most studies have focused on the excretion of a
single compound, glucuronic acid, which is an endogenous compound that can be
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conjugated to a diversity of secondary compounds (Dearing, 1997; Foley, 1992;
Lindroth and Batzli, 1983). Focus on this pathway is due in part to the fact that
relatively straightforward, colorimetric assays for glucuronic acid have been de-
veloped (Blumenkrantz and Asboe-Hansen, 1973). Quantification of metabolites
from other enzymatic pathways often entail more involved chemical analyses, such
as gas chromatography, high pressure liquid chromatography, or mass spectrom-
etry (Mangione, 1999; McLean et al., 1993).

In contrast, contemporary pharmacological studies approach mechanisms of
detoxification of foreign (xenobiotic) compounds differently. In addition to quan-
tifying metabolites excreted in the urine,in vitro techniques are used to identify
individual enzymes involved in drug metabolism (Batt et al., 1992; Kato, 1979).
One such technique that uses Northern blot analysis (Sambrook et al., 1989) detects
messenger RNAs (mRNA) that encode for numerous biotransformation enzymes.
This analysis gives an indication of the level of expression of mRNA for a par-
ticular detoxification enzyme. Screens of mRNA for biotransformation enzymes
typically are employed to determine the pathways of biotransformation that are
induced when a known drug is administered.

We took a pharmacological approach to investigate the detoxification mech-
anisms of mammalian herbivores consuming their natural diet. As a first step,
we used Northern blot analysis to quantify the expression of mRNAs for several
biotransformation enzymes in the liver of desert woodrats,Neotoma lepida. This
species occurs in a wide variety of habitats across the American Southwest. We
selected two populations ofN. lepidaknown to consume different diets.N. lepida
from the Great Basin feeds primarily on Utah juniper (Juniperus osteosperma),
whereasN. lepida from the Mojave Desert consumes desert almond (Prunus
fasciculata) and creosote (Larrea tridentata) (Egoscue, 1957; Karasov, 1989;
Mangione, 1999). These plant species contain high levels of various secondary
compounds, particularly terpenes and phenolics (Dearing et al., 2000; Mangione,
1999; Mangione et al., 2000). We compared the results fromN. lepidaconsuming
natural diets to those from laboratory rats (Rattus norvegicus) consuming standard
laboratory chow.

For each population, we examined levels of mRNA from five families of
enzymes involved in xenobiotic biotransforming enzymes: cytochrome P450s
(CYP), microsomal epoxide hydrolase (mEH), NAD(P)H quinone oxidoreduc-
tase (QOR), glutathioneS-transferases (GST), and UDP-glucuronosyltransferases
(UGT) (Figure 1). These five families encompass the majority of known detoxifica-
tion enzymes and include both functionalization (phase I) and conjugation enzymes
(phase II). In addition, we probed for the heavy subunit ofγ -glutamylcysteine
synthase (γ -GCS). CYP, mEH, and QOR encode for functionalization enzymes,
whereas GST and UGT produce conjugation enzymes. For CYP and UGT families,
we restricted our investigation to isoforms that are known to metabolize foreign
compounds.
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FIG. 1. General pathways of xenobiotic biotransformation. An example of a phenolic com-
pound is shown. P450s: cytochrome P450 enzymes, mEH: microsomal epoxide hydrolase
enzyme, QOR: NAD(P)H quinone oxidoreductase, UGTs: UDP-glucuronosyltransferase
enzymes,γGCS: γ -glutamylcysteine synthase enzyme, GSH: glutathione, and GSTs:
glutathione-S-transferase enzymes.

Enzymes from each of the five families modify xenobiotics in a specific
way (Hardman and Limbird et al., 1996) (Figure 1). Cytochrome P450 enzymes
catalyze a monooxygenation reaction by inserting one atom of molecular oxygen
into the xenobiotic compound while the other oxygen atom is reduced to water.
Microsomal epoxide hydrolase catalyzes the addition of water to alkane epox-
ides, which are commonly produced during cytochrome P450 reactions. QOR
catalyzes the two-electron reduction of quinones by oxidation of NAD(P)H. GSTs
catalyze conjugation of xenobiotic compounds with the tripeptide, glutathione. An
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adequate supply of glutathione is critical for conjugation. The rate-limiting step in
the production of glutathione is catalyzed byγ -GCS. UGTs conjugate xenobiotic
compounds with a sugar acid moiety from the cosubstrate UDP-glucuronic acid
(Dutton, 1980).

We had three objectives in this study: (1) to determine whether complemen-
tary DNA (cDNA) probes for biotransformation enzyme mRNAs in laboratory
rats (Rattus norvegicus) were homologous to mRNAs in woodrats, (2) to de-
termine detoxification pathways induced by woodrats consuming a natural diet,
and (3) to compare levels of biotransformation enzyme mRNAs among popula-
tions of woodrats and laboratory rats. We hypothesized thatN. lepidawoodrats
should express higher levels of mRNA for biotransformation enzymes compared
to laboratory rats because woodrats consume plants with measurable quantities of
secondary compounds, whereas laboratory rats consume formulated diets low in
toxins.

METHODS AND MATERIALS

Laboratory Rats. Male laboratory rats (Muridae: Murinae:Rattus nor-
vegicus: strain Sprague-Dawley; 160–180 g) were obtained from Simonson Lab-
oratories and kept on a 12 hour light dark cycle and given free access to rat chow
and water.

Collection of Neotoma. We collectedNeotoma lepida(Muridae: Sigmod-
ontinae) from two populations in Utah in October 1999. Four individuals were
collected from a Mojave Desert habitat near Beaver Dam Wash, Utah (37◦06’N,
113◦58’W). The other four individuals were trapped in the Great Basin Desert
near Jericho, Utah (39◦57’N, 112◦22’W). From here on, we refer to individuals
trapped in the Mojave Desert as Mojave woodrats and those collected in the Great
Basin Desert as Great Basin woodrats. For a description of each of these sites,
see Dearing et al. (1998). Animals were live-trapped with Sherman traps and dis-
patched in the field with CO2. Whole animal body mass was recorded. The liver
was removed, weighed, and frozen quickly on dry ice. Samples of liver tissue were
brought back to the laboratory for total RNA isolation.

Total RNA Isolation and Northern Blot Analysis. Total RNA was isolated
from approximately 100 mg of frozen liver tissue by homogenization in 2 ml
TRIzol (phenol–guanidine isothiocyante) reagent (Giboco/BRL) and isopropyl
alcohol precipitation of the aqueous layer following chloroform treatment. Twenty
micrograms of total RNA from each sample (concentration of total RNA was
determined from 260 nm absorbance) was subjected to electrophoresis in 1%
denaturing agarose gel containing formaldehyde. Sample integrity was determined
by visualization of sharp 18S and 28S bands with ethidium bromide. Total RNA
was transferred to a Nytran membrane (Schleicher and Schuell) by downward



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP116-15-297467 March 17, 2001 11:2 Style file version Nov. 19th, 1999

RAT DETOXIFICATION ENZYME mRNAs 849

TABLE 1. CDNAS USED FORNORTHERNPROBESa

cDNA Genbank Region Citation

CYP1A1 X00469 1511–2250 Yabusaki et al. (1984)
CYP2B J00719 50–1567 Fujii-Kuriyama et al. (1981)
CYP3A M10161 1079–2040 Gonzalez et al. (1985)
UGT1A1 U20551 2–870 Coffman et al. (1995)
UGT1A6 J02612 152–934 Iyanagi et al. (1986)
UGT2B1 M13506 8–710 Mackenzie (1986)
GSTYa K00136 4–755 Pickett et al. (1984)
QOR J02608 107–1495 Robertson et al. (1986)
mEH M26125 107–1531 Porter et al. (1986)
γ -GCS J05181 251–820 Yan and Meister (1990)

aThe Genbank account numbers and approximate region of the cDNA are given.

alkaline transfer, cross-linked with UV light, and hybridized with cDNA probes
labeled with [α-32P]dCTP by random primed synthesis (Amersham Multiprime)
according to the manufacturer’s specifications. The rat cDNA probes used are
given in Table 1.

Hybridized blots were washed twice for 30 min at 42◦C in 2× SSC, 0.1%
SDS, twice for 30 min at 42◦C in 0.1×SSC, 0.1% SDS, and once for 45 min at 54◦C
in 0.1×SSC, 0.1% SDS. Autoradiographic film was exposed for 6–72 hr at−70◦C
with an intensifying screen, and the developed band intensity was determined by
scanning densitometry with Molecular Analyst (Bio-Rad) software. To remove any
effects of gel loading and transfer variations, all mRNA bands were normalized to a
housekeeping gene, cyclophilin mRNA, in the same sample. Plasmids containing
the cDNA probes were provided by Dr. J. Ritter, Medical College of Virginia,
Virginia Commonwealth University, Richmond, Virginia.

Statistics. Statistical analyses were performed by using ANOVA, followed by
Fisher’s multiple range test.

RESULTS

cDNA Probes. In general, cDNA probes generated from mRNAs for rat bio-
transforming enzymes gave good results when used on woodrat livers (Figure 2).
All probes gave bands that were similar in size to mRNA bands from laboratory
rats, with the exception of UGT2B1, where a larger transcript was detected in
woodrat samples (Figure 2).

mRNAs for Detoxification Enzymes. Levels of mRNAs varied between
woodrats and lab rats and among woodrats. In eight mRNAs tested, there were
significant differences between woodrats and laboratory rats and among woodrats,
but no consistent pattern in levels of mRNAs emerged. We found no difference in
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FIG. 2. Northern blots of liver mRNAs. Representative results are shown for each sample.
Membranes were probed with the indicated32P-labeled cDNA probes (see Table 1) for
each xenobiotic biotransformation enzyme. Membranes were also probed with32P-labeled
cDNA for cyclophilin to compensate for gel loading and transfer variations. Band order is
shown as laboratory rats (lr), Great Basin woodrats (GB), and Mojave woodrats (M).

mRNA levels for two of 10 mRNAs across the three animal groups tested. Details
of the results for each mRNA are presented in the following sections.

mRNAs for Functionalization Enzymes. Among functionalization enzyme
mRNAs, significant differences were present in mRNA levels for CYP2B and
CYP3A. The level of mRNA for CYP2B was greater in Great Basin woodrats
compared to Mojave woodrats and laboratory rats (Figure 3). Both populations of
N. lepidahad elevated levels of mRNA for CYP3A in comparison to laboratory
rats. There was no detectable message for CYP1A1 in woodrat populations or
laboratory rats (data not shown). The level of mEH mRNA was lower in Great
Basin woodrats compared to laboratory rats and Mojave woodrats. The level of
QOR mRNA was lower in Mojave woodrats than laboratory rats and Great Basin
woodrats (Figure 3).

mRNA for γ -GCS and Conjugation Enzymes. The level of mRNA for
γ -GCS differed among groups (Figure 4). MojaveN. lepidapopulations had higher
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FIG. 3. Mean band intensities± SE of northern blot analysis for functionalization enzyme
mRNAs. Sample sizes wereN = 4 for laboratory rats (lr), Great Basin woodrats (GB),
and Mojave woodrats (M). Relative band intensities were normalized to laboratory rats.
Different letters indicate significant differences among groups.

levels ofγ -GCS compared to laboratory rats, but the difference between Great
Basin woodrats and laboratory rats was not statistically significant. The Mojave
population hadγ -GCS levels five times that of laboratory rats and two times that
of the Great Basin population. There was no difference in levels of mRNA for the
GSTYa among woodrats and laboratory rats (Figure 4).

We found differences among animal groups with respect to mRNAs for glu-
curonic acid conjugation enzymes (Figure 4). Mojave woodrats had significantly
higher levels of UGT1A6 mRNA compared to Great Basin woodrats and lab-
oratory rats. Levels of mRNA for UGT1A6 were not significantly different be-
tween laboratory rats and Great Basin woodrats. Levels of mRNA for another glu-
curonidation enzyme, UGT2B1, showed the opposite pattern. Both populations of
N. lepidaexhibited significantly lower levels of mRNA for UGT2B1 compared to
laboratory rats. Levels of UGT1A1 mRNA were also significantly lower in both
N. lepidawoodrat species compared to laboratory rats (Figure 4).

DISCUSSION

More than 25 years ago, Freeland and Janzen (1974) integrated the fields of
pharmacology and ecology to generate numerous hypotheses on how herbivorous
mammals cope with toxins in plants. Since then, diverse analytical techniques have
been developed to understand the biotransformation pathways through which drugs
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FIG. 4. Mean band intensities± SE of northern blot analysis forγGCS and conjugation
enzyme mRNAs. Sample sizes wereN = 4 for laboratory rats (lr), Great Basin woodrats
(GB), and Mojave woodrats (M). Relative band intensities were normalized to laboratory
rats. Different letters indicate significant differences among groups.

and other xenobiotics are processed. Few of these techniques have been applied to
studies of wild mammalian herbivores. A primary objective of our research was
to join pharmacological knowledge and techniques to ecological questions of how
wild herbivores detoxify secondary compounds in plants. Our results demonstrate
that these approaches can be fruitful.

Use of cDNA Probes from Laboratory Rats in Woodrats. Overall, cDNA
probes designed for detoxification mRNAs in laboratory rats gave good results in
woodrats. Total RNA isolated from livers of woodrats and probed with cDNA for 10
biotransformation mRNAs of laboratory rats yielded bands of similar sizes to those
found in laboratory rats (with the exception of UGT2B1). These results suggest
that although laboratory rats and woodrats are different species, the sequences
of their respective biotransforming enzyme mRNAs have been conserved. In the
future, it would be valuable to have cDNA probes for the various biotransforming
enzymes fromNeotomaspecies. Knowledge of the exact DNA sequence of a
specific biotransforming enzyme may yield valuable information on the evolution
of detoxification systems (Lewis et al., 1998).

UGT2B1 did not yield results comparable to the other cDNA probes. The
probe for UGT2B1 indicated a longer mRNA in woodrats than in laboratory rats.
This result suggests that the mRNA for UGT2B1 in woodrats differs slightly from
that of laboratory rats but is similar enough to hybridize to the probe.
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Messenger RNA for CYP1A1 was not detected in either woodrat popula-
tion. The CYP1A1 gene in woodrats may be significantly different from that of
laboratory rats and, thus, was not detected by the probe for laboratory rats. This
outcome, however, is unlikely given that species such as trout, which are more dis-
tantly related to laboratory rats than woodrats, exhibit a high degree of sequence
similarity for CYP1A1 to laboratory rats (Heilman et al., 1988). It is more probable
that levels of CYP1A1 mRNA in woodrats are undetectable, given that laboratory
rats constitutively express CYP1A1 mRNA at low to undetectable levels.

mRNA for Functionalization Enzymes. The greater levels of mRNA for
CYP2B in Great Basin woodrats compared to Mojave woodrats and laboratory
rats may be attributable to high concentrations ofα-pinene and/or other terpenes
in the diet of Great Basin woodrats.α-Pinene is an abundant secondary compound
in Juniperus osteosperma, the primary plant in the diet of Great Basin woodrats
(Adams et al., 1981; Mangione, 1999; Mangione et al., 2000). This compound is
not present in rat chow and occurs in low quantities in the diet of Mojave woodrats
(Karasov, 1989; Mabry et al., 1977). In other studies, administration ofα-pinene to
laboratory rats increased quantities of the enzyme (P4502B) produced by CYP2B
mRNA (Austin et al., 1988; Hiroi et al., 1995). The doses used in these experi-
ments are comparable to those ingested by Great Basin woodrats in their natural
diet (Dearing, personal observation). Thus, the elevated CYP2B mRNA in the
Great Basin woodrats may be a response toα-pinene in its diet.

Both populations of woodrats had elevated levels of CYP3A mRNA com-
pared to laboratory rats. In humans, the enzyme produced by CYP3A mRNA is
responsible for the metabolism of over 60% of known pharmaceutical compounds
(Gonzalez, 1989). Treatment of laboratory rats with essential wood oils, which are
primarily terpenes, increased levels of the enzyme (P4503A) produced by CYP3A
mRNA (Hiroi et al., 1995). It is plausible that the high levels of CYP3A mRNA
in both populations of woodrats are induced by and required for detoxification of
secondary compounds in their diets.

Neotoma lepidadid not show higher levels of mEH and QOR mRNAs and in
certain cases exhibited significantly lower levels than laboratory rats. The results
imply that although both mEH and QOR mRNAs are subject to transcriptional
induction by xenobiotic compounds (Hankinson, 1995; Daniel, 1993), the diets of
N. lepidapopulations did not induce these two mRNAs.

Differences in Expression Levels of mRNA for Conjugation Enzymes. Con-
jugation with glutathione appears to be an important detoxification pathway for
Mojave woodrats. Glutathione, a tripeptide thiol, is highly concentrated in liver
cells (up to 10 mM) and is important in maintaining cellular redox status and
metabolic and oxidative detoxification reactions. Synthesis of glutathione is rate-
limited by the enzyme produced fromγ -GCS mRNA (Packer, 1995). Mojave
woodrats expressed significantly moreγ -GCS mRNA than laboratory rats and
Great Basin woodrats. However, there were no differences among woodrats and
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laboratory rats in levels of mRNA GSTYa, which produces an enzyme that conju-
gates glutathione to xenobiotics. It is possible that the observed levels of GSTYa
in woodrats produced sufficient quantities of enzyme for glutathione conjugation.
In addition, there are several other forms of GST enzymes (GSTµ andπ ) (Daniel,
1993) that we did not assay in this study. Thus, woodrats may be using other forms
of GST enzymes for glutathione conjugation.

Conventional wisdom does not predict that mammalian herbivores would uti-
lize glutathione (a tripeptide) as a primary detoxification pathway because nitro-
gen is typically a limiting resource to herbivores. Excretion of toxins conjugated
to glutathione could result in marked losses of nitrogen. Utilization of the bio-
chemically costly glutathione pathway byN. lepidasuggests several intriguing
possibilities. The amino acids in glutathione may not be limiting toN. lepida. If
they are, the loss of amino acids can be minimized by recovering some of them in
glutathione through transformation to mercapturic acids by kidney and intestinal
γ -glutamyltransferase activity (Hardman and Limbird, 1996). Lastly, detoxifica-
tion of the secondary compounds found in the diet of Mojave woodrats may be
restricted to the glutathione pathway. Thus, elevated losses of glutathione may
represent a biochemical cost of consuming plants containing toxins that can only
be detoxified via the glutathione pathway. Further study of the use and costs of the
glutathione pathway in Mojave woodrats is warranted.

It was interesting that bothN. lepidapopulations expressed lower levels of
mRNAs for two UGT mRNAs (UGT2B1 and UGT1A1) than laboratory rats. These
two UGTs conjugate glucuronic acid to a number of plant secondary compounds
common in the diets ofN. lepida. UGT1A1 glucuronidates opiate alkaloids, while
UGT2B1 conjugates “bulky” toxins, such as certain monoterpenes and phenolics
(King et al., 1997). Several studies indicate that the glucuronic pathway is used ex-
tensively by woodrats (Mangione, 1999; Mangione et al., 2000). Mangione (1999)
found that glucuronide conjugates comprised∼70% of the conjugates examined in
the urine ofN. lepida. TheN. lepidaused by Mangione (1999) were obtained from
the same site in the Mojave as this study and were fed creosote resin, a mixture of
secondary compounds present in their natural diet. Our results in conjunction with
those from the literature (Mangione, 1999; Mangione et al., 2000) suggest that
N. lepidautilize UGTs other than UGT2B1 and UGT1A1 for glucuronidation.
There are∼19 different cDNA sequences for rat UGT enzymes (Mackenzie et al.,
1997), and we have probed only for three.

Mojave woodrats did express slight but significantly higher levels of one
UGT (UGT1A6) than either Great Basin woodrats or laboratory rats. The UGT1A6
enzyme metabolizes planar aromatic compounds (Jackson et al., 1988). The leaves
of the creosote bush, a major component of the diet of Mojave woodrats, are coated
with a resinous mixture of flavonoids and phenolics that can comprise up to 25%
of the dry weight of the leaves (Mabry et al., 1977). It is possible that an increased
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level of UGT1A6 expression is used to metabolize phenolic compounds in the
diets of Mojave woodrats.

Detoxification in Woodrats and Laboratory Rats. The battery of detoxifica-
tion enzymes used by woodrats differs from that in laboratory rats. Administration
of phenobarbital to laboratory rats simultaneously induces CYP2B, mEH, and
UGT2B1 mRNAs (Fujii-Kuriyama et al., 1981; Mackenzie, 1986; Porter et al.,
1986). Great Basin woodrats exhibited high levels of CYP2B but had low expres-
sion of mEH and UGT2B1.

The pattern of mRNA expression in Mojave woodrats also differed from that
of laboratory rats. In laboratory rats fed polycyclic aromatic hydrocarbons, tran-
scription of UGT1A6 in the liver generally increases in concert with CYP1A1,
GSTYa, and QOR (Hankinson, 1995). Mojave woodrats expressed slightly but
significantly greater levels of UGT1A6 mRNA than Great Basin woodrats and
laboratory rats. However, levels of GSTYa and QOR in Mojave woodrats were
lower than or equal to those found in laboratory rats and Great Basin woodrats.

We propose two explanations for the differing patterns of functionalization
and conjugation mRNAs in Great Basin and Mojave woodrats and laboratory
rats. It is possible that the compounds woodrats consume in the wild are not
processed through the same battery of enzymes as the drugs that have been given
to laboratory rats. Alternatively, differences may be due to disparate constitutive
expression of genes required to detoxify the various secondary compounds present
in their typical diets. We plan to compare the detoxification series of laboratory rats
and woodrats administered the same compound to distinguish between these two
alternatives.

CONCLUSIONS

To our knowledge, this study is the first to examine biotransformation en-
zyme mRNAs of wild herbivores by using cDNA probes designed for laboratory
rats. Overall, our results indicate that mRNA for biotransformation enzymes in
woodrats and laboratory rats is similar enough that cDNA probes designed for
laboratory rats work on woodrats. Our results also suggest that there are sub-
stantial differences in expression of biotransformation enzyme mRNAs between
laboratory rats and woodrats and among populations of woodrats. Although more
research is necessary to adequately address the ideas presented in this paper, the
work provides a framework for future research.
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Abstract—A strain of the fungusFusarium equisetiisolated from soybean
cyst nematode secretes nematode-antagonistic compounds. Bioassay-guided
fractionation of an extract of the culture broth was undertaken to identify the
compounds. Fractions were assayed for activity against a root-knot nematode
(Meloidogyne incognita), a plant pathogen that attacks the roots of numerous
plant species. Two trichothecene compounds were isolated that inhibited egg
hatch and immobilized second-stage juveniles of this nematode: 4,15-diacetoxy-
12,13-epoxy-3,7-dihydroxytrichothec-9-en-8-one (4,15-diacetylnivalenol) and
4,15-diacetoxy-12,13-epoxy-trichothec-9-en-3-ol (diacetoxyscirpenol). This is
the first published report of these compounds affecting plant-parasitic nematodes.

Key Words—Fusarium equiseti, fungus,Meloidogyne incognita, root-knot
nematode, trichothecene, nematicide, 4,15-diacetoxy-12,13-epoxy-3,7-dihydr-
oxytrichothec-9-en-8-one, 4,15-diacetoxy-12,13-epoxytrichothec-9-en-3-ol, 4,
15-diacetylnivalenol, diacetoxyscirpenol.

INTRODUCTION

Certain strains ofFusariumfungi, when grown in laboratory cultures, secrete com-
pounds that are toxic to plant-feeding nematodes (Mani and Sethi, 1984; Meshram
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and Goswami, 1989; Hallman and Sikora, 1996; Nitao et al., 1999). The presence
of these compounds is manifested by the inhibition of egg hatch or the immobiliza-
tion of juvenile nematodes in culture broth filtrates; however, the precise identities
of the nematode-antagonistic compounds generally are undetermined. In one of
the few examples where structures were partially characterized, Mani et al. (1986)
determined that a mixture of long-chain alkanes was responsible for the toxicity of
Fusarium solanicultures to the root-knot nematode,Meloidogyne incognita, a ma-
jor pathogen that attacks hundreds of crop and ornamental plant species. Although
not isolated specifically from a nematode-antagonistic fungus strain, several com-
mercially available mycotoxins commonly produced byFusariumspecies were
tested and found to be nematicidal toMeloidogyne javanicaat low concentrations
(Ciancio, 1995).

Identification of nematode-antagonistic compounds fromFusariumspecies
is important for at least three reasons. First, nematode-antagonistic compounds
potentially can be used to manage nematode pathogens (Jatala, 1986). Natural
products from fungi and bacteria are being sought as alternatives to the use of
fumigant and nonfumigant nematicides. Second, in studies searching for biological
control agents of pathogenic nematodes,Fusariumstrains are frequently isolated
from nematodes or their egg masses (Qadri and Saleh, 1990; Hay and Skipp,
1993; Oduor-Owino and Waudo, 1996; Chen et al., 1996; Viaene and Abawi,
1998). Identifying the nematode-antagonistic compounds produced by these fungi
would help determine if such compounds contribute to the detrimental effects
of these antagonists. Third, although it is unknown if compounds produced by
Fusarium in vitro play a role in natural interactions between fungi and plant-
parasitic nematodes, identification of nematode-antagonistic compounds can be
the first step toward examining such interactions in future studies.

As part of a study searching for biological control agents, the culture broths
of over 250 fungi isolated from soybean cyst nematodes (Heterodera glycines
Ichinohe) were screened for nematode-antagonistic activity (Meyer et al., 1998).
Fusariumspecies were common among those isolates producing broth filtrates
that inhibited in vitro egg hatch of soybean cyst nematode and root-knot nematode,
M. incognita. One of these strains, an isolate ofFusarium equiseti, was especially
active againstM. incognita (Nitao et al., 1999), and bioassay-guided isolation
of culture broth constituents that caused the nematode-antagonistic activity was
undertaken. We report herein the isolation and structure of twoF. equisetimetabo-
lites responsible in part for inhibiting in vitro egg hatch and juvenile mobility of
M. incognita.

METHODS AND MATERIALS

Root-knot Nematode Bioassay. Bioassays were conducted in vitro as de-
scribed previously (Nitao et al., 1999). Eggs were obtained fromMeloidogyne
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incognita(Kofoid & White) Chitwood cultured on tomato plants and were surface-
disinfested with 0.5% sodium hypochlorite (Nitao et al., 1999). Eggs were placed
in 24-well tissue culture plates with sterile-filtered test solutions. Test compounds
were solubilized in DMSO before mixing in water (final concentration: 0.5%
DMSO). Control solution was 0.5% DMSO in water. After seven days, the num-
ber of hatched second-stage juveniles and the numbers of those juveniles that
were mobile and immobile were recorded. The percentage of eggs that hatched
and the percentage of juveniles that were mobile were calculated. Each bioassay
trial consisted of five replicate wells per treatment (200–280 eggs/well).

Differences in egg hatch and juvenile mobility between test and control so-
lutions were tested with one-way analysis of variance (ANOVA) followed by
Dunnett’s test to compare each treatment against the control. When two trials were
conducted for each set of treatments, results from individual trials were observed
to be normally distributed with equal variances. Pooling of data from trials re-
sulted in nonnormality and/or unequal variances that could not be corrected by
standard transformations. This indicated that combining data sets would be in-
appropriate. Therefore, data from trials were analyzed separately, but for brevity,
means and standard errors are reported on pooled data since the pattern of means
was similar among trials. Kruskal-Wallis test on ranks was used when results from
one bioassay trial did not satisfy assumptions of normality and homogeneous
variances.

Fungus Culture. Fusarium equisetiwas isolated from soybean cyst nematode
females (Heterodera glycines) collected in the People’s Republic of China in co-
operation with Dr. Xing-Zhong Liu (Chinese Academy of Agricultural Sciences)
and was identified by Dr. Jean Juba (Fusarium Research Center, Pennsylvania
State University) and Dr. Richard Humber (USDA, ARS, Plant Protection Unit,
New York) (Meyer et al., 1998). The fungus was deposited and is maintained in
the USDA, ARS, Nematology Laboratory, Beltsville, Maryland, as isolate L128.
The fungus was grown on potato–dextrose agar for seven days at 25◦C. One-liter
Erlenmeyer flasks containing 250 ml potato–dextrose broth were inoculated by
blending agar plate cultures into the broth. Broth cultures were incubated for three
days on a shaker (240 rpm, 25◦C).

Isolation of Nematode-Antagonistic Compounds. After incubation, the cul-
tures were centrifuged, and the broth was filtered through a glass-filter funnel.
A total of 18.75 liters of broth was processed in six batches. The broth filtrate
was extracted by mixing for 2 hr with Amberlite XAD-16 resin equilibrated in
H2O (1 volume gel–6 volumes broth). The resin was removed from the broth,
washed with 2.5 bed volumes H2O, and eluted with 2.5 bed volumes methanol
(MeOH). The MeOH eluate was evaporated under vacuum, and the residue (5.1 g)
was partitioned in 7% MeOH in H2O and ethyl acetate (EtOAc). Earlier studies
demonstrated that the nematode-antagonistic activity resided in the EtOAc fraction
after partitioning (Nitao et al., 1999).
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After evaporating to dryness, the EtOAc fraction (0.68 g) was separated in
batches of 70–430 mg by using vacuum liquid chromatography (VLC) (silica gel,
Merck grade 9385) and eluted with 100% EtOAc followed by MeOH. Five 25-ml
EtOAc fractions and one 50-ml MeOH fraction were collected. VLC fractions
from one of these batches were bioassayed at 100µg/ml in one trial (5 replicates).

The first two VLC EtOAc fractions and equivalent fractions from other VLC
batches were combined after examining with thin-layer chromatography (TLC).
Silica gel plates were developed in 100% EtOAc or 20 : 1 chloroform–methanol
(CHCl3–MeOH); C18 plates were developed in 70% acetonitrile in H2O. Spots
were visualized by 50% sulfuric acid spray and charring. The pooled VLC fraction
(97 mg) was subjected to medium pressure liquid chromatography (MPLC) (silica
gel, Merck, grade 9385). A step gradient (80 : 1, 40 : 1, 20 : 1, and 10 : 1 CHCl3–
MeOH, and 100% MeOH) was used to elute 21 fractions, and fractions were
combined into nine fractions based on TLC. Of these pooled fractions, the five
fractions eluted with 40 : 1 and 20 : 1 CHCl3–MeOH had masses substantial enough
for bioassay and further processing and were assayed at 50µg/ml in two trials (five
replicates per trial).

Nematode-antagonistic compounds were purified from MPLC fractions with
high-performance liquid chromatography (HPLC) (10× 250 mm Alltima C18 col-
umn, Alltech, Deerfield, Illinois; acetonitrile–H2O gradient, 2 ml/min, 214 nm
detection). Purified compounds were bioassayed at 25µg/ml (two trials; five repli-
cates per trial).

Identification of Compounds. Compounds were identified by mass spectro-
metry, NMR spectroscopy, and X-ray crystallography.1H NMR and 13C NMR
spectra were acquired in CDCl3 on a Bruker QE 300-MHz spectrometer; chemical
shifts are relative to CDCl3. Mass spectra (EI, CI using NH3) were obtained on
a Finnegan INCOS 50 mass spectrometer and Finnegan MAT solid probe. X-ray
crystallography was performed on a crystal obtained from aqueous CH3CN. A
colorless crystalline plate (0.43× 0.06× 0.03 mm) was optically centered on
a Bruker SMART1000 single crystal CCD diffractometer. The SAINT+ data re-
duction program (Bruker Analytical X-ray Systems, Madison, Wisconsin) with 2θ

max set to 55.0◦ was implemented to correct for Lorentz and polarization effects.
An empirical absorption correction was applied to 11,861 reflections (± h± k± l )
with 3328 being unique [R(int) = 0.0399] based upon equivalent reflection mea-
surements using Blessing’s method (Blessing, 1995) in the program SADABS
(Sheldrick, 1996). The XPREP program (Sheldrick, 1994) was implemented to
determine the space group and generate the initial files. The structure was de-
termined by direct methods with the program XS (Sheldrick, 1990) and resulted
in the successful location of many atoms comprising the molecule. Full-matrix
least-squares refinement with the program XL (Sheldrick, 1993) coupled with
difference-Fourier maps was used to locate, input, and complete the configuration
of the nematode-antagonistic molecule and an accompanying water molecule.
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Hydrogen atoms were placed initially in calculated positions and then allowed to
refine freely; those hydrogen atoms comprising the water molecule were located
directly from a difference-Fourier map and allowed to refine freely.

RESULTS

Isolation of Nematode-Antagonistic Compounds. Fractions from VLC had a
significant effect on egg hatch when tested at 100µg/ml (ANOVA, P < 0.001)
(Figure 1). The proportion of eggs that hatched was lower in each fraction compared
to the proportion in the control solution (Dunnett’s test,P < 0.05). Egg hatch in
VLC fractions 1 and 5 was 90% lower than that in the control. Of those juveniles
that hatched, the percentage that was mobile also was affected by theFusarium
fractions (Kruskal-Wallis test,P < 0.001). The proportion of juveniles mobile in
the fractions eluted with EtOAc (VLC fractions 1–4) was lower than in the control
(Dunnett’s test,P < 0.05). All or almost all of those juveniles that hatched in
these fractions were immobile. However, mobility was not reduced by the MeOH
fraction (VLC fraction 5) (Dunnett’s test,P > 0.05).

Combined VLC fractions 1 and 2 were chosen for further separation on MPLC
due to their relatively higher activity against both hatch and mobility and the larger

FIG. 1. Percentage ofMeloidogyne incognitaeggs hatched and percentage of hatched juve-
niles that were mobile after one week in vacuum liquid chromatography (VLC) fractions of
Fusarium equiseticulture broth. VLC fractions 1–4 were eluted with ethyl acetate; fraction
5 was eluted with methanol. Fractions were tested at a concentration of 100µg/ml. Data
are mean± SE of five replications in one trial (230 eggs/replicate).
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FIG. 2. Percentage ofMeloidogyne incognitaeggs hatched and percentage of hatched juve-
niles that were mobile after one week in medium-pressure liquid chromatography (MPLC)
fractions ofFusarium equiseticulture broth. MPLC was performed on combined VLC
fractions 1 and 2. Fractions were tested at a concentration of 50µg/ml. Data are mean±
SE of 10 replications in two trials (250 and 280 eggs/replicate).

available quantity. In both bioassay trials of MPLC fractions, hatch and juvenile
mobility were lower in each MPLC fraction than in the control when tested at
50µg/ml (ANOVA, P < 0.001; Dunnett’s test,P < 0.05) (Figure 2). Hatch was
reduced 25–40% by the fungus fractions compared to hatch in the control solution,
and the proportion of juveniles that were mobile was as much as 94% lower.

A major component contained in MPLC fractions 1–3 was purified by HPLC
and crystallized (6 mg). X-ray crystallography revealed the crystal unit cell to
consist of one molecule of 4,15-diacetoxy-3,7-dihydroxy-12,13-epoxytrichothec-
9-en-8-one (4,15-diacetylnivalenol) and one water molecule in proximity to the
epoxide group (Figure 3). Crystal data: monoclinic; C19H26O10; [C19H24O9][H2O];
FW= 414.40; space group= P21; unit cell dimensions:a = 10.4225(13)Å, b =
7.7034(10)Å, c = 11.9740(15)Å, β = 100.072(2)◦; V = 946.6(2) Å3; Z = 2;
Dx = 1.454 g/cm3; λ(MoKα) = 0.71073Å; µ(MoKα) = 0.118 mm1, F(000)=
40, T = 173(2)K. The absolute structure parameter (Flack, 1983), Flack(x), was
refined to a value of−1.0(8), indicating that while the structure is both correct and
complete, its absolute configuration is inconclusive.

The identification of the molecule as 4,15-diacetylnivalenol (Figure 4) was
consistent with NMR and MS analyses:1H NMR: δ 1.10 (3H, s, H-14), 1.90 (3H,
br d, H-16), 1.91 (3H, s, H-20), 2.16 (3H, s, H-18), 3.08 (2H, m, H-13), 3.83 (1H,
d, H-2), 4.22 (1H, dd, H-3), 4.27 (2H, dd, H-15), 4.73 (1H, d, H-11), 4.88 (1H, s,
H-7), 5.23 (1H, d, H-4), 6.64 (1H, m, H-10).13C NMR APT: δ 7.5 (C-14, CH3),
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FIG. 3. Oak Ridge Thermal Ellipsoid Plot derived from X-ray crystallography showing the
relative conformation of 4,15-diacetylnivalenol. The unit cell of the crystal included one
water molecule (O20).

15.2 (C-16, CH3), 20.6 (C-18, CH3), 21.0 (C-20, CH3), 46.1 (C-13, CH2), 49.4
(C-5, C), 52.2 (C-6, C), 61.8 (C-15, CH2), 64.3 (C-12, C), 69.3 (C-11, CH), 135.8
(C-9, C), 73.2 (C-7, CH), 78.4 (C-3, CH), 79.7 (C-2, CH), 83.5 (C4, CH), 138.3
(C-10, CH), 170.0 (C-17, C=O), 172.6 (C-19, C=O), 198.9 (C-8, C=O). EI-MS,
m/z (rel. int.): 396 (1) [M]+, 336 (6), 294 (9), 247 (10), 217 (10), 189 (30), 179
(100), 125 (37), 98 (53), 77 (57), 55 (48). CI-MS,m/z: 414 [M+ NH4].

A second compound (3 mg) was purified from MPLC fraction 1. Based on
NMR analysis, this compound was structurally similar to 4,15-diacetylnivalenol,
but the hydroxyl group at C-7 and the carbonyl at C-8 were each replaced by

FIG. 4. Nematode-antagonistic trichothecene compounds isolated fromFusarium equiseti.
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hydrogens. This compound was deduced to be 4,15-diacetoxy-12,13-epoxytricho-
thec-9-en-3-ol (diacetoxyscirpenol) (Figure 4):1H NMR: δ 0.82 (3H, s, H-14),
1.71 (3H, s, H-20), 1.72 (3H, br s, H-16), 1.90 (2H, m, H-13), 2.14 (3H, s, H-18),
2.77 (2H, d, H-9), 3.06 (2H, d, H-7), 3.69 (1H, d, H-2), 4.06 (2H, dd, H-15), 4.09
(1H, d, H-11), 4.16 (1H, dd, H-3), 5.12 (1H, d, H-4), 5.53 (1H, m, H-10).13C
NMR APT: δ 6.9 (C-14, CH3), 20.9 (C-18, CH3), 21.0 (C-20, CH3), 21.3 (C7,
CH2), 23.2 (C-16, CH3), 27.9 (C-8, CH2), 43.9 (C-13, CH2), 47.8 (C-5, C), 48.7
(C-6, C), 63.6 (C-15, CH2), 65.1 (C-12, C), 68.0 (C-11, CH), 84.9 (C-4, CH), 78.4
(C-3, CH), 78.9 (C-2, CH), 118.5 (C-10, CH). 140.5 (C-9, C), 171.7 (C-17, C=O),
173.8 (C-19, C=O). EI-MS,m/z (rel. int.): 366 (0.01), 306 (10), 278 (5), 233 (5),
187 (10), 175 (15), 159 (20), 124 (72), 105 (100), 91 (76), 79 (33), 55 (24). CI-MS,
m/z: 384 [M+ NH4].

4,15-Diacetylnivalenol, diacetoxyscirpenol, and a third unidentified com-
pound (2 mg) isolated from MPLC fraction 3 decreased egg hatch and juvenile
mobility in both trials when tested at 25µg/ml (ANOVA, P < 0.001; Dunnett’s
test, P < 0.05) (Figure 5). Egg hatch was reduced by approximately 40% com-
pared to that in the control. The number of juveniles still mobile after hatching in

FIG. 5. Percentage ofMeloidogyne incognitaeggs hatched and percentage of hatched ju-
veniles that were mobile after one week in compounds purified fromFusarium equiseti
culture broth. Fractions were tested at a concentration of 25µg/ml. 4,15-DAN= 4,15-
diacetylnivalenol; DAN= diacetoxyscirpenol. Data are mean± SE of 10 replications in
two trials (200 and 250 eggs/replicate).
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the test compounds was reduced by approximately 80% relative to the number in
the control solution.

DISCUSSION

4,15-Diacetylnivalenol and diacetoxyscirpenol are trichothecenes, an impor-
tant group of tricyclic sesquiterpene mycotoxins that inhibit protein synthesis and
are commonly produced byFusariumspecies (Sweeney and Dobson, 1998). These
two compounds were first identified fromF. equisetias phytotoxins (Brian et al.,
1961; Dawkins et al., 1965) but occur in a number of otherFusariumspecies
(De Nijs et al., 1996). The broad-spectrum biological activity of diacetoxyscir-
penol (DAS) has been especially well documented (Beasley, 1989); however, this
is the first published report of activity against plant-parasitic nematodes for either
compound.

The similarity in bioactivity between 4,15-diacetylnivalenol and diacetoxy-
scirpenol suggests that common structural elements are involved in their nematode-
antagonistic activity. The C-7 hydroxyl group and the C-8 carbonyl group are
not required for this activity, which suggests a hydrophilic binding site including
the oxygens on C-3, C-4, and C-13 in a rigid conformation. The importance of
these oxygens for biological activity is consistent with trichothecene structure–
activity relationships known for protein synthesis inhibition and anticancer activity
(Beasley, 1989). The X-ray data, which is the first such published analysis for
4,15-diacetylnivalenol, suggest a labile hydrophilic binding site could also occur
that involves the two acetate groups. The acetate group attached to C-15 folds over
the six-membered ring such that the C-16 and C-20 methyl groups are spatially
close to each other, bringing the acetate carbonyl close to the C-9 double bond and
the O-1 oxygen. The acetate group on C-15 along with that on C-4 is also involved
in anticancer activity (Beasley, 1989). The hydrophobic portion of the molecule
C-5, C-6, C-7, C-8 is structurally and/or conformationally different between the
two compounds and appears not to be involved in nematode-antagonistic activity.

Nematode-antagonistic activity againstM. incognitawas detected in many
different fractions during bioassay-guided isolation, indicating that compounds
in addition to 4,15-diacetylnivalenol and diacetoxyscirpenol are contributing to
the activity of the culture broth. Some of these other compounds, as well as the
third nematode-antagonistic compound that was purified but unidentified, could
also be trichothecenes, asF. equisetiis reported to produce at least four other
trichothecenes (De Nijs et al., 1996). One of these, T-2 toxin, has been shown to be
nematicidal toMeloidogyne javanica(Ciancio, 1995). Despite the predisposition
of Fusariumspecies to produce mycotoxins, this should not discourage further
investigation ofFusariumcultures to find useful natural products with a narrower
activity range. Screening procedures to exclude broad-spectrum mycotoxins would
increase efficiency of a search for nematode-antagonistic compounds.
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It is not known if trichothecenes produced byFusariumstrains that para-
sitize plant nematodes play a role in interactions between fungi and nematodes
under natural conditions. Enzymes secreted by parasitic fungi are known to help
colonization of nematode eggs by penetrating the egg shell (Segers et al., 1991),
but the contribution of nonenzymatic toxins to the success of parasitism has not
been studied. If the biology of microbial colonization of insects is an appropriate
analogy, then such a contribution would be probable.Photorhabdusbacteria that
are released into insect hosts by entomophagous nematodes secrete toxins that kill
the host and inhibit colonization of the carcass by competing microbes (Bowen
et al., 1998). AsFusariumspecies are commonly found in soil environments, there
should be ample opportunities for these fungi and their secondary metabolites to
interact with root-feeding nematodes.

The broad-spectrum toxicity and nonspecific mode of action of trichothecenes
indicate that they would be impractical by themselves as chemical control agents
of plant nematode pathogens without significant modification. The production of
trichothecenes in a strain isolated from a plant-parasitic nematode suggests that
if Fusariumspecies are used for biological control, production of mycotoxins by
these strains should be evaluated if incidental exposure to humans is a concern. The
occurrence of mycotoxins with broad-spectrum toxicity in a potentially beneficial
strain does not automatically preclude use of that fungus for biological control since
artificial selection may eliminate or reduce mycotoxin production in that strain. On
the other hand, should trichothecenes and other mycotoxins be found to enhance
efficacy of parasitism and biological control, the benefits of their production will
have to be balanced against their potential negative side effects.
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OLFACTION IN THE QUEENSLAND FRUIT FLY,Bactrocera
tryoni. I: IDENTIFICATION OF OLFACTORY RECEPTOR
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Abstract—The electroantennogram method was used to investigate the number
of distinct olfactory receptor neuron types responding to a range of behaviorally
active volatile chemicals in gravid Queensland fruit flies,Bactrocera tryoni.
Three receptor neuron types were identified. One type responds to methyl bu-
tyrate, 2-butanone, farnesene, and carbon dioxide; a second to ethanol; and a
third to n-butyric acid and ammonia. The receptor neuron type responding to
methyl butyrate, 2-butanone, farnesene, and carbon dioxide consists of three
subtypes. The presence of a limited number of receptor neuron types respond-
ing to a diverse set of chemicals and the reception of carbon dioxide by a receptor
neuron type that responds to other odorants are novel aspects of the peripheral
olfactory discrimination process.

Key Words—Olfaction, electroantennogram,Bactrocera tryoni, Diptera, Tephri-
tidae, receptor type, environmental odorants, carbon dioxide.

INTRODUCTION

Bactrocera tryoni, a serious agricultural pest, has been shown to use environmen-
tal odorants in orientation behavior. Solvent extracts of the skin of fruits contain
volatile chemicals that stimulate orientation to their source and elicit ovipositor
probing and egg-laying (Pritchard, 1969; Eisemann, 1980). Olfactometer experi-
ments have also been used to identify various chemicals that elicit positive orien-
tation of femaleB. tryoni to the source (Eisemann and Rice, 1992). The flies are
known to respond to stimulation with carbon dioxide (Rice, 1989; Stange, 1999),
∗ To whom correspondence should be addressed. e-mail: c.hull@ento.uq.edu.au
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which may be part of the ovipositional orientation process. FemaleB. tryonialso
respond positively to ammonia (Bateman and Morton, 1981), which may be related
to their feeding behavior. From these experiments, we have selected chemicals that
have a proven behavioral effect, and therefore must be detectable by the olfactory
system, in order to undertake physiological investigations of the olfactory system.

The antennae are the principal organs for detecting olfactory signals in insects.
The recording of electrical activity across the whole antenna in response to stimu-
lation with odors is known as an electroantennogram (EAG). An EAG is thought
to be the summed receptor potentials of the olfactory receptor neurons (Schneider,
1962), but the exact electrical processes are not known (Park and Hardie, 1998).
The electrical potential may result from many “leakage” current loops around
individual sensilla. Because an EAG indicates activity of the receptor potentials
produced by olfactory receptor neurons, by using mixtures of chemicals the EAG
technique can be used to show whether two chemicals are accepted on the same
or different receptor neuron types. Such EAG methods have been used to indicate
separate receptor neuron types for various chemicals inHelicoverpa zea(Lep-
idoptera) (Christensen et al., 1990), various species ofGlossina(Diptera) (Den
Otter, 1991),Argyrotaenia velutinana(Lepidoptera) (Baker and Roelofs, 1976),
Psila rosae(Diptera) (Guerin et al., 1983a), andDrosophila (Diptera) (Borst,
1984). Knowing the number of olfactory receptor neuron types responding to a
range of chemicals indicates how specific the receptors neurons are and provides
information on how environmental information is processed by the nervous system.

Among the Tephritidae, EAG studies have been used to investigate the chemo-
receptor response to plant volatiles forRhagoletis pomonella(Fein et al., 1982;
Averill et al., 1988),Ceratitis capitata(Light et al., 1988, Hernandez et al., 1996,
Cossè et al., 1995),B. dorsalis(Light and Jang, 1987),B. oleae, andR. cerasi
(Guerin et al., 1983b). However, none of these studies investigated the potential
number of receptor neuron types. In this paper, EAGs are recorded from femaleB.
tryoni in order to determine the number and specificity of olfactory receptor neuron
types responding to a range of behaviorally significant, environmental odorants.
These experiments also serve to increase our understanding of the peripheral pro-
cessing of nonpheromonal semiochemicals and confirm the usefulness of the EAG
technique for studying such processes.

METHODS AND MATERIALS

Insects. Bactrocera tryoni(Froggatt) were cultured at the Department of
Entomology, University of Queensland, from flies originally obtained from the
Department of Primary Industries, Brisbane, Australia. The larval flies were cul-
tured as per Neale (1989). Adults were given unlimited access to sugar and water
and regularly provided with protein hydrolysate. Only gravid flies were selected
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for experimentation. Intact flies were wrapped in Blu-tack [Bostik (Australia) Pty
Ltd] adhesive to constrain head movements and manipulated so that only the an-
tennae were left protruding. We have found that Blu-tack has no discernible effect
on the olfactory system of insects when used in electrophysiological experiments.

Electrophysiological Recording Technique. Ag–AgCl electrodes were used
for both recording and indifferent electrodes. They were placed in disposable glass
capillaries, about 1 cm from the tip. The glass capillaries, drawn to a point on a
vertical pipet puller, were cut to a diameter of about 25µm at the tip and filled
with blowfly saline (Chen and Friedman, 1975).

The indifferent electrode was inserted at the base of the antenna, through
the circumantennal sulcus. The recording electrode was inserted in the tip of the
funiculus. The electrode output was first transmitted to a preamplifier (Grass P16D
microelectrode DC amplifier), then to a differential amplifier (Tektronix 5A22N).
Signals were displayed on a Tektronix 5103N storage oscilloscope and were also
stored as a strip chart using the Delta program (Digital Solutions Pty Ltd). Some
signals were collected by using a Syntech probe and data acquisition system and
analyzed with the Syntech EAG 2.4 program on a personal computer. Electrical
shielding was provided by a Faraday cage, with all metal surfaces within it being
grounded.

Test Chemicals. Chemicals were selected because they elicit behavioral ac-
tivity in B. tryoni [see Bateman and Morton (1981), Eisemann and Rice (1992)
and Rice (1989)]: 2-butanone (Aldrich Chemical Company, claimed purity 99%),
methyl butyrate (Aldrich Chemical Company, claimed purity 99%),n-butyric acid
(British Drug Houses Ltd, claimed purity 99%), a mixture of isomers of farne-
sene (TCI Ltd, purity unknown), ethanol (Ajax Chemicals Pty Ltd, claimed purity
99.5%) and ammonia (Ajax Chemicals Pty Ltd 28.0–30.0% w/w), and carbon
dioxide (taken from a cylinder of compressed food grade purity, provided by
Commonwealth Industrial Gases, Brisbane, Australia).

Odorant Delivery. Humidified analytical grade compressed air was continu-
ously blown over the fly at a rate of 500 ml/min, with the nozzle for the airstream
placed 1 cm from, and directly in front of, the fly. The tube carrying the airflow
was 3-mm-ID teflon tubing and was connected to a glass nozzle (same internal
diameter). Test odorant samples were taken as saturated vapor, at room temper-
ature, using gas-tight syringes. They were manually injected into the airstream
through a rubber septum, 50 cm from the delivery point. Injection time was 0.5–
1.0 secs. All samples were injected at the same time segment after the recording
program had been activated, so that onset of stimulation could be easily identi-
fied. For carbon dioxide, a 100-ml flask was filled directly from a gas cylinder
and then sealed with Parafilm (American National Can). A sample was then taken
up by a gas-tight syringe inserted through the Parafilm. Preliminary experiments
confirmed the method of odorant delivery for carbon dioxide and the other chem-
icals to be a reliable way of presenting specific quantities of chemicals to the
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antenna. The relationship between the syringe volume and the actual concentration
of the chemical at the preparation was not established because we only needed to
know that the receptors were saturated. This was achieved by establishing dose–
response curves (see below). For the mixture experiments, two chemicals were
collected into one syringe and then injected into the continuous airstream. Stimu-
lus delivery controls (see below) were undertaken to ensure volume artefacts were
excluded.

Experimental Procedure. In all experiments the responses were compared to
a standard of 50µl methyl butyrate vapor. The standard was tested, followed by
three injections of the test sample, then the standard again. At least 2 mins was left
between each injection to allow disadaptation of the antenna. Responses from the
three sample injections were averaged and expressed as a percentage of the stan-
dard. Standardizing each test vapor allowed comparison between individual flies
and between different test chemicals and corrected for time dependent variability
within preparations (Roelofs and Comeau, 1971; Light and Birch, 1979; Light,
1983). The EAG responses were initially measured in millivolts, recorded as the
height of the initial depolarization.

Establishing Saturation Volumes of Test Chemicals. Saturation volumes are
defined as the volume of vapor at which the standard error of the mean response
overlapped the standard error of the mean response of the highest volume (Dickens,
1984). The saturating volumes had to be established, as it is a requirement of mix-
ture experiments that all the receptor neuron types be fully activated. Differences
in volatility, and therefore the number of molecules of each chemical in the test
sample, will affect the size of the EAG (Brockerhoff and Grant, 1999). Applying
enough of each chemical to maximally stimulate the receptor neurons will avoid
this problem. To find the saturation points, the antennae were stimulated with
volumes of vapor ranging between 5µl and 400µl.

Mixture Experiments. Chemicals were tested as binary mixtures to determine
how many different receptor neuron types were present. First, the antennal response
was determined for two individual chemicals at a volume in excess of the saturation
volume (for all chemicals 400µl was used). Second, a mixture containing 400µl
of each of the two chemicals was applied. Chemicals were always presented at a
volume in excess of the saturation volume to ensure that the sensory dendrites for
that chemical were maximally activated. The order of presentation of the mixture
series and the chemicals within a mixture series were randomized.

Before statistical analysis, the mean result of stimulation with a control in-
jection of clean air (see stimulus delivery controls below) was subtracted from the
antennal response of each of the samples in the mixture experiments. The mixture
experiments were then analyzed using paired samplet tests. Initially a one-way test
was conducted to determine if the response to the mixture of chemicals was greater
than the response of the largest of the two individual chemicals (i.e., a summating
response). If the response to the mixture was summating, then a two-way test was
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conducted to determine if the response to the mixture was equal to the calculated
additive response of the two individual chemicals (i.e., fully summating).

Control Stimuli. Each test chemical used in the mixture experiments was
applied using 400µl and 800µl of vapor to determine whether any of the responses
to the binary mixtures were the result of artifacts of the stimulus delivery system. A
larger EAG at 800µl would indicate a stimulus delivery artifact, as the chemicals
have been shown to saturate the antenna at volumes below 400µl. To see if the
delivery of a burst of odor produced a response in the nervous system, separate
from the effect of the odor itself, 400µl and 800µl of clean air were tested. An
EAG response to clean air was found and was therefore subtracted from all of
the responses of the test chemicals and mixtures. This ensured that the calculated
additive response for each mixture accurately reflected the EAG response to the
individual chemicals. Consideration of extraneous elements in EAGs is particularly
important when dealing with small EAG responses.

Local Potential Controls. Three of the mixtures were tested with the record-
ing electrode in a different position to see if the results of the mixture experiments
were influenced by local voltage potentials from specific sensillar fields at the tip
of the antenna. The mixtures tested were methyl butyrate with ammonia, methyl
butyrate with 2-butanone, and ethanol with 2-butanone. In these mixture experi-
ments the recording electrode was inserted into the basal region of the funiculus,
with all other parameters remaining as before.

Electrode Potential Controls. To determine whether any of the responses
were electrode potentials (artifacts), methyl butyrate, 2-butanone, farnesene,
ethanol,n-butyric acid, and ammonia were tested on recently killed flies. Flies
were killed by freezing at−20◦C, but were tested at room temperature. This tech-
nique shows how much of the EAG is the result of physiological activity within
the antenna, and how much (if any) is the result of an interaction of the chemical
with the electrodes. All other parameters were as previously mentioned.

RESULTS

Saturation Volumes of Test Chemicals. The largest responses were obtained
with 2-butanone, followed by methyl butyrate,n-butyric acid, ethanol, carbon
dioxide, ammonia and farnesene (Table 1). All the chemicals had antennal response
values at 400µl that were significantly larger than the response to stimulation with
clean air, indicating a chemoreceptor response within the antenna, rather than an
artifact. The actual EAG responses ranged from 0.2 to 4.0 mV.

Mixture Experiments. The results of the mixture experiments are displayed
according to the outcome of the statistical tests, i.e., divided into fully summat-
ing, nonsummating, and partly summating groups (Figures 1 and 2). Ethanol was
fully summating with methyl butyrate (two-way paired samplet test;t = 0.836)
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TABLE 1. SATURATION VOLUMES AND EAG RESPONSES ATPOINT OF SATURATION FOR

CHEMICALS USED IN MIXTURE EXPERIMENTS

Saturation volume EAG response at saturation
Chemical (µl) (mean± 1 SE)

Methyl butyrate 100 119± 3
2-Butanone 250 151± 7
Farnesene 250 35± 9

n-Butyric acid 150 61± 10
Ammonia 250 40± 6
Ethanol 300 59± 3

Carbon dioxide 15 33± 11

(Figure 1A), 2-butanone (two-way paired samplet test;t = 0.311) (Figure 1D),
farnesene (two-way paired samplet test;t = 2.055) (Figure 1G), carbon dioxide
(two-way paired samplet test; t = 0.574) (Figure 1L),n-butyric acid (two-way
paired samplet test;t = 2.323) (Figure 1J) and ammonia (two-way paired sam-
ple t test;t = 1.946) (Figure 1K). Ammonia also had fully summating responses
when mixed with farnesene (two-way paired samplet test;t = 1.650) (Figure 1I),
methyl butyrate (two-way paired samplet test;t = 1.483) (Figure 1C), 2-butanone
(two-way paired samplet test;t = 0.827) (Figure 1F) and carbon dioxide (two-
way paired samplet test; t = 0.288) (Figure 1N). Similarly,n-butyric acid was
fully summating with farnesene (two-way paired samplet test;t = 0.858) (Fig-
ure 1H), methyl butyrate (two-way paired samplet test;t = 0.055) (Figure 1B),
2-butanone (two-way paired samplet test; t = 0.714) (Figure 1E) and carbon
dioxide (two-way paired samplet test;t = 0.942) (Figure 1M).

The combination of ammonia andn-butyric acid gave a response that was not
larger than the largest response of the individual chemicals (produced by the ammo-
nia) (one-way paired samplet test;t = −3.490) (Figure 2F), that is nonsummating.
Methyl butyrate was nonsummating when presented in combination with farne-
sene (one-way paired samplet test;t = 0.612) (Figure 2B), 2-butanone (one-way
paired samplet test;t = 1.133) (Figure 2A) and carbon dioxide (one-way paired
samplet test;t = 0.263) (Figure 2C). 2-Butanone was nonsummating when pre-
sented in combination with farnesene (one-way paired samplet test;t = −2.498)
(Figure 2D) and carbon dioxide (one-way paired samplet test; t = −3.259)
(Figure 2E).

The combination of farnesene with carbon dioxide resulted in a partly sum-
mating response. The mixture of these two chemicals gave a bigger response than
the largest response of the two individual chemicals (produced by the carbon diox-
ide) (one-way paired samplet test;t = 3.529), but the mixture was not equivalent
to the calculated additive response of the two individual chemicals (two-way paired
samplet test;t = 4.038) (Figure 2G).
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FIG. 1. Results of the mixture experiments showing those mixtures of chemicals that pro-
duced additive EAG responses. The EAG responses represent the mean response± 1 SE
(N = 6). MB = methyl butyrate, 2-But= 2-butanone, Farn= farnesene, Eth= ethanol,
nBa= n-butyric acid, Amm= ammonia, CO2= carbon dioxide, and C.A.R.= calculated
additive response.
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FIG. 2. Results of the mixture experiments showing those mixtures of chemicals that pro-
duced nonadditive or partially additive EAG responses. The EAG responses represent the
mean response± 1 SE (N = 6). MB= methyl butyrate, 2-But= 2-butanone, Farn= far-
nesene, Eth= ethanol, nBa= n-butyric acid, Amm= ammonia, CO2= carbon dioxide
and C.A.R.= calculated additive response.

Control Stimuli. We compared the mean responses from stimulating with
400µ and 800µl for each of the odors. The use of 800µl of a single chemical
simulates the presentation of a binary mixture, but with only one chemical present
any increase in response compared to 400µl represents a stimulus delivery artifact.
The two means were compared by using two-way paired samplet tests. In all cases
the null hypothesis (that the difference between the two means was equivalent to
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zero) was accepted at the 95% significance level (ammonia,t = 0.085; 2-butanone,
t = 1.432; carbon dioxide,t = 0.553; ethanol,t = 0.775; farnesene,t = 0.990;
methyl butyrate,t = 0.202; n-butyric acid,t = 0.119). The means for the con-
trol stimulus experiments using 400µl and 800µl of analytical grade air were
compared using a two-samplet test, and found to be equal (t = 0.616).

Local Potential Experiments. Three of the mixtures were tested with the
recording electrode in different positions, to see whether the position of the elec-
trode had any effect on the types of responses (i.e., nonsummating, partly sum-
mating, or fully summating). The mixture of ethanol with 2-butanone showed a
fully summating response (two-way paired samplet test,t = 0.562). The mixture
of methyl butyrate with 2-butanone showed a nonsummating response (one-way
paired samplet test,t = −0.227). The mixture of methyl butyrate with ammo-
nia showed a response that was fully summating (two-way paired samplet test,
t = 2.370). In all three cases the types of summating and nonsummating responses
are the same as for the initial mixture experiments, indicating that the position of
the recording electrode in the funiculus was not a contributing factor.

Electrode Potential Experiments. In the experiments with recently killed
flies, the EAGs were eliminated for most chemicals (Figure 3). In comparison,
the responses from live flies showed large, negative potentials. Only ammonia
showed any potential deflection. However, the potential generated for ammonia
was small in comparison to those obtained from living flies and was a positive
potential. The positive potential of approximately 0.1 mV compares to the average
negative deflection obtained from living flies of−1.8 mV.

DISCUSSION

Number of Olfactory Receptor Neuron Types. The results of the mixture
experiments indicate that at least three types of receptor neurons are being used by
gravidB. tryoni in detecting the seven tested chemicals. One receptor neuron type
detects ethanol, another type detects ammonia andn-butyric acid, and the third
type detects farnesene, methyl butyrate, 2-butanone and carbon dioxide.

The division of the mixtures into fully, partly, or nonsummating categories
was based solely on the results of the statistical tests. Ethanol, therefore, appears
to be detected by a different receptor neuron type than the other six chemicals.
The remaining chemicals can be divided into two groups based on the types of
responses they elicited when presented in combinations. Ammonia is detected by
the same receptor neuron type asn-butyric acid because a mixture of these two
chemical vapors was not summating, not larger than the largest of the individual
chemicals. However, these two chemicals showed fully summating responses with
all other chemicals, indicating separate receptor neuron types. The nonsummating
response to the mixture of ammonia andn-butyric acid is not likely to be due to an
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FIG. 3. Comparison of electroantennogram traces between standard and control prepa-
rations. The control preparation used a recently killed specimen; therefore any resultant
potentials were artifacts. (a) 400µl of methyl butyrate, (b) 400µl of ethanol, (c) 400µl of
n-butyric acid, (d) 400µl of ammonia. The arrow represents the point of stimulus injection.

interaction between the two chemicals in the syringe. We believe that significant
association between the weak base ammonia and the weak acid butyric acid in the
vapor phase can be ruled out on the grounds that there is no visible evidence of
solid ammonium butyrate. This contrasts with the situation where an ammonium
chloride “smoke” forms between hydrochloric acid vapor and ammonia.

Farnesene, methyl butyrate, 2-butanone, and carbon dioxide are likely to be
detected by a separate, third type of receptor neuron, but the results are not as
simple to interpret as the previous two groups. Methyl butyrate and 2-butanone
are nonsummating when presented together, indicating common receptor neuron
types. Farnesene is also nonsummating when tested in combination with either
methyl butyrate or 2-butanone, showing that it is detected by the same receptor
neuron types. Similarly, carbon dioxide is nonsummating when tested in combi-
nation with methyl butyrate or 2-butanone. If carbon dioxide and farnesene both
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FIG. 4. Model of the olfactory receptor cell types. The receptors are divided into three broad
types. The ethanol cell types only receives ethanol (Eth). The ammonia cell type receives
n-butyric acid (nBa) and ammonia (Amm). The methyl butyrate receptor cell type is divided
into three subgroups, comprising one that receives methyl butyrate (MB), 2-butanone (2-
But), and farnesene (Farn); a second subgroup that receives MB, 2-But, Farn and carbon
dioxide (CO2), and the third subgroup receives MB, 2-But, and CO2.

use the same receptor neuron types as methyl butyrate and 2-butanone, we would
expect the mixture of farnesene and carbon dioxide to also produce a nonsummat-
ing response. Instead, a partly summating response was detected. This partly sum-
mating response for farnesene and carbon dioxide suggests that different receptor
neuron types are used for these two chemicals but that there is some cross-reactivity
between the two.

How, then, are farnesene and carbon dioxide both detected by the same recep-
tor neuron types that detect methyl butyrate and 2-butanone? Rather than having
one highly selective receptor mechanism, as was found for ethanol and for ammo-
nia andn-butyric acid, we propose that farnesene, methyl butyrate, 2-butanone,
and carbon dioxide are detected by a group of receptor neurons that show variation
in their acceptance of odor ligands. The receptor neuron type for these four chem-
icals consists of three subgroups of the one basic receptor type. Figure 4 shows a
model of these receptor subgroups that is consistent with the experimental results.
One subgroup detects methyl butyrate, 2-butanone, and farnesene. A second sub-
group detects methyl butyrate, 2-butanone, farnesene, and carbon dioxide; and the
third subgroup detects methyl butyrate, 2-butanone, and carbon dioxide. In this
model, when methyl butyrate or 2-butanone are tested, all three subgroups would
be activated. There would therefore be nonsummating responses when farnesene
or carbon dioxide were added to either methyl butyrate or 2-butanone, as all of
the receptors would already be activated. When either farnesene or carbon dioxide
was presented individually, only two of the three subgroups would be activated.
When farnesene and carbon dioxide were presented together, however, all three
subgroups would be activated, which would give a response that is larger than
the response to farnesene or carbon dioxide on their own, but would not equal
the calculated additive response for farnesene with carbon dioxide. The calculated
additive response would be the equivalent of adding the two receptor groups for
farnesene to the two receptor subgroups for carbon dioxide, assuming no cross-
reactivity between the two. The larger EAG responses to methyl butyrate and
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2-butanone compared to farnesene and carbon dioxide may also indicate that more
receptor neurons respond to methyl butyrate and 2-butanone than for the other two
chemicals, which supports our hypothesis.

Furthermore, if each of the subgroups of receptor neuron types for farnesene
and carbon dioxide produced approximately the same amount of electrical potential
when stimulated, then the model suggests that the response to the mixture of
farnesene with carbon dioxide should be about 50% larger than the responses to
individual treatments of farnesene or carbon dioxide. The experimental results
come close to matching that prediction. The EAG response to farnesene was 32%
± 6, the response to carbon dioxide was 35%± 3, while the response to the mixture
of the two was 46%± 3. These antennal responses to carbon dioxide are of great
interest on their own (especially the nonsummating responses with methyl butyrate
and 2-butanone) and will be investigated in more depth in a separate study.

The EAG results seem to support our model; however, they should not be seen
to be conclusive. The EAG responses to some of the chemicals (e.g., farnesene
and carbon dioxide) were quite small, which makes interpretation of the results
difficult. While our hypotheses were based on the results of statistical tests, single-
unit electrophysiology will be needed to confirm the specificity of these receptor
neuron types. Single-unit electrophysiology will also allow us to test whether the
high stimulus dosages affect the responses of the receptor neurons. For instance,
there may be inhibition of nerve impulses at high stimulus doses. High stimulus
concentrations can also affect the selectivity of sensory cells, for example, the
pheromone sensitive cells ofT. ni lost some of their selectivity when high stimu-
lus concentrations were applied (Mayer and Mankin, 1987). Finally, the receptor
neuron types indicated in these experiments should not be seen as the only types
present. Only a limited number of chemicals were tested, and it is likely that there
are many more receptor neuron types on the antenna.

Comparison with Behavioral Experiments. Eisemann and Rice (1992) looked
at behavioral responses ofB. tryonito some of the chemicals we tested and postu-
lated that at least three olfactory receptor neuron types were responding. However,
their predictions were based on assigning receptor neuron types according to gross
differences in the chemical structure of the odors. They postulated that the long-
chain hydrocarbons (such as farnesene) would be detected by separate receptor
neuron types, compared to the short-chain aliphatic acids, alcohols, esters, and
ketones, and thatn-butyric acid would activate the same receptor neuron types
as methyl butyrate and 2-butanone. However the electrophysiological results indi-
cate that farnesene activates the same receptor neuron types as methyl butyrate and
2-butanone and thatn-butyric acid activates separate receptor neuron types from
the other short chain chemicals.

The chemicals for this EAG study were selected because they are known to
have a behavioral effect on the flies. All the chemicals (except for ammonia) are
volatile chemicals that have been found to be emitted from fruits (Nursten, 1970).
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Ammonia is a common emission from bacterial activity and the attractancy ofB.
tryoni to it is most likely a feeding response (see Courtice and Drew, 1984; Drew
et al., 1983; Lloyd, 1991). 2-Butanone is also produced by bacterial cultures (Drew,
1987). However, the concentrations of chemicals used may be much greater than
normally experienced. As such they may negate or even reverse the behavioral
action of the chemicals. Therefore, this study should not be taken out of context.
Our experiments are looking at the physiological mechanisms associated with the
initial reception and transduction of the odorants.

The EAG responses have provided us with valuable information on the initial
reception of nonpheromonal chemicals inB. tryoni. By examining the antennal
responses when stimulated with mixtures of behaviorally active chemicals, we
have shown that three basic receptor neuron types are likely to be present and that
there is little cross-reactivity between them. The use of these olfactory receptor
neuron types represents an important part of the peripheral discrimination process
and results in a selective neural input to the central nervous system. The results have
also raised some important questions, particularly concerning the response of the
olfactory receptor nurons that detect carbon dioxide as well as other environmental
odorants. Carbon dioxide receptors are generally thought to be a specialist class
of receptors (Stange, 1996). The responses of the carbon dioxide receptors are
investigated in more detail in the accompanying paper.

Saturation Volumes of Test Chemicals. The saturation points for most of the
chemicals were between 100µl and 300µl. Carbon dioxide saturated at only
15 µl; however, the figure is not directly comparable with the other chemicals,
as the concentration of carbon dioxide in the syringe was close to 100%. The
concentration of the other chemicals would have been lower, depending on the
vapor pressures. Nevertheless, the EAG response to carbon dioxide was smaller
than for methyl butyrate and 2-butanone, suggesting that there are fewer dendrites
on the antenna sensitive to carbon dioxide compared to methyl butyrate or 2-
butanone. Alternatively the receptor potentials produced by the dendrites receiving
carbon dioxide may be small compared to the receptor potentials produced for the
other chemicals.

Control Experiments. There was only one artifact identified from the control
experiments: a small EAG response was found when clean air was injected, mean-
ing that there is an antennal response in the absence of test odor stimulation. The
response to the control stimulus air treatment was a stimulation technique artifact
and was taken into account when interpreting the results. The antennal response to
the air treatments may come from more than one source. First, mechanoreceptors,
located solely on the scape and pedicel (Giannakakis and Fletcher, 1985; Hull
and Cribb, 1997), may have been stimulated by the mechanical effect of the puff
of air from the syringe. The response may also come from delivery-line contami-
nants, most likely Teflon plasticizers (Mayer et al., 1984). However, the continuous
flushing of the stimulus delivery system would have negated the build-up of such
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contaminants. The continuous air flow would also have reduced the chance of
odorants from previous stimulations adhering to the tube walls and being released
at a later time. The comparatively small response to the air treatments compared
to the EAGs of the test chemicals shows that the larger part of the antennal re-
sponses resulted from an interaction of the chemicals with the olfactory receptor
mechanisms of the antennae.

We found no local potential effect. Other researchers have found that local
potentials (EAG responses that are more strongly influenced by sensilla in the
immediate vicinity of the recording electrode) can be recorded from the antennae of
tephritid flies (Crnjar et al., 1989; Bigiani et al., 1989). In the above cases the EAG
response depended on the position of the recording electrode. Because sensilla are
not equally distributed over the surface of the antenna, different responses occurred
as a result of different recording sites. Our results showed that the types of EAG
responses to the mixtures were consistent and did not depend on the position of the
recording electrode. The difference between these findings is likely to be due to
the recording method used: the authors referred to above gently pressed the tip of
the recording electrode against the surface of the antenna. The recording electrode
would only have been in contact with the external surface of the antenna. This may
increase the resistance of the electrical connection, thus restricting the recording
range of the electrode. Bigiani et al. (1989) estimated that the effect of local
potentials was limited to a radius of about 30µm around the recording electrode.
Inserting of the electrode does have an effect on the dynamics of the potentials
recorded. With a deep insertion, Kay (1971) found that some transient elements of
the EAG response were eliminated. Nearly equal EAG responses were also found
between different regions of the antenna ofTrichoplusia niwhen the electrodes
were implanted through the cuticle (Payne et al., 1970). In our experiments, the
recording electrode was inserted into the antenna. Therefore, we suggest that the
different electrical contact achieved with our methods accounts for the absence of
local potentials.

One potential source of error in EAG experiments is an interaction of the
chemicals with the electrodes, resulting in artificial electrical potentials (so-called
electrode potentials). Kafka (1970) recorded electrode potentials that were the re-
sult of interactions between chemicals and the electrodes, upon stimulation with
both acid and alkaline substances. The aim of the control experiments with the
dead fly was to see if significant electrode potentials were produced. The potentials
from living flies had an initial negative deflection. With the dead fly the negative
potentials were eliminated, showing that the chemicals were not significantly in-
teracting with the electrodes. A small, positive electrode potential was produced
with ammonia, but the effect of this potential with a live fly is minimal compared to
the normal negative antennal response. The negative potentials recorded from the
live flies in the dose–response and mixture experiments were therefore the result
of physiological activity within the antenna.
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Bactrocera tryoni.II: RESPONSE SPECTRA AND TEMPORAL
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Abstract—Single-unit electrophysiology was used to record the nerve im-
pulses from the carbon dioxide receptors of female Queensland fruit flies,
Bactrocera tryoni. The receptors responded to stimulation in a phasic-tonic
manner and also had a period of inhibition of the nerve impulses after the end of
stimulation, at high stimulus intensities. The cell responding to carbon dioxide
was presented with a range of environmental odorants and found to respond to
methyl butyrate and 2-butanone. The coding characteristics of the carbon diox-
ide cell and the ability to detect other odorants are discussed, with particular
reference to the known behavior of the fly.

Key Words—Olfaction, electrophysiology,Bactrocera tryoni, Diptera, Tephri-
tidae, sensilla, receptor, environmental odorant, carbon dioxide.

INTRODUCTION

Carbon dioxide receptors have been studied electrophysiologically for several
hematophagous Diptera, including the mosquitoAedes aegypti(Kellogg, 1970),
the sheep blowflyLucilia cuprina (Stange, 1975), and the tsetse fliesGlossina
palpalis (Bogner, 1992) andG. morsitans(Den Otter and Van der Goes van
Naters, 1992). In phytophagous insects these receptors have received less at-
tention. The CO2 concentration gradients around plants are far less than those
encountered by hematophagous insects, so the receptors of phytophagous species
must have high sensitivity (Stange, 1997). This has been found to be the case
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in the mothsHelicoverpa armigera(Stange, 1992) andCactoblastis cactorum
(Stange, 1997; Stange et al., 1995). It is thought that CO2 levels around plants
alert the insect to potential feeding or oviposition sites (Rasch and Rembold, 1994;
Stange, 1997). No electrophysiological studies are available for the CO2 receptors
of phytophagous Diptera, except for our electroanntenogram (EAG) study of the
antennae ofBactrocera tryoni(Diptera: Tephritidae) (Hull and Cribb, 2001, the
first in this series of papers), where we showed a response to CO2 and developed
a model of receptor types including one class containing three subsets: one that
responds to methyl butyrate, 2-butanone, and farnesene; a second responding to
methyl butyrate, 2-butanone, and CO2; and a third responding to all four chemi-
cals. Although EAGs do not indicate the significance of a response, Rice (1989)
and Stange (1999) have shown that these flies respond behaviorally to CO2. The
putative CO2 receptor cells of the Queensland fruit fly,Bactrocera tryoni(Diptera:
Tephritidae), with their characteristic lamellate dendrite in a multiporous peg, have
been located using electron microscopy (Hull and Cribb, 1997). This makes them
an ideal candidate for single unit electrophysiology.

Single-unit electrophysiology has been used previously to determine the num-
ber of receptors present on the dendrites of a sensory cell in adaptation experi-
ments. Multiple olfactory receptor proteins were indicated on sensory cells of
the beetleDendroctonus frontalis, which correlated with EAG experiments from
that species (Payne and Dickens, 1976). However, single-unit electrophysiological
studies from Tephritidae are rare, because the small size and dense packing of the
sensilla makes them difficult to record from. Dickens et al. (1988) have recorded
from single trichoid sensilla ofC. capitata. They found that the sensilla responded
to trimedlure (a known behavioral attractant) by increasing the rate of firing of
nerve impulses. In this paper single-unit electrophysiology is used to investigate
the encoding characteristics of the carbon dioxide receptors ofB. tryoni and test
our model for the response spectrum developed from EAG data.

METHODS AND MATERIALS

Test Subjects. Bactrocera tryoni(Froggatt) were cultured as per Hull and
Cribb (2001). Only gravid flies were selected for experimentation. Intact flies
were wrapped in Blu-tack [Bostik (Australia) Pty Ltd] adhesive to constrain head
movements and manipulated so that only the antennae were left protruding. The
fly was then put onto a microscope slide, and a portion of Blu-tack was placed
underneath the protruding antennae. Melted wax (melting point of approximately
52◦C) was used to secure the antennae to the Blu-tack. Small drops of wax were
placed at the tip of the funiculus and at the pedicel of the antenna.

Electrophysiological Recording Technique. Tungsten electrodes, mounted on
micromanipulators, were used. Due to the small size and the dense packing of the
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sensilla, the recording electrode had to be repositioned by chance until there was
an adequate electrical connection. The recording electrode was always inserted
into the same region of each antenna, which was between the sensory pit and the
base of the funiculus. Preliminary experiments showed that this region contained
numerous receptors responsive to CO2. The indifferent electrode was inserted at
the base of the antenna, through the circumantennal sulcus. The preparations re-
mained viable for between 30 min to over 2 hr. The extracellularly recorded action
potentials ranged in size from 0.2 to 1.5 mV. Signals were transmitted through a
Grass high-impedance probe to a preamplifier (Grass P16D microelectrode DC
amplifier). The signals were then transferred to a Syntech data acquisition system
and analyzed with the Syntech AutoSpike V. 3.1 program on a personal computer.
For all recordings, the nerve impulses were counted for the first 0.5 sec of stimula-
tion. Electrical shielding was provided by a Faraday cage, with all metal surfaces
within it being grounded.

Test Samples. The chemicals were carbon dioxide (Commonwealth Industrial
Gases, food grade purity from a cylinder of compressed CO2), 2-butanone (Aldrich
Chemical Company, claimed purity 99%), methyl butyrate (Aldrich Chemical
Company, claimed purity 99%),n-butyric acid (British Drug Houses Ltd, claimed
purity 99%), a mixture of isomers of farnesene (TCI Ltd, purity unknown), ethanol
(Ajax Chemicals Pty Ltd, claimed purity 99.5%), and ammonia (Ajax Chemicals
Pty Ltd 28.0–30.0% w/w).

Dose–Response Relationship for Carbon Dioxide Receptor. The dose–
response relationship for carbon dioxide was obtained using volumes of vapor
between 5 and 800µl. The saturation point was then determined from the curve
and was taken to be the volume of gas at which the standard error of the mean
response overlapped the standard error of the mean response of the highest volume
of stimulation (Dickens, 1984).

Responses to Other Behavior-Modifying Chemicals. Once the response of
the sensory cell to CO2 had been characterized, the remaining test chemicals were
applied. A volume of 400µl was used in all cases, as it had been shown in previous
EAG experiments that this volume was in excess of the saturation volume for each
chemical. Using a volume of test chemical vapor in excess of the volume needed to
maximally stimulate the cell meant that even chemicals having only a small effect
on the receptor neurons would be detected. Those chemicals that produced an
increase in the firing rate of the neurons were then tested in mixture experiments.
One of the stimulating compounds (methyl butyrate) was also tested for a dose–
response relationship to see whether the response curve was similar to that of
carbon dioxide.

Mixture Experiments. Different cells within a sensillum may be difficult to
identify if their nerve impulses are of similar size. If two chemicals are acting on
the same sensory cell, then the binary mixture of the two should not produce more
nerve impulses compared to the single most effective stimulant. A mixed injection
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containing 400µl of each chemical was applied. Chemicals were always presented
at a volume in excess of the saturation volume to ensure the sensory dendrites were
completely activated. All chemicals that produced an increase in the firing rate of
the neurons were tested in combination with each other. The order of presentation
of the mixture series and the chemicals within a mixture series were randomized.
The responses to 400µl of each chemical were analyzed with a random-blocks
ANOVA, with a post-hoc Dunnett’s test. They were compared to the response
obtained with the average stimulation of clean, analytical grade air.

Odorant Delivery. Humidified analytical grade compressed air was continu-
ously blown over the fly at a rate of 1 liter/min, with the nozzle for the airstream
being placed 1 cm from the fly. The method of test odour injection was the same
as for Hull and Cribb (2001). The relationship between the syringe volume and
the actual concentration of the test samples at the preparation was not established.

Control Experiments. An experiment was conducted to see if the dilution of a
chemical within a syringe would significantly affect the nerve impulse firing rate
within the first 0.5 sec of the stimulation. 2-Butanone, 400µl, was tested six times
in a row and was then repeated a further six times using 400µl of 2-butanone with
an additional 400µl of clean air. In each case the same number of odor molecules
would have been present, but the concentration of the odorant within the stimulation
burst would have differed. This experiment tested whether there were differences
in spike numbers with variation in the volume of the stimulation burst, rather than
as a result of the number of molecules of odor vapor. The experiment also tested if
adding a small amount of carbon dioxide (present in 400µl of analytical grade air)
to a sample of odorant had a significant effect on the number of nerve impulses.

Injecting the test stimuli by hand involved a degree of variability in terms
of the strength and time course of the injection (injections took between 0.5 and
1 sec). To gauge the reproducibility of the stimulation technique, a preparation
was stimulated six times in a row with 400µl of methyl butyrate, and then again
with 400µl of carbon dioxide (preliminary experiments indicated that the sen-
sory cells did not become adapted with repeated stimulation). The six injections of
2-butanone from the previous experiment were also used to gauge the reproducibil-
ity of the stimulation technique. At least 2 min elapsed between each injection to
allow disadaptation of the receptors after the stimulus-induced activity.

Identification of Sensillum Type. Scanning electron microscopy was used to
identify the sensillum type we recorded from. After recording, the electrode was
pushed further into the antenna to make a larger hole. The antenna was then
removed from the insect and dehydrated through a graded series of alcohol. Fol-
lowing dehydration the ethanol was exchanged for hexamethyl disilazane (HMDS)
and left for 2–4 hr. After the HMDS was removed, the antenna was air dried and
mounted on an aluminum pin-type stub using double-sided adhesive tape and silver
conductive paint. The preparations were then coated with gold in a sputter coater
and viewed on a JEOl JSM6400F scanning electron microscope.
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RESULTS

Response to Carbon Dioxide. The average basal firing rate for the carbon
dioxide-sensitive receptor was 14± 2 nerve impulses per 0.5 sec (Figure 1). The
saturation point was obtained with 50µl of CO2-saturated air and was 61± 8
nerve impulses for the first 0.5 sec of stimulation (N = 9).

The pattern of firing of the nerve impulses showed some variability according
to the stimulus load. At low stimulus intensities, the responses were tonic in nature
and showed an even level of firing throughout the stimulus burst (Figure 2B). At
high stimulus intensities, the pattern changed to phasic-tonic, with an increase
in the firing rate at the start of stimulation followed by a lower level of firing
(Figure 2D). The increased level of nerve impulse firing continued for up to 2 sec,
but did show some variability according to the stimulus strength (compare
Figure 2C and 2D). This variability was associated with the method of stimu-
lation, and so to avoid problems, the spikes were only counted for the first 0.5 sec
of the stimulation burst. This initial period included the phasic portion for all
of the responses. Although not ideal, the stimulation method is adequate for the
large volumes tested. After stimulation with large quantities of CO2-laden air
(50–800µl), the nerve impulses stopped for a period of up to 3 sec, although
periods of 1–2 sec were more common. On some of the recordings the amplitude
of the nerve impulses decreased when stimulated with large quantities of CO2

(Figure 2D). However, this could usually be compensated for by the AutoSpike
program, but in one recording (not shown) the response of the cell had become
completely adapted after the initial phasic burst and the spikes eventually could

FIG. 1. Dose–response curves of receptor cells on the antenna of femaleB. tryoniin response
to stimulation with carbon dioxide and methyl butyrate (each data point represents the mean
number of nerve impulses/0.5 sec± 1 SE; N = 9 for carbon dioxide,N = 5 for methyl
butyrate).
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FIG. 2. Electrophysiological responses from a sensory cell on the antenna of female
B. tryoni in response to stimulation with various concentrations of carbon dioxide. The
line below each electrophysiological recording is a computer generated frequency curve,
with the same time scale, showing the firing frequency of the nerve impulses. (A) Basal
level of firing in the absence of stimulation (but with the background air supply on);
(B) stimulation with 5µl of carbon dioxide; (C) stimulation with 50µl of carbon diox-
ide; (D) stimulation with 400µl of carbon dioxide. Arrow indicates the point of stimulus
injection.
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FIG. 3. Relative responses of carbon dioxide sensory receptors on the antenna of femaleB.
tryoni to stimulation with 400µl of each of the test chemicals. The asterisks indicate those
chemicals that were significantly different from stimulation with clean air. Only methyl
butyrate, 2-butanone, and carbon dioxide could be detected by the sensory cell.N = 8.

not be distinguished from the background noise, although they reappeared at the
end of the stimulus burst and reached the original spike amplitude. The decrease
in spike amplitude occurred after the first 0.5 sec of stimulation; therefore it did
not affect the counting of nerve impulses during the initial phasic burst. Only one
spike height could be reliably identified in the recordings. This was confirmed
during stimulation with high concentrations of carbon dioxide: At the end of stim-
ulation, when the spikes from the carbon dioxide receptor were inhibited, no other
spikes were visible. Furthermore, if a second cell was firing, a more irregular
pattern of nerve impulses would have been seen, and we should have seen some
spikes of double the normal amplitude (produced when spikes from two cells
coincide).

Responses to other Behavior-Modifying Chemicals.The relative responses of
the sensilla containing the CO2 receptors to other odorants are shown in Figure 3.
The only chemicals that showed a significant increase in firing rate were methyl
butyrate, 2-butanone, and CO2. Farnesene, ethanol,n-butyric acid, and ammonia
did not show a significant increase in the firing rate compared to stimulation
with clean air. Ammonia often interacted with the electrodes to produce electrode
potentials, which obscured the recordings for that chemical, although the onset of
the electrode potentials was usually delayed long enough to determine the number
of spikes within the first 0.5 sec of stimulation.

The responses to methyl butyrate and 2-butanone were not as strong as to
carbon dioxide. The average number of spikes within the first 0.5 sec of stimulation
with 400µl of methyl butyrate-saturated air was 34± 6 spikes and for 2-butanone
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it was 49± 8 spikes, compared to 82± 9 spikes for carbon dioxide. The pattern
of spikes also showed some differences, with the responses to methyl butyrate
and 2-butanone not showing a strong phasic response at the start of stimulation
with large stimulus loads (Figure 4). The responses were tonic in nature. In most
of the recordings (78%) a cessation of nerve impulses after the stimulus burst
could be seen after stimulation with 400µl of methyl butyrate and 2-butanone.
The cessation of impulses after stimulation was similar to that for carbon dioxide,
although the duration was smaller (0.8–1 sec; maximum of 2 sec). The duration of
the increased level of firing after stimulation with methyl butyrate or 2-butanone

FIG. 4. Electrophysiological responses of a carbon dioxide sensory receptor on the antenna
of femaleB. tryoni to other stimulating compounds. The line below each electrophysio-
logical recording is a computer generated frequency curve, showing the firing frequency
of the nerve impulses. Only methyl butyrate and 2-butanone produced significantly larger
responses compared to an injection of clean air. (A) Control injection of 400µl of clean air;
(B) 400µl of methyl butyrate saturated air; (C) 400µl of 2-butanone saturated air. Arrow
indicates the point of stimulus injection.
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FIG. 5. Electrophysiological recordings from a carbon dioxide receptor cell on the antenna
of femaleB. tryoniin response to stimulation with various concentrations of methyl butyrate.
(A) Stimulation with 5µl of methyl butyrate saturated air; (B) 100µl of methyl butyrate
saturated air; (C) 400µl of methyl butyrate saturated air. Arrow indicates the point of
stimulus injection.

was shorter compared to stimulation with carbon dioxide. At the higher stimulus
intensities the duration of firing was between 1.0–1.5 sec.

The dose–response relationship for methyl butyrate is shown in Figure 1.
The saturation volume for methyl butyrate is 200µl, and resulted in 31± 7 nerve
impulses for the first 0.5 sec of stimulation. The saturation volume is higher than
that for carbon dioxide, and the number of nerve impulses obtained at all the
stimulus volumes was lower for methyl butyrate compared to carbon dioxide.
However, the shape of the dose–response curves are similar for both chemicals. A
selection of the recordings of the methyl butyrate responses are shown in Figure 5.

Mixture Experiments. During the recordings, only one spike height could be
reliably identified, regardless of the stimulating chemical. This result suggested
that the nerve impulses of only one sensory cell were being recorded despite the
range of stimulatory chemical types. To test this, mixture experiments involving
methyl butyrate, 2-butanone, and CO2 were conducted (Figure 6). The mixtures
were analyzed by one-way paired samplet tests, to determine if the response to the
mixture of chemicals was greater than the response of the largest of the two individ-
ual chemicals (i.e., an additive response). An additive response would indicate that
the two chemicals are acting on different sensory cells within the sensillum. How-
ever, all three combinations of chemicals showed nonadditive responses (methyl
butyrate with CO2 t = −2.205; 2-butanone with CO2 t = −0.862; and methyl
butyrate with 2-butanonet = −2.998). The nonadditive responses confirm that
only one receptor cell is responding to all three chemicals.
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FIG. 6. Electrophysiological recordings from a sensory cell on the antenna of female
B. tryoniin response to stimulation with mixtures of chemicals. (A) stimulation with 400µl
of carbon dioxide saturated air; (B) stimulation with 400µl of methyl butyrate saturated
air; (C) stimulation with 400µl of 2-butanone saturated air; (D) stimulation with a mixture
of carbon dioxide and methyl butyrate; (E) stimulation with a mixture of carbon dioxide
and 2-butanone; (F) stimulation with a mixture of methyl butyrate and 2-butanone. Arrow
indicates the point of stimulus injection.

Control Experiments. For the experiment on the effect of dilution of the
chemicals, the mean number of spikes for the undiluted sample of 2-butanone
was 32± 1.2 spikes for the first 0.5 sec. The mean for the sample of 2-butanone,
diluted with clean air, was 30± 2.4 spikes for the first 0.5 sec. The two samples are
not significantly different (two-samplet test,t = 0.6903), indicating that diluting
the sample of a test chemical within the syringe does not effect the number of
nerve impulses generated within the first 0.5 sec of stimulation. The addition of
the small amount of carbon dioxide (present in the air used to dilute the sample)
did not produce a significant change in the number of nerve impulses.

The percentage of the variation that is due to differences between the two
runs (theR2 value) of 2-butanone and 2-butanone plus air could be calculated. The
R2 value of 4.6% indicates that only a small amount of the variability between
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FIG. 7. Variability of the receptor cells and the stimulation technique. For each of the
three test chemicals, six repeated stimulations (on the same sensillum) using 400µl of
test compound vapor produced little variability in the number of nerve impulses recorded.
Methyl butyrate mean response: 29± 0.4 spikes, 2-butanone mean response: 32± 1.2
spikes, and carbon dioxide mean response: 75± 0.9 spikes.

the 12 values of the replicates can be accounted for by differences between the
two treatments. The remaining variability is attributable to the pooled variation
among the six replicates for each treatment. While most variability between the
12 values is attributable to the six replicates for each treatment, the actual level of
variability for each treatment is low, as shown by the low standard errors for
the treatments. The experiments testing the reproducibility of the stimulation
technique showed a similarly low level of variation between the different repe-
titions (Figure 7). The standard error for the six repetitions of methyl butyrate
was 0.4 impulses/0.5 sec, for carbon dioxide it was 0.9 impulses/0.5 sec, and
for 2-butanone it was 1.2 impulses/0.5 sec. These results show that the method
of injecting the odorants by hand did not contribute significant variability to the
numbers of nerve impulses recorded. The use of large volumes of vapor may also
have assisted in reducing variability. By having a large number of odor molecules
presented to the antenna each time, any variability caused by the hand injections
may have been compensated for, because both the diluted and undiluted stimuli
are still at a level that saturates the receptors. However, for future experiments
with low dosages, a stimulation method with even lower variability would be
preferable.

Identification of Sensilla. The identification was made by locating the hole
made by the insertion of the electrode. This was not possible for all of the recordings
because some of the antennae required numerous attempts at inserting the electrode
before a suitable recording site was found. In these antennae the large number of
holes made identification of the correct one difficult. However, some recordings
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FIG. 8. Scanning electron micrograph identifying the type of sensillum recorded from in the
single-unit electrophysiological experiments. The sensillum is a thin-walled multiporous
type 3 (clavate) sensillum. The arrow shows the hole (enlarged for recognition) made by
the insertion of the recording electrode at the base of the sensillum. C= clavate sensillum,
M = uninnervated sensillum, bar= 10µm.

were achieved with the first or second insertion attempt. Here, the position of the
recording electrode was noted, and a larger hole made. Where identification was
made (from four separate antennae), the sensilla were always subtype 3 Mp-sw
thin-walled sensilla (clavate sensilla) (Figure 8).

DISCUSSION

Response of Cell to Carbon Dioxide. A high basal firing rate is common
in general olfactory receptor cells even in the absence of stimuli, as well as in
CO2-receptive cells (Grant et al., 1995; Stange, 1996). In our study, the sensory
cell was continuously exposed to a current of air (which contains CO2), and was,
therefore, constantly stimulated. The basal level of firing we recorded is then the
plateau of maintained activity at that level of stimulation (the tonic response).
Because CO2 is present in the atmosphere, the tonic response we recorded can
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be thought of as the normal level of firing. No tests were conducted to determine
the rate of firing of the CO2 receptor cells inB. tryoni to carbon dioxide–free air.
The constant firing of the CO2 sensory cells means that they must be adapted to
signal changes in the concentration of CO2 levels, which has been shown in other
species (Stange, 1996). The signaling of changes in CO2 concentration is achieved
by either increasing or decreasing the level of firing of the action potentials. For
B. tryoni the sensory cells showed a phasic-tonic response pattern to increased
stimulation with CO2. In other words, the firing of action potentials showed an
initial increase, which leveled off to a lower, constant level of firing. Some of
the sensory cells also showed a cessation of firing at the end of stimulation with
high stimulus concentrations. The action potentials were inhibited, although the
background airflow, containing CO2, was still flowing over the antenna. Similar
responses were found in the CO2 receptors of the mothC. cactorum(Stange et al.,
1995) and also in the pheromone receptors of the silkmothBombyx mori(Kaissling,
1986). The suppression of action potentials at the end of stimulation can be thought
of as the equivalent of a phasic off-response. The ability to use both an increase and
a decrease in action potential firing means that the insect can potentially encode a
greater amount of information from this one stimulus and may correlate with the
ability of CO2 receptor cells to signal rapid changes in concentration (Rumbo and
Kaissling, 1989).

Do CO2 Receptors Detect Other Chemicals?During the periods of stimulation
with CO2 and when the antenna was exposed solely to the background airflow,
only one action potential spike height could be reliably identified. This is despite
the fact that the sensilla containing the CO2-receptive cell also contains two other
sensory cells (Hull and Cribb, 1997). When methyl butyrate and 2-butanone were
presented to the antenna, the rate of firing of the nerve impulses increased. The
results indicated that these compounds are being detected by the same sensory cell
that detects CO2. However, the possibility still existed that more than one sensory
cell was responding during the recordings, but that all of them had identical spike
heights. To test this, binary mixtures using methyl butyrate, 2-butanone, and CO2

were conducted. If more than one sensory cell was responding, then a mixture
of two of the chemicals should produce more action potentials than for either of
the chemicals presented individually (Payne and Dickens, 1976). However, for all
combinations of those chemicals, the mixtures produced responses that were no
greater than for the larger of the two individual chemicals. These results confirmed
that methyl butyrate, 2-butanone, and CO2 are detected by the same sensory cells.
This was a surprising result as CO2-sensitive sensory neurons have generally been
regarded as being specialized for that stimulus, and are, therefore, usually treated as
a separate class of receptors from general odor and pheromone receptors (Stange,
1996). However, care should still be taken in interpreting these results as the
response of the CO2-sensitive sensory neurons to other volatiles may have been
affected by the high dosage levels (see later discussion).
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There are some cases where CO2-sensitive cells respond to other chemicals.
For instance, CO2 receptors on the antennae of the termiteSchedorhinotermes
lamanianuscan detect general odors, such as 1-pentanol, 1-hexanol, and 2-hexanol
(Ziesmann, 1996). However, in this case the CO2 had an inhibitory effect, whereas
the general odors had an excitatory effect. Within the same sensillum was another
sensory cell that also responded positively to general odors, but was not affected at
all by CO2. Ziesmann concluded that CO2 was acting as a modulator of the olfactory
signals and thereby allowed context specific signal interpretation. Modulation of
sensory cell responses, similar to the termite CO2 receptors, has been found in the
mothTrichoplusia ni. In this case, dodecyl acetate was not detected by the sensory
cells on its own, but when it was present in mixtures with other chemicals, it
produced a modulation of the sensory cell response (O’Connell, 1986). However
in B. tryoni no modulation of the receptors was evident. All of the detectable
chemicals produced excitatory responses that were not inhibited when mixtures of
chemicals were applied.

Responses of CO2 receptors to other chemicals have also been found in
Rhodogastriamoths (Lepidoptera: Arctiidae). By using single-unit electrophysi-
ology, the CO2-sensitive cells in the labial palps were excited weakly by cyclopen-
tane and inhibited by acetic acid (Bogner et al., 1986). The cells also responded
positively to headspace odors of other insects andBrassicaleaves, but this latter
result is questionable. Bogner (1990) found the CO2 receptors ofPieris brassicae
also responded to headspace odors of insects and plants. Removing the carbon
dioxide from the samples, however, greatly reduced the number of nerve impulses
(from 100 impulses/sec to 0.2 impulses/sec). The receptors were, in this case, only
responding to CO2. This experiment shows the difficulty in interpreting results,
particularly for CO2 receptors, where the stimulant is present in other test sam-
ples. The CO2 sensitive cells in the temporal organ on the head of the centipede
Thereuonema hilgendorfiiwere also excited by amines, such as butylamine, amy-
lamine, and hexylamine (Yamana et al., 1986). The same cells were inhibited by
fatty acids, such as acetic acid and butyric acid, but alcohols had no effect. Volatile
anesthetics have been shown to act on CO2-sensitive cells, although the site of
interaction in this case is not thought to be the primary transduction process, but
a later stage of the signal cascade (Stange and Kaissling, 1995).

The response of the carbon dioxide sensory cell to methyl butyrate and
2-butanone may be due to the high stimulus concentrations used. In the gypsy
moth, Lymantria dispar, the specialist receptor cell for disparlure (which con-
tains only one type of receptor molecule) responds to analogs of disparlure when
they are applied in high concentrations (Schneider et al., 1977). However, for
B. tryoni, methyl butyrate and 2-butanone were the only two chemicals of the five
other chemicals tested that produced a significant increase in firing of the carbon
dioxide cell. The selectivity of the cell, therefore, suggests that there is some
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functional significance in its ability to detect methyl butyrate and 2-butanone.
Furthermore, both methyl butyrate and 2-butanone are behaviorally active chem-
icals (Eisemann and Rice, 1992), which adds strength to our assertion that the
response of the carbon dioxide receptor to these other chemicals has a functional
role. Whether the behavioral response to carbon dioxide, methyl butyrate, and
2-butanone is mediated by these receptor cells alone cannot be determined from
this study. The physiological responses of only one cell type within a single sen-
sillum type have been determined. Other cells in the antenna may also respond to
some or all of these chemicals. Our EAG studies indicate another subtype of CO2

receptor is present (Hull and Cribb, 2001). The full content of the information
may only become apparent to the insect when it is taken in the context of all the
responding cell types.

To determine if the cell could respond to low concentrations of an odor chem-
ical, methyl butyrate was tested at a range of volumes. The dose–response rela-
tionship shows that the cell can detect methyl butyrate at lower volumes, although
the sensitivity of the cell is lower for methyl butyrate compared to carbon dioxide.
Even at the smallest volume tested (5µl) the cell could detect carbon dioxide
(i.e., the response is larger than the basal firing rate). For methyl butyrate, the
responses did not increase above the basal firing rate until the stimulus volume
was around 50µl of odor-saturated air. The lower sensitivity of the cell to methyl
butyrate was evident at all of the odor volumes tested. The difference in apparent
sensitivity may be because the carbon dioxide samples were taken directly from
a gas cylinder, and, therefore, would have been at a much greater concentration
compared to the chemicals that had been taken as saturated air samples. Neverthe-
less, this result shows that the CO2-sensitive sensory neurons can detect methyl
butyrate at volumes well below the saturation level.

Temporal Firing Patterns and Variability. The generalist olfactory receptor
cells ofBombyx morishow variability among cells of the same type (Heinbockel
and Kaissling, 1996). Variability was also found in the firing characteristics of
the carbon dioxide receptors ofH. armigera(Stange, 1992). Therefore, it was not
unexpected when we found some variability among the carbon dioxide receptors of
B. tryoni. A range of response patterns for each receptor type may enable the insect
to encode more information. However, confirmation of this hypothesis will require
data from a larger number of receptor cells. Also, we recorded only from one region
of the antenna. The clavate sensilla are distributed over the entire funiculus, and
the patterns of nerve impulses of carbon dioxide receptors from other regions may
show even larger differences.

The ability to detect changes in CO2 concentration may be affected by changes
in temperature (Stange and Wong, 1993). Small-scale temperature compensation
may account for why only some of the recordings showed a cessation of firing after
stimulation with high concentrations of CO2. However, all of the recordings were
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conducted in a laboratory maintained at a temperature of 24± 2◦C and with the
same level of background air flow; therefore, any compensation of the responses
would have been minimal.

How Do Responses of CO2 Receptor Relate to Insect Behavior?At concen-
trations similar to that of vertebrate breath, CO2 increases general flight activity
(Rice, 1989). However, at low CO2 concentrations (similar to concentrations pro-
duced by plants) gravidB.tryoni are attracted to the source (Stange, 1999). The
difference in behavioral action may be encoded for at the peripheral level. Our
experiments have shown differences in the firing characteristics of the cells that
are dependent on the stimulus concentration. The behavioral activity at high con-
centrations may be encoded for in the initial phasic burst or in the longer period of
nerve impulse firing or inhibition. Furthermore, the detection of other chemicals
by the CO2 sensitive sensory neurons may signify that the old demarcation of
carbon dioxide as a separate olfactory class may not be appropriate in all cases;
to B. tryoni, carbon dioxide is probably just another behavioral marker, which is
processed along with the other olfactory stimulants.

All of the recordings were acquired from sensilla within a particular region
of the funiculus, at the base near the olfactory pit. The sensilla were identified as
subtype 3 Mp-sw thin-walled sensilla (clavate sensilla). These sensilla are dis-
tributed all over the funiculus, but are more abundant in the basal region. There are
around 270 clavate sensilla on femaleB. tryoniantennae out of a total of about 2500
(Giannakakis and Fletcher, 1985). The relatively large number of carbon dioxide
receptors confirm that this sensory modality is a significant one for the insect. The
subtype 3 Mp-sw thin-walled sensilla house up to three sensory cells (Hull and
Cribb, 1997). The lamellated dendrite of one of the sensory cells, extending up
past the dendritic sheath, marks it as the carbon dioxide receptor (Zacharuk, 1985;
Sutcliffe, 1994). The function of the other two sensory cells in the sensilla has not
been determined. They did not produce an identifiable basal level of firing, and
none of the other test chemicals elicited a response. Characterization of these other
cells will require a greater range of test chemicals.

Our first paper in this series (Hull and Cribb, 2001). developed a hypothesis,
from EAG data, that there was one class of receptor (the methyl butyrate receptor)
within which three subtypes existed. Two of these subtypes responded to carbon
dioxide as well as other general odorants; one responded to CO2, methyl butyrate,
and 2-butanone and the other responded to CO2, methyl butyrate, 2-butanone, and
farnesene. This present paper tests the hypothesis by looking at the response of
individual sensilla and supports it in the occurrence of at least one of these two
subtypes. The second subtype may be located on a separate region of the antenna
and awaits further experimentation. In this previous paper, we also concluded,
from EAG data on mixture experiments, that these receptors were broadly tuned
rather than specific. This current study supports our EAG findings with electro-
physiological data from individual dendrites.
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1Colégio T́ecnico Agŕıcola Ildefonso Bastos Borges
Universidade Federal Fluminense

Bom Jesus do Itabapoana, RJ, Brazil
2Dept. de Biologia Animal, and

3Dept. de Qúımica
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Abstract—In wind-tunnel bioassays, dispensers loaded with 1µg of the syn-
thetic major component (3E,8Z,11Z)-3,8,11-tetradecatrienyl acetate (TDTA)
of the sex pheromone emitted byTuta absoluta(Meyrick) females were found
to be highly attractive to conspecific males. Field experiments were conducted
to evaluate the efficacy of five trap designs. The best trap, baited with 100µg of
the synthetic sex pheromone caught on average 1200 males per trap per night,
while those baited with virgin females caught only 201 males. The male response
to this pheromone is restricted to the same early-morning time window during
which females exhibit calling behavior. The high biological activity of the syn-
thetic pheromone suggests that it could be useful for pest monitoring and in
mating disruption.

Key Words—Tuta absoluta, sex pheromone, (3E,8Z,11Z)-3, 8,11-tetradecatri-
enyl acetate, field tests, monitoring.
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INTRODUCTION

Tuta (=Srobipalpuloides) absoluta(Meyrick) (Lepidoptera:Gelechiidae) is a key
pest of tomato(Lycopersicon esculentumMill.) due to the damage it causes and the
lack of ecologically acceptable methods for its control. It has been considered to
be the major limiting factor for tomato production in South America (Bahamondes
and Mallea, 1969; Quiroz, 1976).

IPM programs forT. absolutamay be achieved through the use of sex
pheromone. Populations of other Gelechiidae, such asKeiferia lycopersicella
(Walsingham) have been efficiently monitored with traps baited with sex pherom-
one (Jenkins et al., 1990). Trumble and Alvarado-Rodriguez (1993) reported a
successful management strategy (sex pheromone for monitoring the population
as well as for mating disruption) for the control ofK. lycopersicellain industrial
tomato crops. ForPhthorimae operculella(Zeller), pheromone traps have been
used as part of IPM strategies (Kennedy, 1975; Raman, 1984; Salas et al., 1985).

Using T. absolutavirgin females, Quiroz (1978) captured more than 100
males/trap/day, and Uchˆoa-Fernandes and Vilela (1994), using the same technique,
compared different trap designs, heights, and displacement in tomato fields for
capturingT. absolutamales. They reported high specificity and sensitivity of traps
baited with natural pheromone, besides being more economical and convenient
than the light traps.

In this work we report laboratory and field evaluations of the major syn-
thetic component of the sex pheromone ofT. absoluta, (3E, 8Z, 11Z)-3,8,11-tetra-
decatrienyl acetate (TDTA), which was identified and synthesized by our group
(Attygalle et al., 1995, 1996). Its structure was confirmed by Griepink et al. (1996).

METHODS AND MATERIALS

Insect Rearing. Larvae ofT. absolutawere collected on tomato in fields
around Viçosa, MG, Brazil and reared on artificial diet (Pratissoli, 1995) at 23±
2◦C, 75± 5% relative humidity and a 14L:10D photoregime. After separation of
females and males (Coelho and Fran¸ca, 1987), pupae were maintained in sepa-
rate rooms to avoid exposure of males to female sex pheromone and consequent
development of habituation (Bartell, 1977).

Wind-Tunnel Bioassays. Bioassays were conducted in a wind tunnel (1.5 m
long and 0.5 m height) at 24± 1.5◦C, 83± 3%, relative humidity, and air flux
of 30 mm/sec. The TDTA source was placed at a height of 0.3 m and 1.0 m from
the point of insect release. After each bioassay, the tunnel and its accessories were
thoroughly cleaned with neutral detergent and water. The synthetic pheromone was
dissolved in doubly distilled hexane and appropriate volumes were impregnated
on a rubber septum and allowed to air dry for 24 hr. For field trials, treated septa
were sealed in aluminum foil and transported in an ice box. All septa used for
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impregnating the pheromone were previously extracted for 24 hr with distilled
CH2Cl2 in a Soxhlet extractor.

The attractiveness of the synthetic acetate (0.01, 0.1, 1 and 10µg/septum)
was compared to that of nine virgin females during their calling period (Hickel and
Vilela, 1991; Hickel et al., 1991; Uchˆoa-Fernandes et al., 1995a). Hexane (100µl)
was placed on a rubber septum, air dried, and used as control. The experimental
design was entirely randomized with 10 replications, each consisting of three males
(1 to 3 days old), released from glass tubes open on both sides. Each observation
lasted 5 min and the response of males was computed once, after which they were
eliminated.

Field Experiments.Field experiments were conducted in two tomato crops
(staked and industrial) to evaluate the efficiency of five types of traps as well as to
determine the attractiveness of TDTA. In addition, the variation of insect capture
during the day and during the tomato plant phases was studied.

Staked Tomatoes.These experiments were conducted in a 20-ha staked (com-
mercial) tomato crop (Santa Clara variety), in Araguari, MG, Brazil during April
1–11, 1994. The following five trap designs were evaluated: (1) commercial Delta
sticky trap (AgriSense Ltd.) with a vertical height of about 7 cm at the triangular
opening and a base of 29× 30 cm; (2) CICA-Q trap (home made), which con-
sisted of a white square plastic tray (24× 37× 6 cm) covered with a thin plate
(V shaped) and held together with four strong metal wires; (3) CICA-R trap (home
made) consisted of two black round trays (commonly used for house gardening in
Brazil), with the larger one (32 cm in diameter) serving as the base and the smaller
one (20 cm in diameter) serving as the top. The two plates were held together by
three strong metal wires equidistant from each other. Both traps contained water
and detergent to trap the insects; (4) home made PVA 200 trap (Uchˆoa-Fernandes
and Vilela, 1994) made up of a white PVC tube (200 mm diameter) and an adhesive
cardboard inside, similar to the Delta trap, and (5) home made PVC-M 200 trap,
which was a modification of PVA 200 trap with two lateral longitudinal openings.

Each trap was baited with 1µg of TDTA and placed at 30-m intervals and at
1.2 m above ground (Uchˆoa-Fernandes and Vilela, 1994) during three days. The
experimental design was a Latin square (Perry et al., 1980), and the number of
insects caught in each trap, with five replicates (25 traps) was counted daily. The
highest number of insects caught was with CICA-R traps and, hence, some of the
subsequent tests were conducted with this type of trap.

The periodicity of male capture over a 24-hr period was evaluated by using
Delta traps containing 1µg of the synthetic TDTA impregnated on a rubber septa,
with four replicates, for four 24-hr periods.

Industrial Tomatoes.These experiments were conducted in Petrolina, PE,
Brazil during June 25–July 5, 1994 on a commercial 20-ha industrial tomato crop
(cultivar IPA). The five traps described in the previous experiment were evaluated
at 0.4 m above the ground over a five-day period. Each trap was baited with a
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rubber septum containing 1µg of the synthetic TDTA and its position remained
unchanged during the experiment. The experiment was arranged in a randomized
block with five replications.

In order to evaluate the variation of insect capture during the day, traps con-
taining 1µg of the TDTA (five replications) were spaced 30 m apart. To evaluate
the effect of trap height, CICA-R traps were placed in three different crop phases.
CICA-R traps containing 1µg of the TDTA were placed at 0.2, 0.4, 0.6, 0.8, and
1.0 m above ground in the first crop phase, i.e., just before planting. CICA-R traps
containing 1µg of the TDTA were placed at 0.2, 0.4, 0.6, 0.8, and 1.0 m above
ground in second crop phase (0.2-m high plant). CICA-R traps containing 1µg of
the TDTA were placed at 0.2, 0.4, 0.6, 0.8, and 1.0 m above ground in the third
crop phase, which was crop with flowers. Five replications were used.

Statistical Analyses.The data obtained in wind-tunnel bioassays were trans-
formed into arcsine (X). After that they started to present normal distribution
and were statistically analyzed at 5% significance (Scott and Knott, 1974). The
following statistical analyses were utilized for three parameters evaluated: in field
experiments: The attraction data were transformed into log (X + 1). After that,
they started to present normal distribution and they were statistically analyzed at
5% significance (Scott and Knott, 1974). The data of periodicity of male capture
were transformed into

√
(X + 0.5) . After that, they started to present normal dis-

tribution and were statistically analyzed at 5% significance (Duncan). The trap
design data with staked tomatoes presented normal distribution and were analyzed
without transformation. The trap design data obtained in the field experiments with
industrial tomatoes were transformed into

√
X. After that they started to present

normal distribution and were statistically analyzed at 5% significance (Scott and
Knott, 1974).

The data for height of traps for the first phase (before planting) as well as
for the second phase, (20-cm-high plants), presented normal distribution and were
analyzed without transformation, whereas the data for the third phase (plants with
flowers) were transformed into

√
X. All data were subjected to ANOVA analysis

and the averages were compared by Scott-Knott test (Scott and Knott, 1974) or
the Duncan test at 5% significance.

RESULTS

Wind-Tunnel Bioassays.The response ofT. absolutamales to the synthetic
TDTA was immediate (within 1–5 min), with males landing on the pheromone
source, indicating a possible application in insect trapping. The highest response
was obtained with 0.1, 1.0 and 10.0µg (Figure 1). Male wing fanning was
significantly higher with 1µg than that obtained with other doses of the synthetic
pheromone (Figure 1).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP127-299586 April 11, 2001 17:55 Style file version Nov. 19th, 1999

T. absolutaSEX PHEROMONE 911

FIG. 1. Average percentage ofT. absolutamales that respond to different amounts of TDTA,
to virgin females, and to the solvent in a wind tunnel. Bars followed by the same letter are
not significantly different (α = 0.05, Scott-Knott test,N = 10).

Response to Trap Design in the Field.The results of the experiments with
staked and industrial tomatoes are shown in Figures 2 and 3, respectively. In
staked tomato plantations, both CICA-R and CICA-Q traps provided the best insect
captures (Figure 2) while in the industrial tomato crops, at initial insect infestation
(low), the CICA-R and PVC traps captured the highest number of males, but
the captures were not significantly different from the CICA-Q and Delta traps
(Figure 3). The adhesive cardboard of the PVC traps presented the disadvantage
of not retaining newly attracted insects due to surface saturation. This was not
observed with traps that used water and detergent to trap the insects in highly
infested fields. Consequently, a greater number of insects was trapped with both
CICA-Q and CICA-R traps. However, in a low infestation situation, CICA-Q traps
did not present significant difference in the number of insect trapped. The CICA-R
trap, which was black and totally open, was more efficient probably due to its
format.

Concentrations of TDTA in the Field.The highest response ofT. absoluta
males was obtained at a concentration of 100µg of the main component of the sex
pheromone TDTA per trap (Figure 4).

Periodicity of Male Captures.In the staked and industrial tomato crops, the
capture of the males occurred between 5 and 9 AM, with a peak around 7 AM
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FIG. 2. Average number of males ofT. absolutacaught per morning per trap in a staked
tomato crop in Araguari, MG, Brazil, during 1994, with five different trap designs. Each
trap was baited with 1µg of synthetic TDTA. Histograms followed by the same letter are
not significantly different (α = 0.05, Scott-Knott test,N = 5).

FIG. 3. Average number of males ofT. absolutacaught per morning per trap in an industrial
tomato crop in Petrolina, PE, Brazil, during 1994, with five different trap designs. Each trap
was baited with 1µg of synthetic TDTA. Histograms followed by the same letter are not
significantly different (α = 0.05, Duncan test,N = 5).
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FIG. 4. Average number of males ofT. absolutacaught per morning per trap in a staked
tomato crop in Araguari, MG, Brazil, during 1994, with different concentrations of the
synthetic TDTA. Histograms followed by the same letter are not significantly different
(α = 0.05, Scott-Knott test,N = 5).

(Table 1). Insect infestation was lower during the evaluation period in the industrial
tomato crops compared to the staked tomato crops. Insect capture with synthetic
pheromone baits was affected by temperature. Earlier capture generally took place
when the temperature was lower (r = −0.79, P < 0.01). However, no effect of
relative humidity was noted (r = 0.79, P = 0.14).

Height of Traps. In the industrial tomato crops, when the soil was prepared
for tilling, traps placed at a height of 20 cm above ground presented the best results,
capturing the highest number ofT. absolutamales (Figure 5). When the tomato
plants were about 20 cm high, traps placed at heights of 20, 40, and 60 cm captured

TABLE 1. AVERAGE NUMBER (N = 4) OF MALES OFTuta absolutaCAUGHT PER

MORNING PER TRAP, IN DELTA TRAPSBAITED WITH 1µG OFSYNTHETIC TDTA IN

A FIELD WITH STAKED TOMATO CROP(ARAGUARI, MG, BRAZIL, 1994)

Evaluation date 5-6 AM 6-7 AM 7-8 AM 8-9 AM General average

April 8 13.98cAB 511.91aA 190.00Ba 3.48dA 111.02A
April 9 22.90cA 432.48aB 48.53bB 0.00dA 69.03B
April 10 2.30aC 6.69aC 5.68aC 2.00aA 3.93C
April 11 5.96aBC 9.98aC 0.46bC 0.00bA 2.97C
General average 9.83c 151.79a 36.27b 1.06c

Averages followed by the same small letter in a row or capital letters in a column did not differ
significantly (Duncan test, P< 0.05).
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FIG. 5. Average number of males ofT. absolutacaught per morning per trap in three
different stages of an industrial tomato crop in Petrolina, PE, Brazil, during 1994. Each trap
was baited with 1µg of synthetic TDTA. In each stage, histograms followed by the same
letter are not significantly different (α = 0.05, Scott-Knott test,N = 5 for each stage).

a higher number of insects. However, the results obtained from different heights
were not significantly different.

DISCUSSION

Wind-Tunnel Bioassays.Typical responses were recorded in wind-tunnel
bioassays. Wing fanning represents a state of high sexual excitement in males
(Cardé, 1984) and most of the time resulted in landing on the pheromone source.
Males flew towards the source impregnated with 0.1, 1.0, and 10µg of TDTA, as
well towards virgin females, whereas there was no significant difference between
0.01µg and solvent (Figure 1). Similar results have been reported by Hickel et al.
(1991), working with virgin females.

Response to Trap Design in the Field.The best results were obtained with
the CICA-R trap, which was probably due to its completely open shape. These
results were in agreement with those of Wyman (1979), working on monitoring
of Keiferia lycopersicellausing synthetic pheromone. He concluded that a high
trap efficiency was related to ease access of insects to traps. The cost of each unit
of the CICA-R trap, Delta trap and its sticky cardboard, CICA-Q trap, and PVC
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trap was of US$2.95, 5.00, 7.00, and 1.92 (not including the sticky cardboard),
respectively.

Concentrations of TDTA in the Field.Each higher concentration of TDTA
trapped more insects, possibly due to greater amounts of pheromone released.
Tumlinson et al. (1994) have reported a higher release rate of the synthetic
pheromone ofManduca sexta(L.) in the field from the rubber septa impregnated
with higher amounts.

Periodicity of Male Captures.In the staked tomato crops, the results on pe-
riodicity of male captures were in agreement with those of Uchˆoa-Fernandes et al.
(1995b), who used virgins female as baits. The difference in the number of insects
captured in the two areas was most likely due to the lower insect infestation during
the evaluation period in the industrial tomato crops compared to the staked tomato
crops.

The influence of temperature on pheromone catch is in agreement with that
reported by Card´e and Roelofs (1973), forHolomelina immaculata(Rearkirt), for
which the temperature influenced both the initiation and periodicity of captures.
Cardé et al. (1974) confirmed that temperature can modify the calling period or the
male response. McNeil (1991) reported that several factors affect the emission and
reception of pheromones, mainly temperature, which affected the calling period
of the females and, consequently, the male response.

In summary, these results suggest that a partial application of low cost
CICA-R traps loaded with 100µg of the synthetic pheromone (TDTA) for moni-
toring T. absolutapopulations. In soil prepared for sowing, the height of the trap
should be 20 cm, and for plants that are around 20 cm high, the traps should be
placed at a height of 20–60 cm and should remain in place until harvest. With
growing plants, the height of the traps should be about 60 cm, since a higher de-
gree of attack takes place in the medium and top parts of the canopy (Coelho and
França, 1987; Pratissoli, 1995; Pican¸c et al., 1995).
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Abstract—Chemical analyses revealed that the labial gland complex of worker
honeybees possesses a series of hydrocarbons dominated by odd-numbered
carbon chain alkanes along with minor amounts of alkenes and branched alkanes.
Foragers contained significantly more secretion than nurse bees. Experiments
with bees from colonies induced to have a division of labor independent of age
revealed that the differences in the amount of secretion were task, but not age
dependent.

Key Words—Honeybees, labial glands, exocrine glands, secretion, hydrocar-
bons, forager bees, task specificity.

INTRODUCTION

The labial (salivary) gland complex comprises two pairs of glands, one in the
head and one in the thorax, both of which connect through a common duct to the
mouth (Cruze Landim, 1967). They are intermittently developed in bees, and little
is known about the chemistry or function of their secretion. In the mason bee,
Chalicodoma siculum, the head gland secretion is composed of hydrocarbons that
are used to waterproof brood cells (Kronenberg and Hefetz, 1984). Male carpenter
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bees,Xylocopa varipuncta, presumably use the secretion from the thoracic gland
as a long-range sex attractant, but the chemistry remains elusive (Minckley et al.,
1991). The chemistry and function of the labial gland secretion of male bumble
bees was extensively studied, revealing a plethora of compounds (Bergstr¨om
et al., 1981; Genin et al., 1984). The secretion is species-specific, and in the
species studied it is used for marking the flight path to which queens and other
males are attracted (Kullenberg et al. 1970, 1973; Bergman and Bergstr¨om 1997;
Hovorka et al., 1998; Kindl et al., 1999). The labial glands are also well developed
in Bombus terrestrisqueens and contain mostly a series of dodecyl esters (Hefetz
et al., 1996).

The posterior part of the head gland and the thoracic gland were reported to
be involved in partial food digestion in the honeybee. The secretion of the tho-
racic gland contains watery saliva that dissolves sugars, whereas the head gland
produces an oily secretion of unknown function (Simpson, 1960; Arnold and
Delge-Derachen, 1978). We present here a comparative analysis of the volatile
constituents of the head and thoracic gland secretions of worker honey bees as a
function of age and task.

METHODS AND MATERIALS

Bee and Hive Manipulations. Workers of European honeybees (Apis mellifera
ligustica) were obtained mostly from the Tzrifin apiary (Ministry of Agriculture),
Israel, and from one colony from an apiary at the University of Illinois Bee Re-
search Facility. Nurse bees were collected on brood combs and foragers returning
with pollen were collected at the hive entrance. To dissociate possible effect of
age and behavioral status on glandular composition, a single-cohort colony was
established with about 1000 1-day-old adult bees from a field colony. These bees
were obtained by taking frames containing old pupae and placing them in an incu-
bator (34◦C and 80% relative humidity). Newly emerging adults were marked with
paint dots on the thorax. The colony was given a single frame of food and a mated
queen. Under these conditions some of the workers become precocious foragers,
whereas three weeks later some workers still remained as old nurses (Robinson
et al., 1989). Four groups of bees were collected for comparative analyses: young
(precocious) foragers and young nurses were collected after one week, and old
foragers and old (over-aged) nurses were collected after three weeks. Bees for the
GC-MS analyses were obtained from several commercial colonies at the Tzrifin
apiary. Quantitative analyses were conducted using bees from one “typical colony”
and one “single cohort colony.”

Chemical Analyses and Compound Identification. Head and thoracic labial
glands were dissected under a stereo microscope (×20) and extracted in 100µl
dichloromethane (to enable proper detection of the peaks by gas chromatography
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each sample comprised a pool of glands from five bees). The head glands were
separated from the hypopharyngeal glands and the thoracic glands were separated
from the thoracic muscles. Extracts were analyzed by combined capillary gas
chromatography–mass spectrometry (EI 70 eV, and CI using methane as a reagent
gas) using a 30-m DB-5 fused silica column that was temperature programmed
from 120◦C to 300◦C at a rate of 3◦/min with initial hold of 3 min. Quantitative
analyses were done by gas chromatography using a 30-m SE-54 or DB-1 capillary
column that was temperature programmed from 60◦C to 100◦C at 20◦/min and
to 270◦C at 5◦/min (final hold: 30 min). Identity of the components was verified
by comparing their retention time with standard compounds. Quantification of
the glandular secretion was performed by peak integration (FID detector) using
eicosane (1µg/sample) as an internal standard.

RESULTS AND DISCUSSION

Table 1 presents a list of the volatile components found both in the head
and thoracic labial gland secretion of honeybee, nurses, and foragers. The main
components in both worker groups were straight-chain alkanes ranging from C21

to C35, accompanied by minor amounts of alkenes and methyl-branched alkanes.
In most cases the major components in all groups of workers were the same (e.g.,
odd-numbered carbon chain alkanes), but there was a degree of specificity in the
minor components.

Quantification of the glandular extracts revealed that the total amount of se-
cretion was normally distributed among samples (Kolmogorov-SmirnovP > 0.2,
for both head and thoracic glands). We assessed the differences between treatments
(age and task) by ANOVA followed by Fisher post-hoc test. There was a significant
effect of task, but not age on the total amount of secretion for both the head and
thoracic glands (Table 2, ANOVA). Foragers had higher amounts of secretion than
nurses, irrespective of their age.

For the head glands, specific comparison between the group of bees showed
that among the hive bees (of undetermined age) foragers had larger amounts of
secretion than nurses in the head but not in the thoracic glands (Table 3, typical
colony, ANOVA followed by Fisher’s PLSD;P < 0.0001). Analyses of bees from
a single-cohort colony indicated that the quantitative differences in the head gland
secretion are mostly related to differences in behavior, and not to age (Table 3,
single cohort colony bees). Although old foragers that originated from the single
cohort colony tended to have less secretion in the head labial glands as compared
to foragers from a typical colony, it was not significant (P = 0.057). The amount
of secretion in precocious foragers was lower than that of foragers from a typi-
cal colony, but not than of old foragers from the single cohort colony (P = 0.03
andP = 0.68, respectively). Foragers from the single-cohort colonies had greater
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TABLE 1. CHEMICAL COMPOSITION OFLABIAL GLAND SECRETIONS OFNURSE AND

FORAGERHONEYBEESa

Head gland Thoracic gland

Compound Nurses Foragers Nurses Foragers

Alkanes
C17 — * — —
C19 * t * —
C21 — * * *
C22 * t — ***
C23 *** *** ** **
C24 * * * *
C25 ** **** ** **
C26 * * ** **
C27 ** *** ** **
C28 — * — —
C29 ** * * *
C30 — * — —
C31 *** * * *
C33 ** t ** *
C35 ** t ** —

Alkenes
C23:1 — t — *
C25:1 * t — —
C31:1 — t — —
C33:1 — * — *

Methylalkanes
4-MeC22 * — — —
3-MeC24 — — — *
9-MeC25 * — — —
3-MeC25 — — — *

aThe results are presented in relative proportions: —, not detected; t, trace;∗1–5%;∗∗5–15%;∗∗∗16–
25%;∗∗∗∗25–50%.

TABLE 2. STATISTICAL ANALYSES OFSECRETIONAMOUNT IN HEAD AND THORACIC

GLANDS

ANOVA

Head glands Thoracic glands

Total P = 0.0004 P = 0.006
Effect of age P = 0.15 P = 0.12
Effect of task P < 0.0001 P = 0.03
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TABLE 3. TOTAL AMOUNT OF VOLATILE COMPOUNDS FROMHEAD AND THORACIC

LABIAL GLANDS OF WORKERHONEYBEESBELONGING TODIFFERENTAGE

AND TASK GROUPS.

Volatile (µg/glands of 5 bees; mean± SD)

Type of worker Head Glands Thoracic glands

From typical colony
Foragers 8.1± 2.8 (4)a ab 2.7± 0.9 (4) ac
Nurses 2.8± 0.6 (4) b 2.4± 0.5 (4) a

From single cohort colony
Old foragers 6.1± 1.8 (9) ac 3.2± 0.3 (9) bc
Young (precocious) foragers 5.8± 1.5 (9) cd 2.1± 0.4 (8) a
Old (overaged) nurses 4.0± 1.8 (9) b 2.4± 0.9 (9) a
Young nurses 4.4± 1.4 (9) bd 2.0± 0.5 (9) a

a(N)-number of replicates.
bValues accompanied by the same letter are not statistically different (ANOVA followed by Fisher’s
PLSD).

amounts of secretion than nurse bees that originated from the same cohort colonies,
irrespective of age. While the differences between the old foragers and the two
types of nurses were significant, secretion of precocious foragers was higher than
that of old nurses, but not that of young nurses.

Typical colony and single-cohort colony nurse bees did not differ in se-
cretionary quantities in the head gland (ANOVA Fisher’s PLSDP = 0.97 and
P > 0.99 for young and old nurses, respectively).

For the thoracic glands, there were no differences between typical colony
foragers and foragers from the single-cohort colony, whether old or precocious
foragers, in the amount of glandular secretion (ANOVA Fisher’s PLSDP = 0.87
and P = 0.82 for old and precocious foragers, respectively). In contrast, there
were differences in the thoracic gland secretion between nurses from a typical
colony and old foragers from a cohort colony, but not from young or overaged
nurses, (P = 0.04 for old foragers andP = 0.38 andP = 0.67 for young and old
nurses, respectively).

Differences in the amounts of material in the head gland suggest that as
bees begin to forage, their glands start to fill up with hydrocarbons. Although this
process appears to be largely age independent, there does seem to be an effect of a
maturation or experience maturity component. The somewhat lower amounts found
in precocious foragers may be explained by the short time (just a few days) that
they had spent as foragers. The tendency of task-related greater amount of secretion
was also noticeable in thoracic gland, although it was not statistically different.

Honeybee labial glands were previously thought to be solely involved in
processing sugar. The secretion was thought to be mostly water soluble and to
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contain digestive saliva (Simpson, 1960). The presence of copious amounts of
hydrocarbons in the glands, suggests that the glandular secretion may have ad-
ditional functions. There are only a few studies pertaining to the chemistry and
function of the labial glands in other bee species. The gland is intermittently de-
veloped in bees and its use as well as its chemistry may have evolved several times
independently. The head gland in the mason bee,Chalicodoma siculum, possesses
an array of hydrocarbons similar to that of honeybees, used in this species in nest
construction. The secretion is mixed with saliva and provides the brood cells with a
waterproof layer (Kronenberg and Hefetz, 1984). It may have a similar function in
the honeybee, e.g., assisting the preforager bees to manipulate the wax while con-
structing the brood comb. We think that this function is unlikely since foragers had
larger amounts than nurses, opposite to what is expected from the above function.

The hydrocarbons detected in the labial glands of the honeybee are also
present on the epicuticule (Arnold et al., 1996, and personal observation). This
raises the possibility of a link between these two body parts. If this is so, the hon-
eybee labial gland may function in a manner comparable to the postpharyngeal
gland (PPG) of some ant species in which it serves as a reservoir of hydrocar-
bons that arise both from internal sources and through exchanges with nestmates
(Soroker et al., 1994; Soroker and Hefetz, 2000). The postpharyngeal gland in
the antCataglyphis nigeris the source of hydrocarbon nestmate recognition cues
(Lahav et al., 1999). This implies a hydrocarbon exchange between the labial gland
and the cuticle of individual bees, as well as interindividual exchanges via trophal-
laxis and allogrooming. Worker honeybees can discriminate members of the same
subfamily (super sister) from workers of other subfamilies (half sisters) (Moritz
and Hillesheim, 1990). This is thought to be based partly upon cuticular hydro-
carbons (Page et al., 1991). Different studies have revealed that none of the major
cuticular hydrocarbons gave a positive result in recognition bioassays, whereas
hydrocarbons present in smaller quantities gave positive results. The complete
recognition mixture probably contains minute amounts of hydrocarbons, perhaps
along with other as yet unidentified components that can be either produced by
the workers or acquired from external sources, e.g., flowers, the queen, or the wax
comb (Breed, 1998).

This study shows that the labial glands constitute yet another set of exocrine
glands that are affected by honeybee age polyethism. The results suggest that
the glandular secretion has a role that is specific to foragers. One possibility is
that the secretion may be involved in regulation of the age at which bees begin
to forage. One regulatory model postulates the presence of an inhibitor (as yet
unidentified) that inhibits the rate of behavioral development and delays the age
and onset of foraging (Huang and Robinson, 1992, 1996). The inhibitor is hypoth-
esized to be produced and/or transferred in greater amount by old bees (Huang and
Robinson, 1992), and recent results indicate that this transfer is done by trophal-
laxis (Huang et al; 1998; Schultz et al., 1998). This idea fits with the hypothesis,
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based on behavioral observations, that trophallaxis functions in communication
as well as in food transfer (Korst and Velthuis 1982). Because the labial glands
open to the buccal cavity, it is tempting to speculate that the secretion in for-
agers constitutes part of the hypothesized inhibitory system, but this awaits further
experimentation.
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Abstract—There are two separate, and presumably opposing, processes that
affect colony odor in the desert antCataglyphis niger: (1) biosynthesis and
turnover of these chemicals by individual ants, and (2) homogenization of colony
odor through exchange of cues. The first increases signal variability; the latter
decreases it. The impact of these factors was tested by splitting colonies and
monitoring the profile changes occurring in the postpharyngeal glands (PPG)
and cuticular hydrocarbons.

From each of two polygynous nests four daughter colonies were formed, three
monogynous and one queenless. Thereafter, 10 ants from each were randomly
selected each month, for three successive months, for analyses of their PPG and
cuticular hydrocarbons. From two colonies we also obtained ants from a known
matriline. Over time, there was a shift in hydrocarbon profiles of both the PPG
and cuticular washes in each of the tested colonies. Moreover, by subjecting
selected hydrocarbon constituents to a discriminant analyses based on their rel-
ative proportions, all of the daughter colonies (queenright and queenless) were
distinguishable from each other and from their respective mother colonies. In
each of the queenright daughter colonies, the queen profile was indiscriminable
from that of the workers and often was in the center of the group. Full sisters were
clearly distinguishable from their nestmates, emphasizing the genetic versus en-
vironmental processes that govern colony odor. The effect of time was always
superior to the separation effect in contributing to odor segregation. Comparison
of the Mahalanobis distances indicated that the shift in hydrocarbon seems to
proceed along parallel lines rather than in divergence. However, there was no
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overt aggression between ants that originated from the different subgroups in
dyadic encounters. It appears that in this species a three-month separation pe-
riod is not sufficient to change the hydrocarbon profile beyond the recognition
threshold.

Key Words—Hydrocarbons,Cataglyphys niger, nestmate recognition, post-
pharyngeal gland, gestalt.

INTRODUCTION

Studies pertaining to nestmate recognition have focused in recent years on the
nature of the recognition cues and the modes by which colony odor is obtained. In
ants, and to some extent in termites, we have indirect, correlative evidence on the
role of cuticular hydrocarbons (HCs) as recognition cues (Bonavita-Cougourdan
et al., 1987a,b, 1993). Direct evidence for the specific involvement of HCs, but
not the more polar cuticular lipids, in interspecific recognition was obtained for
Reticulitermes(Bagnères et al., 1991), and for intraspecific nestmate recognition
in Cataglyphis niger(Lahav et al., 1999).

The finding that cuticular HC composition appears congruent with that of the
postpharyngeal gland (PPG) (Bagn`eres and Morgan, 1991), has focused research
on the role of this gland in nestmate recognition. PPG extracts were indeed able
to modify aggressive behavior in two phylogenetically remote species,Manica
rubida (Hefetz et al., 1996) andC. niger (Soroker et al., 1994). Using HCs as a
model for recognition cues andC. nigeras a model ant, it was further demonstrated
that the PPG acts as a “gestalt organ” that enables the admixing and rapid integra-
tion of odors from various sources (Soroker et al., 1994, 1995b). This provided
empirical evidence supporting the “gestalt model” for creation and acquisition
of a general colony odor (Crozier and Dix, 1979). At the individual ant level,
there is an exchange between epicuticle and PPG HCs through self-grooming,
which explains the chemical congruency between them. This was also confirmed
for Camponotus vagus, where deposition of (Z)-9-tricosene on the cuticle of a
worker resulted in its occurrence in the PPG (Meskali et al., 1995). At the colony
level, mutual exchanges of cuticular and PPG HCs between nestmates takes place
through trophallaxis, allogrooming, and physical contact. This was determined
for several species belonging to remote ant subfamilies, as well as for artificially
mixed species groups (Soroker et al., 1995b). Evidence for HC exchange was
also observed in a species of termite, but the exchange was achieved only through
physical contact (Vauchot et al., 1996, 1998). Blending of individual odors into a
uniform colony odor seems to be a system common to social insects.

There are two separate processes that presumably govern the chemical nature
of the recognition signal within ant colonies: (1) biosynthesis and turnover of these
chemicals by each individual in the colony, and (2) the homogenization of colony
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odor through continuous exchange of recognition cues. These opposing factors
affect the variability of the chemical signal. Individual production increases vari-
ability, whereas signal exchange decreases it. Signal production by each individual
is probably genetically based, and we can assume that it remains qualitatively con-
stant, although it has been shown in other ant species that quantitative changes
(relative amounts) in cues can occur over time (Vander Meer et al., 1989; Provost
et al., 1993; Boulay et al., 2000). In polygynous colonies variability in signal com-
position is increased by the cohabitation of several matrilines (and possibly several
patrilines within each matriline). Despite this individual variability in signal com-
position, a unified colony odor is maintained by mutual exchanges of the signal
among members of the colony. Because population composition of a given colony
changes with time, we hypothesized that colony odor is dynamic and also changes
with time. We tested this hypothesis by following the changes in HC profiles with
time in polygynous mother colonies ofC. niger, as well as their monogynous or
queenless daughter colonies.

METHODS AND MATERIALS

Collection and Maintenance of Ant Colonies. Two polygyne colonies of
C. niger, A (with 11 queens) and B (with 18 queens), were collected from the
Tel-Aviv area, transferred to artificial nests in the laboratory and reared under con-
trolled conditions (28± 2◦C, 8L : 16D photoperiod). All colonies were provided
with an identical diet of sugar water and minced insects three times a week. Three
monogyne fragments and one queenless (QL) group (daughter colonies) were cre-
ated from each of the two polygyne colonies (mother colonies) (Figure 1). The
mother and daughter colonies were then separated for three months. Each original
mother colony consisted of about 3000 ants, and each daughter colony of 250 ants.
Before separation a random sample of 10 ants was taken from each of the mother
colonies for chemical analyses of the PPG and cuticular washes. Thereafter, once
a month, for three months, 10 ants were sampled from the mother colonies and
from one of the daughter colonies for chemical analyses. The three other daughter
nests were sampled after three months of separation. From two monogyne daugh-
ter colonies (A1 and A3) matriline workers were obtained. These were separated
from their respective colony as pupae and the emerging adults (manually assisted)
were analyzed separately at the age of seven days.

Chemical Analysis.Detailed chemical analyses of PPG and cuticular HC
profiles have been published previously (Soroker et al., 1995a; Soroker and Hefetz,
2000). A sample from each mother colony was analyzed by GC-MS to verify that
HC profiles from workers of the two mother colonies were qualitatively identical
to previously published results.
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FIG. 1. Flow chart showing the procedures of nest separation and chemical analyses of
PPG extract and cuticular washes of ants from a polygyne mother nest and its daughters’
monogyne or queenless fragments. Abbreviations are as follows: Aa, mother nest at time 0,
before the separation; Ab–Ad, mother nest after one, two, and three months, respectively;
A1b–A1d, daughter nest after one, two, and three months, respectively; A2d, A3d, A4d,
daughter colonies after three months of separation.

Extraction was accomplished by immersing dissected glands or isolated tho-
races in 100µl of pentane. Thoraces were extracted for 5 min only, to avoid internal
contamination. Eicosane (750 ng) was added to each as an internal standard. Sam-
ples were run on a Varian 3700 gas chromatograph (Varian Analytical Systems,
Walnut Creek, California) equipped with a split/splitless injector, a flame ioniza-
tion detector, a Leap Technologies autosampler, and a fused silica capillary column
(30-m DB-1, 0.32 mm ID, 0.25-µm film thickness capillary column; J&W Sci-
entific Incorporated, Folsom, California). The oven was temperature programmed
from 120◦C to 285◦C at 5◦C/min. The carrier gas was hydrogen and the make-up
gas nitrogen. Quantification of the various components was achieved by peak inte-
gration in comparison to the internal standard using the TurboChrome Workstation,
software version 6.1.0.1:F04 (Perkin Elmer Corporation, Norwalk, Connecticut).

Statistical Analysis.To assure equal treatment of the data we selected 18
HC peaks (out of a total of 72) that could be accurately and reliably quantified
(Figure 2) and performed a canonical discriminant analysis, using the relative
proportions of each of the above-mentioned peaks. This analysis takes a classifica-
tion variable (mother or daughter colony) and quantitative variables (the selected
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FIG. 2. Gas chromatogram of PPG secretion ofC. niger workers delineating the
peaks used in the discriminant analyses to assess the effects of time and social
environment on hydrocarbon profile expression. Peak numbers are designated as
follows: 1, 13-+ 11-methylheptacosane; 2, 7-methylheptacosane; 3, 5-methylheptaco-
sane; 4, 11,15-dimethylheptacosane; 5, 3-methylheptacosane; 6, 5,x-dimethylheptacosane;
7, 12-methyloctacosane; 8,n-nonacosane; 9, 9-+ 11- + 13- + 15-methylnonacosane;
10, 5-methylnonacosane; 11, 11, 15-+ 11, 17-+ 11, 19-+ 9, 13-dimethylnonacosane;
12, 3-methylnonacosane; 13, 5, 13-dimethylnonacosane+ 5, 9-dimethylnonaco-
sane; 14,x, y, z-trimethylnonacosane; 15,x, y-dimethyltriacontane; 16, 11-+ 13-+ 15-
methylhentriacontane; 17, 11, 15-dimethylhentriacotane; 18, 7, 15-dimethylhentriacontane.

18 peaks from each chromatogram) and derives a canonical variable that summa-
rizes between-class variation. The statistical analysis was performed using Statis-
tica 5.0 for IBM.

Behavior Assays.Behavioral assays were carried out between workers of the
subgroups after three months of separation, to test whether the separation had
an affect on nestmate recognition. Dyadic encounters between workers from a
daughter colony and workers from their respective mother colony were conducted
(N = 19 for each colony). Encounters between nestmates from the daughter as well
as the mother colony served as a control (N = 15 for each of the four respective
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colonies). The behavior of the ants was registered every 3 min for the first 3 hr of
the encounter. The protocols for registering the behavior and construction of the
aggression index were as previously published (Lahav et al., 1999).

RESULTS

Figures 3–6 present the results of discriminant analyses performed on the
HC profiles (based on the selected 18 peaks) for colonies A and B. In general, the
within-group compositions of cuticular extracts were more heterogeneous than
those of the PPG extracts. Consequently, the groups were less separated using
cuticular hydrocarbons when compared to analyses using PPG extracts. This was
expressed by the consistently higher values of Wilk’s lambda (a measure of the
extent of separation among the groups tested and displayed in each of the discrim-
inant analysis graphs). Nonetheless, in all cases the between-group separation was
significant (P < 0.001, ANOVA) for both the PPG and cuticular extracts. Figure 3
depicts the differences in HC profiles of PPG and cuticle, separately, of the mother
colonies A and B and their daughter fragments. In both nests, regarding the HC
profiles of PPG, the mother colonies were clearly separated from the daughter
colonies. Separation between daughter colonies was less pronounced, with some
overlap of the 95% confidence limit ellipsoids. The between-group separations,
however, were significant and the centroids were clearly distinct. Two points should
be emphasized: (1) the ants from the queenless daughter fragment were clustered
and well separated from the queenright daughter fragments, suggesting that their
homogeneity was not inferior to that of the queenright daughter fragments; and (2)
queens (marked with an arrow and the letter Q in Figures 3, 5, and 6) of the queen-
right daughter colonies were often the closest to the group centroid (except for the
queens of daughter colonies 1 and 2 for colonies A and B, respectively). Although
the homogeneity of the cuticular profiles was less apparent, albeit the between-
group separation was significant, the same trends as seen for the PPG occurred.

Figures 4 and 5 depict temporal changes in the HC pattern of both mother and
daughter colonies for which ants were sampled and analyzed monthly. In these
figuresT = 0 is representative of the HC profile (PPG and cuticle, respectively)
of the mother colonies A and B before the queenright and queenless fragments
were created. Figure 4 shows a clear shift in PPG HC profiles of ants sampled from
the mother colonies at each of the time points analyzed. Although the direction
of changes can not be determined, it can be seen that the changes in colony A
were of similar magnitude every month. In colony B the changes were not as
symmetrical, and those between months 2 and 3 were slightly less pronounced.
Cuticular profiles also changed with time in the mother colonies, but again this was
less pronounced. Similar changes with time were observed in the two queenright
daughter colonies (Figure 5) for which monthly samples of ants were analyzed.
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In this case separation of both PPG profiles and cuticular profiles was good. For
these colonies the queen was killed at the end of three months. Both queen HC
profiles (PPG and cuticle) were near the centroid (Figure 5).

Figure 6 shows HC profile similarities between a group of matrilines and their
randomly selected nestmates. In this figure we include the profile of ants from the
mother colonies at time 0 as a reference point. As can be seen, the matriline HC
profiles are grouped together and are distinctly separated from their nestmate. For
both cuticle and PPG HC profiles the corresponding colony queen profile of each
colony was positioned in between the profiles of the matriline and colony worker
groups.

The above discriminant analyses represent a combined effect of the changes
with time and the separation from the mother colony. In order to investigate the
relative impact of each of these factors we compared the mean squared Maha-
lanobis distance (MSMD) between the HC profile of one group and the centroid
of a second group (Table 1). Greater MSMD corresponds to larger deviations of
the HC profiles between the groups. For example, the MSMD between group
Aa (mother colony atT = 0) and the centroid of group A1b (daughter colony 1
after 1 month) represent the divergence of the daughter colony profile after one
month from that of the mother colony atT = 0. This represents the combined
effect of colony separation and the time factor. On the other hand, comparing Aa
with Ab (mother colony after one month) represents the effect of time only on
profile divergence. Likewise, comparing the profiles of Ab and A1b (mother and
daughter colonies respectively after one month) represents the effect of group sep-
aration on profile divergence. Table 1 presents the results of such analyses over
the three-month period of the experiment for colonies A and B. For both colonies
the MSMD was consistently highest when both time and separation were taken
into account. Of the two factors, time was the most influential in all cases, as
revealed by its larger MSMD, when compared to the separation factor. The fact
that the physical separation between the colonies caused the lowest shift in HC
profiles suggests that the profiles of each group changed in a similar way, i.e.,
it reflects the genetic similarity between the groups. To test this hypothesis, the
MSMD was plotted as a function of the time of separation for these factors (time
and separation) alone or combined. As depicted in Figure 7, the lowest slope is
for the separation factor, and for colony B there was no slope at all. Although the
sample size was small, these results suggest that, although each of the colony HC
profiles changed with time, the magnitude of the changes was similar rather than
divergent.

Behavioral Assays.In all the encounters performed, aggressive behavior was
rare and limited to mandibular opening. The level of aggression of workers from
the mother colony towards workers from the daughter colony was 0.08± 0.03. The
aggression of workers from the daughter colonies towards workers from the mother
colonies was similarly low, amounting to 0.11± 0.04. Neither was statistically
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TABLE 1. EFFECT OFGROUPSEPARATION AND TEMPORAL CHANGES ONHC PROFILE

DIVERGENCE INC. nigerWORKERSa

Mean squared Mahalanobis
distance

Group
Factors affecting
profile divergence

Time of
separation (mo) PPG Cuticle

Nest A
Aa-Alb Time+ separation 139.7± 27.1 27.1± 10.1
Aa-Ab Time 1 88.1± 17.4 24.1± 7.6
Ab-Alb Separation 44.4± 12.4 33.9± 25.8
Aa-Alc Time+ separation 280.5± 23.5 33.6± 8.5
Aa-Ac Time 2 222.2± 24.6 24.7± 10.0
Ac-Alc Separation 124.7± 18.3 22.4± 10.8
Aa-Ald Time+ separation 236.5± 27.6 64.1± 11.6
Aa-Ad Time 3 177.4± 22.3 41.8± 9.4
Ad-Ald Separation 103.7± 6.3 30.8± 18.7

Nest B
Ba-Blb Time+ separation 767.7± 52.6 64.1± 11.6
Ba-Bb Time 1 474.5± 40.6 68.9± 23.7
Bb-Blb Separation 83.3± 28.7 46.1± 16.6
Ba-Blc Time+ separation 1108.0± 56.9 67.3± 24.4
Ba-Bc Time 2 852.9± 51.6 76.4± 23.5
Bc-Blc Separation 54.7± 13.6 25.3± 9.1
Ba-Bld Time+ separation 1133.8± 58.6 101.4± 28.1
Ba-Bd Time 3 869.9± 49.8 104.9± 30.0
Bd-Bld Separation 71.2± 21.6 37.9± 23.7

aValues are expressed a mean squared Mahalanobis distance (MSMD), obtained from the discriminant
analyses, between individuals of selected groups and the centroid of the appropriate second group.

different from aggression between nestmates, which equaled 0.13± 0.04 (pooled
data from the mother and daughter colonies; Mann-WhitneyP = 0.38).

DISCUSSION

The temporal chemical analyses revealed that HC profiles of colonies of
C. nigerappear to shift with time. This was true irrespective of number of queens
in the colony, polygyne, monogyne, or queenless. The results corroborate earlier
findings in several ant species, e.g.,Solenopsis invicta(Vander Meer et al., 1989),
Leptothorax lichtensteini(Provost et al., 1993),Cataglyphis iberica(Dahbi and
Lenoir, 1998), andFormica truncorum(Liebig et al., 2000). Since the rearing con-
ditions were constant during the three months of separation and only a few new
workers emerged, we can exclude the possibility that changes in HC profiles over
time are due to the physical environment and/or population changes. The ants were
sampled at random and were all well matured workers, also excluding a possible
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FIG. 7. Changes in Mahalanobis distance as a function of time of separation. The slopes
delineate the effects of the factors time and separation combined, time alone, and separation
alone.

age effect on the HC composition. We suggest, rather, that these changes are the
result of genetically based changes in HC expression. These are not qualitative
differences, i.e., disappearance or appearance of specific compounds, but quanti-
tative changes expressed as shifts in the relative intensities of existing compounds.
Because in polygyneC. nigergenetic heterogeneity is large, it was predicted that
individual differences in HC composition would create divergent odor composi-
tions in the individuals within a group; however, within-group homogeneity was
clear for all groups.

The PPG has been postulated to be the nestmate recognition “gestalt” organ
(Soroker et al., 1994, 1995b), where heritable and environmental contributors to
colony odor (including recognition cues) are continuously blended and dispersed
through trophallaxis. Recent time-course experiments revealed that at any one time
the PPG content is more mobile and changes faster than that of the cuticle and that
the rate of PPG content change is dependent on the rate of trophallaxis exhibited
by the species (Lenoir et al., 2001). Our data clearly support a “gestalt” organ
function for the PPG. Similar results were obtained inC. iberica, where groups
of workers separated from their mother nest for five months exhibited differences
in their PPG HC profiles, while remaining homogenous within each group (Dahbi
and Lenoir, 1998). It was also demonstrated in this species that when isolated
groups of nestmates are reunited, trophallaxis between groups was significantly
higher than trophallaxis within group (Dahbi et al., 1999), which would be expected
to lead to homogenization of the recognition cues associated with each of the
reunited groups.
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A recent study corroborates the assumption that changes in HC compositions
are individual and may lead to divergent odor composition. WorkerCamponotus
fellah ants that were isolated for up to 40 days showed a higher mean Euclidean
distance between individual HC profiles than their nestmates that were reared in
groups (Boulay et al., 2000). In our study the matriline ants were reared separately
and each worker could not exchange HCs with any of the others. Nonetheless, they
showed within-group homogeneity as good as groups that had the opportunity for
social interactions (grooming and trophallaxis). The newly eclosed ants were reared
under consistent conditions excluding all possible environmental influence. This
suggests that, within the timeframe of our experiment (seven days after eclosion),
heritable cuticular HC patterns change in parallel rather than at random. It is
unknown whetherC. nigermates with only one male or with several; however, our
results suggest that matrilines inC. nigerhave high genetic relatedness.

The HC composition of the PPG was more homogenous within groups, and
between-group separation was better than the corresponding cuticular HC sam-
ples. Quantitatively, the cuticle contains larger amounts ofn-alkanes, in particular
n-nonacosane, than are present in the PPG (Soroker and Hefetz, 2000). Thus, there
is no direct quantitative correspondence between HCs derived from the cuticle and
those derived from the PPG. To date, behavioral bioassays have shown a causative
nestmate recognition role for total PPG HCs (Lahav et al., 1999), but the role
of the specific types of HCs in nestmate recognition is unknown. Therefore, we
can not assess whether or not the differences in PPG and cuticular homogeneity
have any consequences on nestmate recognition. This indicates that the controlling
mechanisms are different for the two systems. We suggest that interaction occurs
between the PPG and cuticular lipids (monitored through HC analysis), analogous
to an environment/gene interaction.

How the cuticular HC profiles are influenced by the PPG contents is complex
and not well understood. There are external and internal mechanisms for the PPG to
interact with cuticle chemical profiles. Transfer of material between body surfaces
of nestmates is done mainly by allogrooming and/or by self-grooming that takes
place after trophallactic exchanges (Soroker et al., 1995b). Internally, the PPG
(the “gestalt” organ) has been shown to obtain hydrocarbons from the hemolymph
(Soroker et al., 1995b), presumably via lipophorin transport; however, there may
be active bidirectional exchange, thus permitting the hydrocarbon content of the
PPG to influence the hydrocarbon pattern on the cuticle. The contents of the PPG
as colony blend subject to constant updating can be considered as a continuous en-
vironmental impactor on the individual worker’s heritable cuticular hydrocarbon
profile. Our results demonstrate that in this environment (PPG)–genetic (an indi-
vidual’s heritable cuticular hydrocarbon profile) interaction is not perfect, since
cuticular hydrocarbon variability is greater than PPG hydrocarbon variability; how-
ever, the observed variability is not great enough to cause a behavioral reaction
(aggression). The “gestalt” PPG hydrocarbon pool influences, but does not dictate
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the hydrocarbon composition on the cuticle. Qualitative and quantitative selectiv-
ity may occur with lipophorin transport and/or at the site of hydrocarbon uptake at
the epicuticle, but the main point is that the cuticle hydrocarbon profile does not
have to mimic the PPG composition. The position of the queen’s profile in relation
to that of her matriline workers and that of her randomly selected nestmates is
especially interesting. In both cases the queen’s profile was positioned in-between
the two worker groups and was almost completely congruent with one of the ma-
triline ants. This illustrates well the factors affecting colony odor composition in
the polygyneC. niger. Genetic influences create within-matriline uniformity but
multiple matrilines yield within-colony heterogeneity, while the continual nondis-
criminatory cue exchanges between all workers eventually results in a uniform
colony odor.

The contribution of the queen to the changes in HC profile can be deduced
indirectly by comparing the monogyne and queenless daughter colonies. The re-
sults revealed homogeneity within each daughter colony, whether queenright or
queenless. This finding differs from previously reported observations on the queen
effect on HC uniformity inFormica sp.workers (Yamaoka and Kubo, 1990), and
highlights interspecific variability and the dangers of generalization. InC. niger
we have demonstrated by biochemical means that the direct impact of queen on the
composition of colony odor and on nestmate recognition is minor. In fact, the queen
donates smaller amounts of HCs than she gets in trophallactic exchanges, which,
combined with the very low HC biosynthesis rate exhibited by queen, results in
her always being in the center of the gestalt (Lahav et al., 1999). This hypothesis is
supported by the present study’s findings that queen profile was often in the center
of the group.

Divergence in HC profiles did not affect nestmate recognition. Workers sep-
arated for three months still reacted to each other as nestmates despite measurable
differences in HC patterns. This suggests that the observed differences are still
within the cue variation that normally occurs inC. nigercolonies. Interestingly,
in encounters between workers from the separated subcolonies, there were some
cases of mutual transport. This behavior was never observed between nonsepa-
rated nestmates, indicating that the separated workers may have sensed chemical
differences that were not drastic enough to elicit aggression, but were sufficient to
induce carrying behavior. A similar phenomenon was found inC. iberica, where,
after hibernation, transport of callow workers could be correlated with chemical
disparity (Dahbi et al., 1997).

Recognition mechanisms involve an interplay between the label (recognition
cues) and the mechanism for its detection and interpretation, i.e., the template. It
follows that the temporal changes in recognition cues (HCs in the case ofC. niger)
must also affect the characteristics of the template. While the nature of this template
is still obscure, we can spectulate on the consequences of the above-shown change
in HC profiles. Recognition based on matching self-odor or nestmate odor with the
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odor of the encountered ant is presumably not affected by our observed temporal
shifts in odor. The effective formation of a uniform colony odor on the resident
as well as its nestmates buffers these changes, resulting in congruence between
the individual odor and that of nestmates at all times. If the template is neural,
the temporal changes in referent (cues), regardless of the referent source, self or
nestmate, should also be reflected in neural plasticity with regards to the template.
Although we only monitored the changes in HC profiles at monthly intervals, we
can assume that these changes are continuous rather than abrupt. This, coupled with
the continuous homogenization within the colony, should facilitate the constant
updating of the experience-based neural template despite the odor shifts within the
colony, as demonstrated in this work.
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Abstract—A method has been developed to assign the absolute configuration
and enantiomeric excess of anabasine based on small amounts of material (in the
microgram range), by derivatization with (+)-menthylchloroformate followed
by capillary GC analysis of the resulting carbamate(s). This method was applied
to three samples of anabasine isolated fromMessorandAphaenogasterants. In
Messor sanctus, only (2′S)-anabasine was present, whereas inAphaenogaster
subterraneaandA. miamiana(2′S)-anabasine was determined to have an ee of
78 and 24%, respectively.

Key Words—Alkaloids, anabasine, ants,Messor, Aphaenogaster, absolute con-
figuration.

INTRODUCTION

The alkaloid anabasine (1) has been isolated from several plant genera, such
asAnabasis, Nicotiana, Duboisia, Malacocarpus, andMarsdenia(Leete, 1983).
(−)-Anabasine ([α]D

20−82.2, neat) fromAnabasis aphyllaL. was shown to have
the (2′S) absolute configuration (Lukes et al., 1962) (Figure 1), but values of
the optical rotation of anabasine from different sources vary considerably (from
−82.2 to 0) (Leete, 1983). More recently, anabasine has also been reported from
animal sources, e.g., in two of the 19 species of hoplonemertine worms surveyed
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FIG. 1. Structures of (2′S)-(−)-anabasine [(2′S)-1] and anabaseine (2).

(Kem, 1988), in the poison gland of the antsMessor ebeninus(Coll et al., 1987) and
M. bouvieri(Jackson et al., 1989), and as a minor component inM. capensis(Brand
and Mpuru, 1993) andAphaenogaster rudis, where it coexists with anabaseine (2)
(Figure 1) (Attygalle et al., 1998).

From a biosynthetic point of view, it would be interesting to compare the abso-
lute configuration of anabasine (1) isolated from plants and from animals (worms
and ants). To this end, an effective and practical procedure to assign the absolute
configuration of this alkaloid and applicable to quantities in the microgram range
was needed. Although the separation of the enantiomers of anabasine as their tri-
fluoroacetyl derivatives on a dipentylβ-cyclodextrin GC column has been reported
(Armstrong et al., 1990), this method is not very convenient since this column is
not commercially available. Our attempts to separate the anabasine enantiomers
on two commercial chiral columns (CP-Chirasil Val and CP-Chirasil-Dex CB)
were unsuccessful as the alkaloids did not elute from these columns at the tem-
perature limit. In this paper, we have developed a method based on the reaction
of (±)-anabasine with (+)-menthylchloroformate, affording the corresponding
menthoxycarbonyl derivatives, followed by comparison of their retention time in
capillary gas chromatography with that of a standard of known absolute configura-
tion. This procedure allowed us to assign the absolute configuration and to measure
the ee of anabasine (1), which was detected in three ant species:Messor sanctus,
Aphaenogaster subterranea, andA. miamiana(Myrmicinae: Myrmicini).

METHODS AND MATERIALS

Sample Collection. Colonies ofMessor barbarusandM. sanctuswere collec-
ted at Port Leucate (southern France). Colonies ofMessor structorwere collected
in the area of Toulouse (southern France). Colonies ofAphaenogaster subterranea
were collected in Bouconne forest (Midi-Pyr´enées), whereasAphaenogaster se-
nilis were collected at Consprons (Banyuls-sur-Mer, southern France). Colonies
of Aphaenogaster miamianawere collected near Gainesville, Florida.

Analyses of Ants for Alkaloids. Ants were separated manually from the soil
and dipped into MeOH. Five hundred ants of each species were then exhaustively
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extracted with CHCl3–MeOH (1 : 1). The extract was evaporated under vac-
uum and submitted to filtration on an alumina column, first eluting with CH2Cl2
(10 ml) to remove nonpolar compounds, then with CH2Cl2–MeOH (1 : 1; 20 ml)
to yield a polar fraction which was analyzed by TLC and GC-MS for the presence
of alkaloids.

Chemical Analyses. UV spectra were taken on a Philips PU 8700 UV-VIS
spectrophotometer in MeOH. IR spectra were recorded on a Bruker IFS 25 instru-
ment as a film on a NaCl disk. NMR spectra were recorded in CDCl3 at 600 and
150.87 MHz (Varian Unity 600 instrument) or at 250 MHz (Bruker WM 250).
Chemical shifts (δ) are reported in parts per million from internal TMS, and the
coupling constants are given in hertz. Mass spectra were performed on a Fisons
VG Autospec mass spectrometer in the electron impact (70 eV) mode. Optical
rotations were measured on a Perkin Elmer 141 polarimeter (Na vapor lamp) in a
10-cm cell at room temperature. Flash liquid chromatography was performed over
Macherey-Nagel Si gel (0.04–0.063 mm) and thin-layer chromatography analy-
ses (TLC) on Polygram SilG/UV254 precoated plates (0.25 mm). The compounds
were visualized under UV254 light, and/or by spraying with Dragendorff reagent.
GC-MS analyses were carried out on a Fisons VG Autospec mass spectrometer in
the electron impact (70 eV) mode, coupled to a Carlo Erba GC 8065 gas chromato-
graph equipped with a split injector, and with a 25-m× 0.25-mm CP-Sil 5CB fused
silica column (Chrompack). The conditions were: 1 min at 150◦C, then increased
10◦C/min to 320◦C, then maintained 2 min at 320◦C. Carrier gas was helium, and
injector and detector temperatures were 250◦C. GC analyses were performed on a
Varian gas chromatograph equipped with a 25-m× 0.53-mm CP-Sil 19CB fused
silica column (Chrompack). The carrier gas was nitrogen, and oven and injector
temperatures were maintained at 250◦C and the detector temperature at 270◦C.

Derivatization of (±)-Anabasine with (+)-(1S,2R,5S)-Menthylchloroformate
[(+)−3] . To (±)-anabasine (1.0 mg, 0.0062 mmol) in a 300-µl Reacti-vial was
added anhydrous THF (150µl), NEt3 (5µl, 0.036 mmol) and finally (+)-3 (4.0µl,
0.018 mmol). After stirring at 60◦C under argon for 2 hr, the reaction mixture
was poured into 10% aqueous NaOH (2 ml), and the aqueous phase extracted
with diethyl ether (3× 1 ml). Drying and concentration of the combined organic
extractsin vacuoafforded an oily residue, which was purified by flash chromatog-
raphy on silica gel (CH2Cl2, then CH2Cl2–MeOH 9 : 1) to quantitatively afford
a mixture of (2′R)-4 and (2′S)-4 (2.1 mg, 0.0061 mmol). They were separated
by reverse-phase HPLC (Chromspher C18, 5 µm, 10× 250 mm, CH3CN–H2O,
65 : 35, flow: 5 ml/min).

(2′R)- [(1S,2R,5S)-Menthoxycarbonyl]anabasine[(2′R)−4]. [α]D
20 +110

(c 0.135, CH2Cl2); EI-MS (70 eV)m/z 344 (M+., C21H32N2O2, 6), 216 (10), 207
(100), 206 (66), 189 (22), 162 (38), 138 (7), 133 (14), 128 (7), 92 (21), 83 (53), 69
(26), 55 (38); IR (film) 2928–2866, 1694, 1422, 1265, 1169, 1037, 810-714 cm−1;
UV (MeOH) λmax (ε) 203 (6800), 262 (1900); GC:tr = 13.0 min; 1H NMR
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(600 MHz, CDCl3) δ 8.52 (m, 2 H, H-2, H-6), 7.57 (d, 8.0 Hz, 1 H, H-4), 7.32
(m, 1 H, H-5), 5.51 (bs, 1H, H-2′), 4.65 (td,J = 11.0, 4.0, 1 H, H-8′), 4.12 (bd,
J = 13.0, 1 H, H-6′eq), 2.79 (td,J = 14.0, 5.0, 1 H, H-6′ax), 2.28 (bd,J = 14.0,
1 H, H-3′eq), 2.12 (bd,J = 11.0, 1 H, H-13′eq), 1.96 (tt,J = 13.8, 4.8, 1 H,
H-3′ax), 1.67 (m, 4 H, H-4′eq, H-10′eq, H-11′eq, H15′), 1.62 (m, 1 H, H-5′eq),
1.52 (m, 2 H, H-5′ax and H-12′ax), 1.43 (bq,J = 13.0, 1 H, H-4′ax), 1.30 (m,
1 H, H-9′ax), 1.04 (m, 1 H, H-10′ax), 0.98 (q,J = 11.8, 1 H, H-13′ax), 0.91 (d,
J = 6.7, 3 H, CH3-14′), 0.86 (m, 1H, H-11′ax), 0.78 (d,J = 5.0, 3 H, CH3-16′

or 17′), 0.73 (d,J = 6.3, 3 H, CH3-16′ or 17′).
(2′S)-[(1S,2R,5S)-Menthoxycarbonyl]anabasine [(2′S)-4] . [α]D

20 −100 (c
0.485, CH2Cl2); EI-MS (70 eV)m/z 344 (M+., C21H32N2O2, 6), 216 (10), 207
(100), 206 (66), 189 (22), 162 (38), 138 (7), 133 (14), 128 (7), 92 (21), 83 (53), 69
(26), 55 (38); IR (film) 2956–2872, 1699, 1410, 1261, 1038, 963, 815-712 cm−1;
UV (MeOH) λmax (ε) 203 (4600), 262 (1800); GC:tr = 13.5 min; 1H NMR
(250 MHz, CDCl3) δ 8.54 (m, 2 H, H-2, H-6), 7.62 (d,J = 8.0, 1 H, H-4), 7.36
(dd, J = 8.0, 4.0, H-5), 5.53 (bs,J = bd, 1 H, H-2′), 4.61 (td, J = 11.0, 4.0,
1 H, H-8′), 4.13 (bd,J = 14.0, 1 H, H-6′eq), 2.79 (ddd,J = 14.0, 11.0, 4.0, 1 H,
H-6′ax), 0.92 (d,J = 6.7, 3 H, CH3-14′), 0.79 (d,J = 6.9, 3 H, CH3-16′ or -17′),
0.73 (d, J = 6.9, 3 H, CH3-16′ or 17′). The derivatization procedure described
above was applied to the alkaloid fractions coming fromM. sanctus, A. subter-
ranea, andA. miamiana. The menthoxycarbamates thus obtained were analyzed
by capillary GC and by GC-MS.

Hydrolysis of (2′S)-Anabasine-p-NO2-Benzamide [(2′S)-5] into (2′S)-Anab-
asine. (2′S)-5 (Pfrengle and Kunz, 1989) was kindly provided by Prof. H. Kunz
(University of Mainz). (2′S)-5, [α]D

20−130 (c 3, MeOH) (19.6 mg, 0.063 mmol)
was dissolved in a mixture of 33% HBr–AcOH (0.6 ml) in a 1 ml Reacti-vial.
The mixture was stirred at 80◦C for 45 hr and was then poured into NH4OH
(8 M) and the aqueous phase quickly extracted with CH2Cl2. The combined organic
extracts were concentratedin vacuoto afford an oily residue that was purified by
flash chromatography on a silica gel column (CH2Cl2–MeOH 9 : 1) to afford
(8.5 mg) (2′S)-anabasine in an 84% yield.

(2′S)-Anabasine [(2′S)-1]. [α]D
20 −21 (c 0.5, MeOH);1H NMR data of

(2′S)-1 were identical to those of our synthetic material and to literature data
(Yang and Tanner, 1997). Treatment of this sample with (+)-3 as described above
furnished (2′ S)-[(1S,2R,5S)-menthoxycarbonyl]anabasine [(2′S)-4], which gave a
single peak attr = 13.5 min in capillary GC.

RESULTS

Development of a Procedure to Assign the Absolute Configuration of Anaba-
sine. We first applied to a sample of (±)-anabasine [(±)-1], synthesized according
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SCHEME 1. Derivatization of (±)-1 with (+)-(1S,2R,5S)-menthylchloroformate, and syn-
thesis of (2′S)-4. Reagents and conditions: (a) NEt3, THF, 60◦C, 2 hr; (b) 33% HBr–AcOH,
80◦C, 45 hr; (c) (+)-(1S,2R,5S)-3, NEt3, THF, 60◦C, 2 hr.

to Deo and Crooks (1996), the procedure that was developed for the solenopsins
(Leclercq et al., 1994), but we could not separate the resulting diastereomeric
MTPA amides by capillary GC or by HPLC. In contrast, treatment of (±)-1 with
an excess of (+)-menthylchloroformate [(+)-3] quantitatively furnished the di-
astereomeric carbamates (2′R)-4 and (2′S)-4 (Scheme 1), which could be sepa-
rated by reverse-phase HPLC on a C18 column. Moreover, their retention times
in capillary GC on a CP-Sil 19CB column were also different (Figure 2). The
two diastereomers were identified by GC comparison with a reference sample
of (2′S)-4, which was prepared from (2′S)-anabasine-p-nitrobenzamide [(2′S)-5]
(Pfrengle and Kunz, 1989) (Scheme 1). Under our GC conditions, the retention
time of (2′R)-4 was 13.0 min and that of (2′S)-4, 13.5 min (Figure 2). We have also
assigned all the proton signals of (2′R)-4 by a 2D NMR study at 600 MHz.

Detection of Anabasine and Anabaseine inMessorandAphaenogasterAnts.
Five hundred ants of each species were exhaustively extracted, and each extract
was checked for the presence of anabasine (1) by TLC and GC-EI-MS. Compound
1 was present as the sole alkaloid in two of the six species,Messor sanctusand
Aphaenogaster miamiana. In TLC, the alkaloidic fraction ofA. senilisexhibited
one major spot less polar than anabasine. GC-EI-MS analysis revealed the presence
of one major peak identified as anabaseine (2) (Wheeler et al., 1981). No trace
of anabasine was detected in this species. In contrast, the two compounds were
present in the venom ofA. subterranea, in an approximately 60 : 40 ratio. Finally,
neither anabasine nor anabaseine could be detected in the venom ofM. barbarus
andM. structor. The relative amounts of anabasine (1) and anabaseine (2) identified
in the venom ofMessorandAphaenogasterants are reported in Table 1.
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FIG. 2. GC (FID) separation of (2′S)-4 and (2′R)-4.

Absolute Configuration and Enantiomeric Excess of Anabasine fromMessor
andAphaenogasterAnts. The procedure described above was applied to determine
the absolute configuration of anabasine isolated from the venom ofM. sanctus,
A. subterranea, andA. miamiana. In M. sanctus,only one diastereoisomer was
present after derivatization, whose retention time corresponded to that of synthetic

TABLE 1. RELATIVE AMOUNTS OF1 AND 2 IN VENOMS OFMessorAND Aphaenogaster
ANTS

Anabasine (1) Anabaseine (2)

M. sanctus 100 0
M. barbarus 0 0
M. structor 0 0
A. subterranea 60a 40a

A. senilis 0 100
A. miamiana 100 0

aApproximate figures, due to peak superimposition.
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(2′S)-4. Thus, anabasine is present in the venom ofM. sanctusas a single enantiomer
having the 2′Sconfiguration.

In A. subterraneaand A. miamiana, anabasine was present as a mixture
of R and S enantiomers, with theS enantiomer predominating. Since we have
checked that no kinetic resolution occurs during conversion of anabasine into
diastereoisomers4, the enantiomeric excess of (S)-anabasine fromA. subterranea
andA. miamianacould be determined to be 78% and 24%, respectively, from the
(2′S)-4/(2′R)-4 ratio.

DISCUSSION

The data reported here on the ee of anabasine from ants are too limited to
make any generalization. However, it should be pointed out that our results are
similar to those obtained with plants, where anabasine either exists as a single
enantiomer with theS configuration or asS/R mixtures, with theS enantiomer
being generally predominant (Leete, 1983). Several hypotheses can be put forward
to explain the wide range of enantiomeric purity observed for anabasine samples
isolated from both plants and ants: (1) poor stereochemical control of the enzymatic
reaction leading to the formation of the (2′S)-stereogenic carbon, (2) co-occurrence
of two different biosynthetic routes for the (+) and (−) enantiomers, and (3)
chemical or enzymatic isomerization of enantiomerically pure anabasine. The
relative contribution of these different possibilities is not known yet. In any case,
the detection of a single anabasine enantiomer inM. sanctusshows that our method
of analysis does not lead to any racemization.

The presence of anabasine and anabaseine in the genusAphaenogastercould
be of taxonomic significance, since it supports the current classification of these
ants with both genera being placed within the same tribe Pheidolini (Bolton, 1995);
the genusMessorwas even once considered as a subgenus ofAphaenogaster(Forel,
1890). However, it is striking that two of the threeMessorspecies analyzed in this
study do not contain alkaloids, at least in amounts sufficient to be detected by TLC
and CG-MS.
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Abstract—Methyl eugenol (ME), is converted into two major phenylpropanoids,
2-allyl-4,5-dimethoxyphenol andtrans-coniferyl alcohol, following consump-
tion by the male fruit flyBactrocera papayae. Chemical analysis of wild male
B. papayaerectal glands, where the compounds are sequestered, revealed the
presence of ME metabolites in varying quantities. These phenylpropanoids are
shown to be involved in the fruit fly defense both in no-choice and choice feeding
tests against the Malayan spiny gecko,Gekko monarchus. After being acclima-
tized to feeding on fruit flies, geckos consumed significantly fewer ME-fed male
flies than controls that consumed all the ME-deprived male flies offered through-
out a two-week period. Diagnosis of dissected livers from geckos that consumed
ME-fed male flies revealed various abnormalities. These included discoloration
and hardening of liver tissue, whitening of the gallbladder, or presence of tumor-
like growths in all geckos that consumed ME-fed male flies. Control geckos fed
on ME-deprived male flies had healthy livers. When given an alternative prey,
geckos preferred to eat untreated house flies,Musca domesticato avoid preying
on ME-fed fruit flies.

Key Words—Methyl eugenol, 2-allyl-4,5-dimethoxyphenol,trans-coniferyl al-
cohol,Bactrocera papayae, allomone, hepatotoxicity,Gekko monarchus.

INTRODUCTION

The fruit fly, Bactrocera papayaeDrew and Hancock (Diptera: Tephritidae), is
a serious pest to fruit production in Malaysia and its neighboring countries. Sex-
ually mature males ofB. papayaeare strongly attracted to, and voraciously feed
on, methyl eugenol (ME). ME is attractive to males of severalBactroceraspecies
∗ To whom correspondence should be addressed.
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and occurs naturally in at least 200 plant species from 32 families (Tan and Toong,
1993). It is usually contained in the leaves, blossoms, and fruits where it is a
component of the essential oil.

ME has been shown to act as a precursor of the male sex pheromone (Tan and
Nishida, 1998). After consumption of ME, males ofB. papayaeproduced 2-allyl-
4,5-dimethoxyphenol (DMP),trans-coniferyl alcohol (CF), and trace quantities
of (Z)-3,4-dimethoxycinnamyl alcohol (DCA) (Nishida et al., 1988a,b). These
phenylpropanoids were released by ME-fed males during the courtship period to
form lek (male aggregation) and to boost their sexual competitiveness in mating
(Tan and Nishida, 1998).

ME was recently found to play a role in the fruit fly’s defense strategy by
deterring predation by the Asian house gecko,Hemidactylus frenatusDumeril and
Bibron (Tan and Nishida, 1998). However, nothing is known about the presence of
ME metabolites and their levels in wild male fruit flies, or about their pheromonal
and allomonal roles. Furthermore, little is known about the physiological signifi-
cance of the aversion effect by ME-fed males on predators, i.e., their toxicity. This
information could help shed light on the tritrophic plant–fruit fly–predator relation-
ship. In addition, the amount of ME a male is able to consume and, subsequently,
the phenylpropanoids produced were also investigated.

Here we report on the presence and variation of ME metabolites in the rectal
gland of wildB. papayaemales, on the allomonal effect of the male pheromone
of B. papayaeon the Malayan spiny gecko,Gekko monarchusDumeril and Bibron
(Squamata: Gekkonidae), and on induced hepatotoxicity in the gecko after con-
sumption of ME-fed male fruit flies.

METHODS AND MATERIALS

Chemicals.ME (1-allyl-3,4-dimethoxybenzene; 99.8% purity) was obtained
from International Pheromone System Limited, England. Authentic compounds,
CF (96.0%trans) and DMP (>96.0% purity), for peak identification and quantifi-
cation using gas chromatography were supplied by R. Nishida (Kyoto University,
Japan).

Flies. B. papayaewas cultured in the laboratory using artificial medium and
adult diet as described by Tan and Nishida (1998). Flies were sexed within five days
of emergence. Virgin male and female flies were maintained in separate cages.

The common house fly,M. domestica, was cultured using moistened rat food
pellet as larval medium. Adults were given water, milk powder (as a source of
protein), and a mixture of sucrose and vitamin B complex. Flies were kept in the
insectary at 30± 2◦C and relative humidity 73± 5% with a 12L : 12D photoperiod.

Malayan Spiny Gecko. G. monarchuswas captured from the Universiti Sains
Malaysia campus in Penang. Geckos were acclimatized to laboratory conditions
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and offered live untreated fruit flies (male and female) for a minimum period of
one month. Geckos that consumed a minimum of 10 flies/day were selected for
feeding tests.

ME Consumption by an Individual Male. The mean quantity of ME consumed
by a maleB. papayaewas determined as follows. Sexually mature virgin males (14–
19 days old) were lightly anesthetized with carbon dioxide and placed ventrally
with plasticine fixed on the wings to reduce struggling. A 1-µl microcapillary
pipet (32 mm long) (Drummond) containing ME was placed 3–5 mm away from a
male. Upon sensing the ME, the male would reach for the lure by stretching out its
proboscis. The fly was then allowed to consume the ME from the microcapillary
pipet mounted on a micromanipulator stand. The source was removed when the
male stopped stretching out its proboscis or when it moved its proboscis away.
The amount of ME consumed was then recorded with the help of a micrometer
calibrating glass slide. Most males stopped feeding within 5 mins. This experiment
was conducted in the morning (08:00–11:00 hr) during the fly’s peak period of
response to ME (Tan, 1985). Twenty males were used on each day of feeding. A
total of five replicates were performed, each using flies from a different cohort.

Accumulation of Phenylpropanoids in Rectal Gland. ME (20 µl) was dis-
pensed onto a piece of Whatman No. 1 filter paper (2.5× 0.5 cm2) with a 50-µl
Hamilton syringe. ME was allowed to be adsorbed by the filter paper before being
presented to the males. A group of 10 males was allowed to feedad libitum on
the filter paper containing ME for 15 min. A similar procedure was employed to
prepare ME-fed fruit fly males [one day after treatment (1-DPT)] for subsequent
choice and no-choice feeding tests.

The fruit fly’s rectal gland was extracted the following day (1-DPT). The
extracted rectal gland was placed into a narrow V-shaped glass tube (5 mm diam.)
containing 20µl or appropriate quantity of redistilled ethanol containing an internal
standard (50 ng/µl of dodecanol). The content was then thoroughly homogenized
with a fine glass rod. After sonicating for 5 min, 1µl was then injected into the
gas chromatographic column for separation and detection of volatile components.

Quantification of the volatile components was done on a Shimadzu GC 14A
using a HP Ultra-1 column (nonpolar; 25 m× 0.25 mm× 0.33µm fused sil-
ica column coated with cross-linked bonded dimethylpolysiloxane). Temperature
was programmed from 80◦C (approx. 1 min holding time) to 220◦C at a rate of
10◦C/min. Quantities were determined by comparing the FID intensities with stan-
dards of known concentration using a Shimadzu C-R6A Chromatopac reporting
integrator.

Chemical Analysis of Wild Male Rectal Gland. ME-baited traps were set in
three regions of Penang Island (i.e., northern region= Tanjung Bungah, central
region= Ayer Itam, southern region= Minden and Greenlane). All sites were
located near hillside forests. Traps were designed to prevent attracted males from
feeding on the ME source. Trapping was conducted from June to July 2000 on
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different days. Some of the male fruit flies were caught using specimen vials
before the flies entered the traps. Trapped male fruit flies were transported back
to the laboratory, and the extraction of individual male rectal glands was carried
out within 6 hr of trapping. The male rectal glands were processed in the similar
manner as described above.

No-Choice Feeding Test. Ten geckos were randomly assigned to two groups
with five (A–E) as treatments and five as controls. Geckos were individually caged
and fed with fruit flies to satiety daily. Prior to the feeding experiment, they were
starved for three days to ensure a similar degree of hunger (a fully satiated gecko
could stop feeding for two days) and their individual weights were determined.
The effectiveness of ME-fed males as a deterrent was then evaluated by offering
10 ME-fed males per day to treatment geckos and the same number of untreated
males to the control geckos for a period of two weeks. Consumed or dead flies were
replaced daily. Daily consumption of each gecko was recorded. Comparison of the
mean number of flies consumed per gecko per day was done using the Student’s
t test (one-tailed) atP = 0.01.

At the end of the experiment, both groups of geckos were weighed individ-
ually. Geckos were killed by exposing them to ethyl acetate vapor for 10 min or
longer, and then they were dissected for observation of liver abnormalities.

Choice Feeding Test. To examine the effectiveness of the fruit fly allomone in
the presence of a palatable prey (similar in size but without aposematic coloration
as the fruit fly), the house fly,M. domesticawas used. To show that geckos had
no intrinsic preference for the house fly after being acclimatized to feed on fruit
flies, each gecko was simultaneously offered 15 house flies and 15 untreated male
fruit flies in the pretreatment feeding. Consumption for each category of fly was
recorded. After three days of fly deprivation, geckos were offered eight ME-fed
male fruit flies and eight untreated house flies daily for one week. Dead and
consumed flies were replaced daily and fly consumption by each gecko was noted.
Ten geckos were used in this experiment. Data was analyzed using pairedt test
(P = 0.01).

RESULTS

Ninety-four geckos from four common species of Malaysian gecko, were
caught including the Asian house gecko (Hemidactylus frenatus), Malayan spiny
gecko (Gekko monarchus), flat-tailed gecko, (Cosymbotc platyurus), andGehyra
mutilatus(which has translucent body skin). Among the 94 geckos,G. monarchus
was the only species that consumed 10 or more fruit flies and thus was the only
species selected for further testing.

Geckos are often used as a model predator to study prey–predator relation-
ships. In this experiment, not all geckos readily fed on fruit flies. Insectivorous
geckos are not a common predator of fruit flies. The daily activity rhythm of
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G. monarchusand B. papayaeare asynchronous, i.e., the former is an indoor
nocturnal predator, while the latter is an outdoor diurnal insect. This may partly
explain the low consumption rate of fruit flies by this gecko. It is likely also that
geckos may have learned from previous bad experience that fruit flies are not
palatable or that the aposematic coloration of the fruit fly, which mimics a wasp,
may result in aversion.

The average quantity of ME (mean±SE) consumed by each male was 0.58±
0.02µl. Most flies consumed a minimum of 0.1µl ME. Approximately 22% of
the males consumed below 0.2µl while two individuals consumed as much as 2.3
and 2.7µl of ME.

Accumulation of Phenylpropanoids in Laboratory-Reared Males. When
laboratory-reared males were fed ME, two major phenylpropanoids, DMP and CF,
were detected in their rectal glands. These were absent from the rectal glands of
ME-deprived males. The average contents (mean± SE) of DMP and CF in the
rectal glands of ME-fed males one day after ME consumption, was 5.9± 1.1 and
12.7± 2.8µg/male, respectively. The quantity of CF was consistently higher than
DMP.

Chemical Analysis of Wild Male Rectal Gland. Among 78 maleBactrocera
spp. trapped (Ayer Itam: 36, Tanjung Bungah: 23, Minden: 12, and Greenlane: 7),
all were B. papayaeexcept twoB. carambolae(one each from Ayer Itam and
Minden).

All wild male fruit flies contained varying quantities of ME metabolites in
their rectal glands ranging from a trace to as high as 55.1µg for DMP and 47.5µg
for CF in a single male. Overall, 34 of 76 males (45%) contained at least 5µg of
either DMP or CF in their rectal gland.

The ratio of DMP:CF in wild fruit flies was different from that of the laboratory
strain. Forty-one of 76 males (54%) contained almost equal quantities of DMP and
CF. Thirteen males (17%) contained at least 1.5 times more DMP than CF, and
22 males (29%) contained at least 1.5 times more CF than DMP.

No-Choice Feeding Test. Treatment geckos substantially reduced their con-
sumption of ME-fed males compared to control geckos (t = 7.35; P < 0.0005)
(Figure 1). Consumption of ME-fed males by geckos was consistently low through-
out the two-week period. Some of the ME-fed flies were regurgitated by geckos.
This was indicated by the remains of body parts of ME-fed flies offered. Control
geckos consumed all the fruit flies offered to them.

A significant increase of body weight (445.4± 61.1 mg) was observed in
control geckos at the end of experiment (t = 7.29; P < 0.005). However, the
decrease in the weight (3.8± 112.0 mg) of treated geckos was not significant
(t = 0.03, P > 0.05) even though the consumption rate was significantly reduced
compared to control geckos (Figure 1).

Morphological examination of control geckos indicated that their livers were
healthy without any abnormality (Figure 2a). However, all treated geckos had
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FIG. 1. Deterrent effect of methyl eugenol-fed maleBactrocera papayaeagainstGekko
monarchusin a no-choice feeding test (bar= SE; P < 0.005). After deprivation: each
treatment gecko was offered 10 ME-fed males; each control gecko was offered 10 ME-
deprived males daily for two weeks.

various abnormalities, ranging from anemia to hardening of, and tumor growth in,
the liver (Figure 2b–2f).

Table 1 shows the total ME-fedB. papayaemales and the estimated doses of
phenylpropanoids consumed by each gecko. GeckoB consumed the fewest ME-
fed males and had light discoloration in its liver (Figure 2b). As the consumption

TABLE 1. TOTAL METHYL EUGENOL (ME) -FED MALE Bactrocera papayaeCONSUMED

BY EACH GECKO, Gekko monarchus, IN TWO WEEKS AND ESTIMATED DOSES OF

Trans-CONIFERYL ALCOHOL (CF) AND 2-ALLYL -4,5-DIMETHOXYPHENOL (DMP)
CONSUMED IN RESPECTIVEGECKOS

Estimated dose
Body weight (mg) consumed (µg)a

Gecko Initial weight Weight change
ME-fed males

consumed CF DMP

B 4421.9 −144.4 18 229 106
D 5651.0 −184.0 38 483 224
E 5714.2 −81.5 53 673 313
A 5317.0 −43.8 57 724 336
C 4008.9 +434.8 91 1156 537

aThe estimated phenylpropanoid doses consumed per gecko was based on the results obtained from
gas chromatographic analysis on the individual rectal gland ofB. papayaemales (N = 9; a group of
10 males was allowed to feed on 20µl of ME dispensed on a filter paper for 15 min).
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FIG. 2. Photos show liver lobes (in situ) of geckos: (a) healthy liver lobes of a control gecko;
(b) geckoB with anemic liver lobes—arrow shows whitish tumorlike growth; (c) arrows
show whitish tumorlike structures in geckoD; (d) advanced discoloration on the liver lobes
of geckoE; (e) geckoA with darkened and hardened liver lobes; and (f) geckoC with a
hardened dark liver—arrow shows whitish gallbladder.

of ME-fed males increased, more discoloration and/or whitish tumorlike growths
were observed in geckosD, E, andA (Figure 2c, 2d, and 2e). GeckoC consumed
the highest number of ME-fed males and had a liver that was hardened and darkened
with a whitish gall bladder (Figure 2f).

Choice Feeding Test. Geckos preferred to prey on fruit flies rather than house
flies after a month of acclimatization feeding on untreated fruit flies (t = 5.77;
P < 0.001). However, prey preference was immediately reversed when ME-fed
male fruit flies were offered to them instead of untreated males (t = 3.54; P <

0.01) (Figure 3). After their first encounter with the treated fruit flies, geckos
were observed to prey on significantly more house flies than ME-fed fruit flies
throughout the experimental period (P < 0.001).

Besides decreased consumption of treated fruit flies, undigested ME-fed fruit
fly bodies were excreted together with uric acid (Figure 4; labeledP). All house
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FIG. 3. Deterrent effect of methyl eugenol (ME) -fed maleBactrocera papayaeagainst
Gekko monarchusin the presence of an alternative prey,Musca domesticain a choice
feeding test (bar= SE; bars with different letters are significantly different atP = 0.01,
pairedt test). Before deprivation, geckos were offered 15 flies each of fruit and house flies.
After deprivation, each gecko was offered 8 ME-fed fruit flies and 8 untreated house flies
daily.

flies offered to control geckos were consumed and there were no undigested body
parts in their excrement (Figure 4; labeledK ). There was a significant increase in
gecko body weight before and after the feeding test (259.0± 44.0 mg) (t = 5.88;
P < 0.001). Observation of the livers showed no abnormalities.

FIG. 4. Gecko excrement showing undigested methyl eugenol-fed fruit flies (labeled with
P). Arrowheads indicate the uric acid portion of the excrement. Control is labeled withK .
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DISCUSSION

Males ofB. papayae, after consumption of methyl eugenol, deterred geckos.
Our results showed that ME-fed males 1-DPT produced high amounts of DMP
and CF in their rectal gland. These large amounts of ME metabolites function as
allomones to deter the geckos. Results from no-choice and choice feeding tests
point to the allomonal property of ME metabolites and are consistent with Tan
and Nishida (1998) working with the Asian house gecko,H. frenatus.ME-fed
B. papayaewere also found to deter the toad,Bufo asper, in a recent study (Tan,
unpublished abservation).

Field trapping results revealed the presence of ME metabolites in all wild
male fruit fly rectal glands. However, the quantity of phenylpropanoids varied
tremendously between individuals. The fact that over 45% of wild males contained
high amounts of DMP and CF in their rectal glands, similar to the levels found in
laboratory-ME-fed males, strongly supports claims that these compounds have a
defensive function in nature, as well as a pheromonal role in the wild population
(Nishida et al., 1988b; Tan and Nishida, 1996, 1998; Shelly, 2000). In addition,
Tan and Nishida (1998) also reported that 83% ofB. papayaemales trapped in the
wild contained ME metabolites in their rectal glands.

The high variability of ME metabolites in individual wild males is consistent
with the findings of Nishida et al. (1988b). This variability might result from
differences in the quantity of ME consumed by individual male fruit flies in the
wild. Individual laboratory-reared male flies consumed 0.1–2.7µl of ME. It is
possible that males had previously consumed ME from different plant sources with
varying levels of ME. ME consumption as high as 4µl in B. papayaemales was
reported by Tan and Nishida (1998). Cunningham (1989) observed that aB. dorsalis
male continued to feed on pure ME until its crop was filled and it subsequently
died. This amazing affinity to ME and compulsive feeding behavior indirectly
reflects the ecological significance of ME toBactroceramales.

It is possible that repeated feeding on ME occurs in the wild. The fact that
males respond to ME-baited traps while the rectal gland still contains substantial
quantities of ME metabolites is self-explanatory. Laboratory experiments showed
that ME metabolites can be detected in the rectal gland ofB. papayaemales
20 days after feeding on 0.1µl ME (unpublished data). Furthermore, ME occurs
naturally in at least 200 plant species (Tan and Toong, 1993). In view of the rich
floral diversity in the tropics, there could be more ME-containing plant species
that await discovery.

The ratio of DMP and CF contents in wild males as compared to lab-reared
strains may be of ecological significance. By treating grains before offering them to
the Japanese sparrow, DMP was observed to deter birds better than ME, followed
by CF (Nishida and Fukami, 1990). In addition, DMP was reported to be a weak
sex attractant toB. papayaefemales while CF was found to attract significantly
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more male and femaleB. papayae(Hee and Tan, 1998; Tan and Nishida, 1996).
Comparing the two compounds, DMP (i.e., a phenolic compound) is a more po-
tent deterrent; CF is a better sex pheromone component. In the laboratory, sex
pheromones are more crucial than allomones where the need to deter predators is
greatly reduced. Fruit flies may be adapted to produce higher CF than DMP in the
laboratory. Therefore, it is suggested that the production and ratio of DMP to CF
may be indirectly related to the contemporary needs of the individual fly.

Tan and Nishida (1998) reported that after an initial exposure and distaste-
ful experience, Asian house geckos totally avoid feeding on ME-fedB. papayae
males. Therefore, further investigation on the toxic effect of ME metabolites was
conducted. In this experiment, using a different predator model,G. monarchus,
the antipredation effect of ME-fedB. papayaemales together with the induced
hepatotoxic effect on predatory geckos were demonstrated. ME-fedB. papayae
males were unpalatable to geckos, as indicated by regurgitation and reduced con-
sumption in no-choice tests. However, as the spiny geckos continued to consume a
small number of ME-fed flies each day to overcome hunger during the two-week
experimental period, the diagnosis of the liver abnormality was made possible.

While the carcinogenic activities of DMP and CF are not known, forma-
tion of phenolic compounds from ring oxidation of ME or metabolism of the
methoxy substituents might be involved in determining toxicity, i.e., the induced
hepatotoxicity. Furthermore, to demonstrate the role of ME in fruit fly–predator
relationships, ME-fedB. papayaemales were offered as whole flies to geckos.
The possible ME residue in the fruit fly body might also contribute to the results
obtained. Methyl eugenol residue was detected in the crop, but not in the rest of the
alimentary canal including the rectal gland ofB. papayaemales following ME con-
sumption (Tan, unpublished data). In mouse liver, ME has been reported to be as
active a carcinogen as safrole (1-allyl-3,4-methylenedioxybenzene) and estragole
(1-allyl-3,4-methoxybenzene) (Miller et al., 1983). Therefore, the combination of
ME, DMP, and CF may have synergistic effects in the antifeeding test as well as
the induced hepatotoxicity of geckos. The toxicity of individual chemicals on the
predator certainly warrants further investigation.

In choice-feeding tests, geckos learned through experience that ME-fed male
fruit flies were not palatable and would search for alternative prey. The yellow
markings on the fruit fly’s thorax serve as very effective aposematic coloration to
predators. It is obvious that feeding on the limited number of house flies provided
was not sufficient, and therefore, geckos would attempt to feed on ME-fed male flies
to satisfy their hunger. However, undigested ME-fed male bodies were excreted.
This may account for healthy livers found in these geckos upon dissection.

Many local farmers refer to the fruit fly as “fruit fly wasp/bee.” The reason
being the distinctive yellow marking (aposematic color) on the thorax, petiolate
abdomens, as well as a jerky, wasp-like walk of most of the tropical fruit flies,
i.e.,B. papayae, B. carambolae, andB. cucurbitaeall resemble wasps. Therefore,
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the fruit fly may be considered as a Batesian mimic and hence might gain some
protection against vertebrate predators that have had a bad experience with the
wasp. However, after pharmacophagy of ME,B. papayaemales offered a better
protection via automimicry to both ME-deprived and conspecific females, as they
do not produce an allomone to deter geckos (Tan and Nishida, 1998).

ME-fed males may also serve as a model for many other fruit fly species
through Mullerian mimicry. For instance, in the case of the male melon fly,B.
cucurbitae, which is attracted to cue-lure (CL) and raspberry ketone (RK), it pro-
duces an endogenous compound, 1,3-nonanediol when it attains sexual maturity.
This compound acts as a potent deterrent against gecko predation (Tan, 2000).

Similarly, the Oriental fruit fly,B. dorsalis(nonendemic in Malaysia) after
pharmacophagy of ME produces the same phenylpropanoids as inB. papayae
males and stores it in their rectal glands (Tan and Nishida, 1996). Therefore,
it is not surprising that ME-fedB. dorsalismales are also able to deter gecko
predation apart from being sexually more competitive than ME-deprived males as
demonstrated by Tan and Nishida (1998).

Sequestration of allomonal components originating from nonhost plants and
incorporation into their defensive repertoire by pharmacophagus insects was doc-
umented in a few insect orders. These include several lepidopterans associated
with pyrrolizidine alkaloids, such as danaid butterflies (Meinwald et al., 1969;
Boppré, 1978; 1986) and arctiid moths (Schneider et al., 1982). Such tritrophic
associations also exist between turnip sawflies,Athalia rosae(Hymenoptera) and
clerodendrins (Nishida and Fukami, 1990), dibroticite leaf beetles,Diabrotica
speciosa(Coleoptera) and cucurbitacins (Nishida and Fukami, 1990), and be-
tween fruit flies,Bactroceraspp., and methyl eugenol (Nishida and Fukami, 1990;
Tan and Nishida, 1998). Predators were either deterred/repelled from preying on
the pharmacophagus insects or vomited/regurgitated to rid themselves from the
ill effect of allomones. This experiment has taken a further step in understanding
the underlying physiological significance of the allomone to the predator. It has
been shown that allomones are indeed hazardous to the predator (geckos in this
instance). Thus, it can be concluded that ME and its metabolites play a significant
role in the fruit fly’s anti-predation strategy.

Acknowledgments—This work is supported by the Malaysian R & D Grant MPKSN/IRPA 01-
02-05-6004.
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Abstract—Four recently identified isoflavonoids, isolated from wild relatives of
chickpea,Cicer arietinum, were shown to deter larval feeding byHeliocoverpa
armigeraat 100 ppm, judaicin and maackiain retained their antifeedant activity at
50 ppm and 10 ppm, respectively. The isoflavonoids were tested in combinations
and with chlorogenic acid; the combinations containing judaicin and maackiain
were most active, and chlorogenic acid enhanced the antifeedant activity of all
four isoflavonoids.H. armigerawas the only one of four noctuids to be deterred
by all four isoflavonoids.Spodoptera littoraliswas deterred by judaicin alone
andS. frugiperdaby maackiain alone.Heliothis virescensandS. exiguawere not
deterred from feeding by any of the isoflavonoids. When incorporated into a diet,
isoflavonoids decreased the weight gain of early stadia larvae ofH. armigera
more than they did later stadia, and maackiain and judaicin were most potent.
We conclude that the isoflavonoids, especially maackiain and judaicin, could
play a role in decreasing the susceptibility ofCicer to attack byH. armigera.

Key Words—Heliocoverpa armigera, Cicer arietinum,isoflavonoids, chloro-
genic acid, Heliothis virescens, Spodoptera littoralis, Spodoptera exigua,
Spodoptera frudiperda,maackiain, judaicin, antifeedant.

INTRODUCTION

The chickpea,Cicer arietinumL., is an important staple food resource in semi-
arid tropical regions. The plant is susceptible to attack by a range of pathogens
and insects, especially by the noctuid caterpillar,Heliocoverpa armigera. Pre-
vious studies have shown that the foliar and root isoflavonoids, medicarpin and
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maackiain, contribute to the resistance of chickpea to attack by fungi (Daniel and
Barz, 1990; Stevenson et al., 1997; Stevenson and Haware, 1999). Other recent
studies have shown that isoflavenes and arylbenzofurans from the roots of wild
relatives of chickpea contribute toFusariumresistance in these species (Steven-
son and Veitch, 1998a), but as yet the role these compounds play in insect–plant
interactions is unclear.

Heliocoverpa armigeralarvae exhibit differential responses when feeding
on different genotypes of chickpea (Cowgill and Lateef, 1996), and these re-
sponses have been attributed to the presence of organic acids on the pods and
leaf surfaces (Yoshida et al., 1995). For example, exudates from the trichomes on
chickpea leaves contain high levels of malic acid (Lazzaro and Thomson, 1995).
Many legumes also contain caffeoyl-quinic acids, which inhibit the development
of H. armigeraand other Heliothine larvae when consumed at high concentrations
(Isman and Duffey, 1982; Kimmins et al., 1995). Despite this knowledge about
potential resistance mechanisms in chickpeas, little progress has been made in
breedingH. armigera-resistant chickpeas, andHeliocoverpacontinues to be the
number one insect pest of chickpea.

In this study, we have tested four recently identified isoflavonoids that occur
in the wild relatives of chickpea,C. bijugum, C. judaicum, andC. pinnatifidum
(Stevenson and Veitch, 1998b), to see whether they could influence the behavior
and development ofH. armigera.The objectives were to investigate the effect of:
(1) isoflavonoids on the feeding behavior ofH. armigerain choice and no-choice
tests; (2) combinations of isoflavonoids on feeding behavior; (3) isoflavonoids
in combination with the phenylpropanoid chlorogenic acid on feeding behavior;
(4) isoflavonoids on the development of different stadia ofH. armigera; and (5)
isoflavonoids on the feeding behavior of a range of other polyphagous noctuids.

METHODS AND MATERIALS

Compounds. Judaicin 7-O-glucoside(1), judaicin(3), and maackiain(4)were
isolated from the roots ofCicer judaicumBoiss. (Stevenson and Veitch, 1996)
and 2-methoxyjudaicin(2) was isolated from the roots ofC. bijugumRech.f.
(Veitch and Stevenson, 1997) (Figure 1). Freeze-dried root material was ground
in methanol and extracted at 4◦C for 18 hr. The extract was filtered and the filtrate
evaporated to dryness and then taken up in methanol to provide an extract equivalent
to 1 g/ml. Aliquots (150µl) were injected directly onto a Spherisorb 5 ODS column
(10.0 mm ID× 250 mm). A Waters HPLC system consisting of a 717 autosampler,
a LC 600E pump, and a 996 photodiode array detector was used in semipreparative
gradient elution mode where A= 2% acetic acid and B= 2% acetic acid in acetoni-
trile. A= 50% att = 0 min; A= 40% att = 20 min; and A= 20% att = 30 min at
4.7 ml/min. Chlorogenic acid was purchased from Sigma Chemical Company Ltd.
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FIG. 1. Structures of isoflavonoids fromCicer: judaicin 7-O-glucoside(1), 2-methoxy-
judaicin(2), judaicin(3), and maackiain(4).

Plant Material. Cicer judaicumICCW 89 andC. bijugumICCW 42 were
obtained from the Genetic Resources Unit, International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT), Hyderabad, India. Vouchers of the plants
are retained within ICRISAT.

Insects.H. armigerawere originally from Hyderabad, India, and had been in a
laboratory culture at Kew for two to four generations. The other noctuids were from
established laboratory cultures in Britain. For example, the culture ofS. littoralis
from Egypt has been in culture at Kew for 28 generations. All species were reared
on a wheat-based diet (Simmonds et al., 1992). The behavioral bioassays were
all undertaken on larvae 36–48 hr in their final stadium. They were deprived of
food for 2–4 hr prior to the experiments. The developmental bioassay used insects
8–12 hr into the stadium. The numbers of replicates varied among experiments
and are presented in the Tables.

Behavioral Tests. A choice bioassay that used glass-fiber disks was used to
calculate the feeding index [(C− T)/(C+ T)] × 100, an index used to compare
the effect of compounds on insects feeding (Simmonds et al., 1990). Glass-fiber
disks (2.1 cm dia., Whatman) were treated with 100µl of sucrose and left to dry.
The treatment disks were then treated with 100µl of one of the test compounds at



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP127-299591 April 12, 2001 11:43 Style file version Nov. 19th, 1999

968 SIMMONDS AND STEVENSON

either 100 ppm (0.28µg/cm2), 50 ppm (0.14µg/cm2), 10 ppm (0.028µg/cm2), or
1 ppm (0.0028µg/cm2) in methanol. The disks were dried, weighed, and placed in
pairs, one control and one treatment disk, into a Petri dish (9.1 cm diam.). Prior to
placing the standardized final stadium larvae into the dishes, the disks were each
treated with 100µl distilled water to make them more palatable to the larvae. To
avoid the bioassay changing from a choice to no-choice bioassay, the larvae were
removed after 8 hr, the time taken for the larvae to eat about 50–70% of either disk.
After removing the larvae the disks were left to dry and reweighed. The feeding
index was calculated by using the amount of control (C) and treatment (T) disks
eaten: a positive value indicates an antifeedant, a negative value a phagostimulant.

The choice bioassay was used to compare the effect of different concentrations
of the compounds againstH. armigeraand to test the compounds at 100 ppm against
a range of noctuids. The bioassay was also used to evaluate whether applying two
compounds to the treated disk would result in additive or synergistic increases in
activity. Due to the limited amounts of compounds available for the combination
experiments, we did not make fresh solutions with the compounds combined in
a solution. We used the original 50 ppm solutions. For example, the treatment
disks were treated with 100µl of one compound at 50 ppm, left to dry, and then
treated again with 100µl of another compound at 50 ppm. The isoflavonoids were
also tested in combination with chlorogenic acid. In this test, a 100-µl aliquot of
chlorogenic acid (50 ppm) was applied to the treatment disks, which were then
dried before being treated with 100µl of one of the isoflavonoids at 50 ppm. In
these combination experiments, the second solution was applied with a zigzag
movement across the disk to avoid the compounds accumulating at the outer edge
of the disk.

A no-choice glass-fiber bioassay was used to evaluate the effect of the com-
pounds on rejection behavior and to evaluate whether, if active, the insects would
habituate to the compounds. The disks were treated with sucrose and a test com-
pound at 100 ppm, as outlined above. However, in this experiment the disks were
placed singly in the center of a Petri dish and pinned to the dish. The dishes were
then placed onto a square of blue card. The disks were pinned down to prevent
them being moved by the larvae during the course of the experiment, and the blue
background was to provide contrast for the disk and the larvae to enable us to
record the movement of the larvae onto a computer.

H. armigerafifth stadium larvae were placed singly in each Petri dish; their
behavior was observed continuously for 120 min and then recorded by camera
onto a computer running Ethovision software (video tracking, motion analysis and
behavior recognition system software v 1.7; Tracksys Ltd. and Noldus Ltd.) for a
further 6 hr. During the first part of the experiment, the behavior of eight larvae was
input manually into a computer that was running Observer software (Noldus, 1991).
During the first observation period, records were made of the larvae contacting the
disk and feeding on the disk. Feeding included both biting and rasping the disk.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP127-299591 April 12, 2001 11:43 Style file version Nov. 19th, 1999

Cicer ISOFLAVONOIDS AND Heliocoverpa 969

Whether insects accepted or rejected a disk at first contact, the time taken to accept
a disk and then time spent in contact with a disk were calculated. However, because
over 75% of the larvae rejected both the control and treatment disks when they first
encountered it, the behavior on first contact was not used as a measure of palatabil-
ity. Instead the latency (to feeding or sampling) before the insects were observed
to bite and consume part of the disk was measured. Sampling a disk was defined as
when the larvae contacted and removed a section either by biting or rasping. The
behavior of the eight insects was recorded over a 6-hr period and the time spent
on disks calculated. The larvae were removed and the disks dried before they were
reweighed to calculate the amount eaten. Contact with a disk was recorded if any
part of the insect was in contact with the disk. However, this does not mean that the
insects were feeding, as the mouthparts of the insect were often obscured from the
camera, and the insects spent time stationary on the disks as if “resting.” The num-
ber of replicates recorded at a session was eight: this consisted of two treatments
of either four disks from two isoflavonoids or an isoflavonoid and a control.

Development Bioassay. Larvae were placed individually on diet (1.5 ml/well)
in wells of a Bioserve bioassay tray (C-D International Inc.) treated with 100µl
of one of the test compounds at 100 ppm. First and second stadia larvae, 8–12 hr
into the stadium were placed on the diet and weighed after five days. Third, fourth,
and fifth stadia larvae were weighed, and those that weighed within the range of
±1 SEM were then placed on the diet for five days and reweighed. In all cases, the
weights of larvae are compared with those of their respective control, which had
been exposed to control diets treated with 100µl of the solvent methanol. This
type of bioassay has been criticized by Freedman et al. (1979), as they reported
that insects can avoid ingesting the test extract by boring under the treated diet.
However, this bioassay is frequently used in industry to evaluate the activity of
plant extracts or compounds. Earlier stadia larvae are usually tested as they are
more responsive to compounds than later stadia. In our experience, if the surface
of the diet is scored with a knife before the test solution is applied, it will penetrate
the surface and disperse through the 1.5-ml aliquot of diet.

Behavioral Bioassays Analysis. The Wilcoxon matched-pairs test was used
to analyse the data in the choice bioassays and the Mann-Whitney U test in the
no-choice bioassay.

Development Bioassay Analysis. Thet test was used to test whether the actual
weights of the larvae on the compound-treated diets differed from the weights of
the larvae exposed to the control diet.

RESULTS

Effect of Isoflavonoids on Feeding Behavior ofH. armigerain Choice and
No-Choice Tests. In the choice bioassay, all four isoflavonoids showed significant
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antifeedant activity at 100 ppm, the highest concentrations tested (Table 1, Part A).
The isoflavonoids all showed a dose-dependent decrease in activity, with maackiain
retaining its antifeedant activity down to 10 ppm and judaicin down to 50 ppm.
Similarly, all four isoflavonoids decreased the amount eaten byH. armigeralarvae
in the no-choice bioassay when tested at 100 ppm (Table 1, Part B). Although all
four isoflavonoids showed antifeedant activity in both the choice and no-choice
bioassay, the observations made during the no-choice bioassay indicated differ-
ences in their mode of action. For example, judaicin 7-O-glucoside and maackiain
deterred the larvae from sampling the isoflavonoid-treated disks (latency to sam-
pling) for longer than 2-methoxyjudaicin or judaicin. However, data from the
whole 8-hr experiment showed that maackiain was the only isoflavonoid to de-
crease the amount of time larvae spent in contact with treated disks. When the
behavior of the insects was videotaped, it was not possible to measure ingestion
patterns with accuracy because the insects would often position themselves with
their mouthparts out of view of the camera. Therefore, we could not accurately
record the time spent feeding or the amount consumed per hour. However, de-
spite this limitation, the results suggest that insects were deterred from feeding
on maackiain-treated disks from the start of the experiment, and although they
did eat some of the maackiain-treated disk, the insects did not habituate to the
compound during the course of the experiment. In contrast, the initial deterrent
activity of judaicin-7-O-glucoside decreased, and the insects spent as much time
on the disks treated with this compound as they did on the control disks or disks
treated with 2-methoxyjudaicin or judaicin. Thus, although the judaicin-based
isoflavonoids deterH. armigera larvae from feeding, they are not as active as
maackiain.

Effect of Combinations of Isoflavonoids on Feeding Behavior. The feeding
index was highest for combinations that had either maackiain or judaicin, and the
highest indices were obtained from those combinations that contained judaicin
with either judaicin-7-O-glucoside or maackiain (Table 1, Part C). The feeding
indices recorded did not reflect a consistent interaction among the isoflavonoids.
For example, the feeding indices for the combinations of maackiain (50 ppm)
with judaicin (50 ppm) and of judaicin-7-O-glucoside (50 ppm) with judaicin
(50 ppm) were higher than those recorded for the compounds tested singly at
50 ppm. This suggests additive interactions. In contrast, the feeding index for the
combination of 2-methoxyjudaicin with judaicin-7-O-glucoside was similar to
that recorded for 2-methoxyjudaicin at 50 ppm, but lower than that recorded for
judaicin-7-O-glucoside at 50 ppm. This suggests an antagonist interaction between
the compounds. These differences in behavioral responses to the combinations
could reflect differences in the molecular interactions between the compounds and
the receptors on the larvae’s maxillary taste sensilla. For example, the judaicin-type
isoflavonoids could be competing for similar receptor sites that differ from those
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TABLE 1. EFFECT OFCOMPOUNDS ONFEEDING BEHAVIOR OF FIFTH STADIUM LARVAE

OF Helicoverpa armigera

Part A. Choice bioassay: different concentrations (ppm) of four isoflavonoids tested against of
H. armigera(N = 10)

Feeding index (mean± SEM)a

Judaicin 2-Methoxy
7-O-glucoside judaicin Maackiain Judaicin

100 35± 4.2∗b 32± 8.1∗b 53± 5.6∗∗b 49± 11.5∗∗b
50 20± 7.3 12± 3.4 30± 7.1∗b 41± 9.4∗
10 5± 6.7 10± 5.9 33± 6.6∗b 15± 5.5
1 −3± 8.4 3± 4.1 21± 6.3 5± 3.6

Part B. No-choice bioassay: effect of isoflavonoids (100 ppm) on latency (min) to feeding, amount
eaten (%) and time (%) spent by larvae in contact with the disks (N = 8)

Mean± SEM

Judaicin 2-Methoxy
Control 7-O-glucoside judaicin Maackiain Judaicin

Latency (min) 25± 2.3 52± 5.4∗c 38± 4.9 57± 5.8∗c 45± 6.7
Amount eaten(%) 62± 3.8 29± 3.8∗∗c 25± 3.8∗∗c 15± 2.7∗∗c 26± 7.4∗∗c
Time on disk(%) 39± 3.3 30± 3.2 28± 3.1 19± 2.9∗∗c 25± 4.6

Part C. Choice bioassay: Treatment disk (T) treated with two isoflavonoids each at 50 ppm (N= 10)

Feeding index (mean± SEM)
isoflavonoidsa

In combination 2-Methoxy
with judaicin Maackiain Judaicin

Judaicin-7-O-glucoside 14± 4.5 43± 5.2∗b 67± 6.3∗∗b
2-Methoxyjudaicin 37± 5.0∗b 39± 4.5∗b
Maackiain 59± 8.4∗b

Part D. Choice bioassay: treatment disk (T) treated with an isoflavonoid (50 ppm) and chlorogenic
acid ((50 ppm)N = 10)

Feeding indexa (mean± SEM)a

Judaicin- 2-Methoxy
7-O-glucoside judaicin Maackiain Judaicin Chlorogenic acid

18± 7.7 32± 8.4∗b 49± 9.4∗∗b 51± 4.8∗∗b 18± 12.4

a[(C − T)/(C+ T)] %.
b∗∗P < 0.01, ∗P < 0.05, Wilcoxon matched pairs test.
c∗∗P < 0.05,∗∗P < 0.01 Mann-Whitney U test:isoflavonoids compared with control.
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stimulated by maackiain. If this were the case, then more receptors could be stim-
ulated by combinations that contained maackiain and judaicin-type isoflavonoids,
than combinations that contained two judaicin-type compounds. However, this
theory would not support the additive antifeedant activity recorded for the judaicin
and judaicin-7-O-glucoside combination (Table 1, Part C).

Effect on Feeding of Isoflavonoids in Combination with Chlorogenic Acid.
When tested in combination with sucrose, chlorogenic acid did not elicit an an-
tifeedant response fromH. armigera larvae in the choice experiment (Table 1,
Part D). However, when chlorogenic acid was tested in combination with an
isoflavonoid at 50 ppm, an antifeedant response was recorded from three of the
isoflavonoids; 2-methoxyjudaicin, maackiain, and judaicin. The antifeedant ac-
tivity of 2-methoxyjudaicin and maackiain in this combination was greater than
when the compounds were tested singly (Mann-Whitney U test,P < 0.01). Thus,
chlorogenic acid increased the potency of these two isoflavonoids.

Effect of Isoflavonoids on Development of Different Stadia ofH. armigera.
All four isoflavonoids decreased the weight gain of first stadium larvae, over a five-
day exposure, whereas the weight gain of second, third, and fifth stadium larvae
was only reduced by maackiain and judaicin (Table 2). None of the isoflavonoids
decreased the weight gain of fourth stadium larvae. Overall, judaicin had the
greatest effect on larval development.

Effect of Isoflavonoids on Feeding Behavior of a Range of Polyphagous
Noctuids. H. armigerawas the only one of the four species of noctuids to be
deterred from feeding by all four isoflavonoids (Table 3).S. littoralis was de-
terred from feeding by judaicin, andS. frugiperdaby maackiain, whereas none
of the isoflavonoids elicited an antifeedant response fromH. virescensor
S. exigua.

TABLE 2. EFFECT OFISOFLAVONOIDS ONDEVELOPMENT OFDIFFERENTSTADIA LARVAE

OF H. armigeraWHEN OVERLAID (100 ppm)ONTO LARVAL DIET (N = 25)

% weight gain relative to control (100%) mean± SEMa

Judaicin 2-Methoxy-
Stadium 7-O-glucoside judaicin Maackiain Judaicin

1 50± 9.6∗∗a 72± 18.6∗ 59± 13.7∗∗ 45± 16.6∗∗
2 94± 16.5 94± 2.8 72± 17.6∗ 55± 4.9∗∗
3 88± 21.7 91± 7.7 59± 3.6∗ 50± 15.8∗∗
4 100± 3.4 108± 2.7 83± 15.7 79± 23.7
5 98± 4.8 100± 2.3 77± 13.8∗ 71± 8.6∗

a∗P < 0.05, ∗∗P < 0.01: t test undertaken on weights of larvae after five days of exposure to the tre-
ated diets.
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TABLE 3. EFFECT OFISOFLAVONOIDS ONFEEDING BEHAVIOR OFRANGE OFNOCTUID

LARVAE (N = 10)

Feeding Index (mean± SEM)a

Judaicin 2-Methoxy
7-O-glucoside judaicin Maackiain Judaicin

H. armigera 35± 4.2∗b 32± 8.1∗ 53± 5.6∗∗ 49± 11.5∗∗
H. viresecens 3± 5.8 8± 1.9 5± 7.2 22± 6.2
S. littoralis −6± 10.5 11± 7.1 1± 6.6 39± 6.9∗
S. exigua −3± 3.4 −2± 3.9 1± 4.5 −4± 3.9
S. frugiperda −8± 2.5 4± 2.8 45± 7.2∗ 23± 4.1

a[(C − T)/(C+ T)] %, ∗∗P < 0.01, ∗P < 0.05, Wilcoxon matched pairs test.

DISCUSSION

In the last decade, there has been a steady increase in our understanding of
the defense mechanisms in plants. This is due in part to advances in genomics
and related technologies that have increased our knowledge about the functional
basis of plant defenses. However, unequivocal evidence that a specific mechanism
or compound stops an insect from damaging a plant is rare. This could be due to
the complexity of the interactions involved in plant–insect relationships and our
tendency to concentrate on evaluating the activity of a narrow group of stimulating
“sign” compounds present in host plants rather than the level of specific deterrents
in nonhost plants (Bernays and Chapman, 1994). A role for sign compounds in host-
selection behavior of monophagous or oligophaguos species is easier to justify than
in polyphagous species such asH. armigera.It is clear, however, that individual
polyphagous insects show preferences for plants, but the factors influencing these
preferences are still unclear (Simmonds and Blaney, 1990; Bernays and Chapman,
1994).

Wild relatives of the cultivated chickpea contain a higher diversity of
isoflavonoids (Stevenson and Veitch, 1998b); many might have been lost from
cultivars in breeding for high yield and palatable crop plants. If we can identify
antiinsect compounds in wild relatives of crops that are either missing or at low
levels in the crop plant, then manipulating the level of these compounds in a crop
plant could decrease the susceptibility of that crop to damage by polyphagous
pests. This is a traditional approach and was used recently to screen wild relatives
for trypsin inhibitors (Patankar et al., 1999). The diversity of protein inhibitors was
greater in wild relatives than in cultivated species, butH. armigerahad adapted to
the inhibitors. Thus, before manipulating crop plants either via traditional breeding
techniques or via molecular techniques, it is important that we have knowledge
about the insects’ responses to the target compounds.
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This study has shown that four of the isoflavonoids that occur in wild rel-
atives of chickpea modulate the feeding behavior and development of larvae of
H. armigera.Overall, the most potent of the isoflavonoids tested was judaicin
and maackiain, although their activity varied depending on the bioassay and the
stadium being tested. Previous studies have shown that both isoflavonoids inhibit
germination of the spores ofFusarium oxysporumf.sp. ciceri (Stevenson and
Veitch, 1998a), but the antifungal activity of maackiain varies among pathogens
(Gordon et al., 1980).

In the no-choice feeding bioassay, the fact that a high proportion (75%) of
H. armigera larvae rejected the sucrose-treated control glass-fiber disks at first
contact could indicate that sucrose at 0.05 M was not a potent stimulant on the
disks. Sucrose is known to stimulateH. armigera larvae to feed on glass-fiber
disks over a 18 to 24-hr bioassay (Simmonds et al., 1990), but the influence of
sucrose on the acceptance or rejection behavior of sucrose-treated wet glass-fiber
disks by larvae has not been previously reported. However, the fact that two of
the isoflavonoids extended the duration of time taken before the insects fed on the
disks, relative to the sucrose-treated disks, would suggest that these compounds
decreased the palatability. This could be because they modulate the ability of
the larvae to perceive sucrose, or they stimulate deterrent neurons in the insects’
taste sensilla. The differences in activity among the isoflavonoids could reflect
differences in the magnitude of the interaction with sucrose, the magnitude of the
response of deterrent neurons, or the ability of the larvae to adapt to the compounds
(Schoonhoven et al., 1998).

None of the compounds totally deterred the insects from feeding or contact-
ing the disks, and often the insects remained motionless for periods of time before
either moving off the disk or feeding. There was no evidence of acute postingestive
toxicity in either the behavioral (Glendinning and Slansky, 1995) or development
bioassays, as no larval mortality was recorded during the experiments. The re-
duction in growth could result from the antifeedant activity of the compounds or
some interaction of the compounds with the utilization of nutrients (Felton and
Gatehouse, 1996).

When the isoflavonoids were applied to a diet, the weights gained over the
five-day experiment by early stadia larvae were affected more by the isoflavonoids
than the later stadia. This could reflect an ability of the later stadia to tolerate or
detoxify them. In this experiment, one concentration (100 ppm) was applied to
the diet, so the ratio of compound to insect weight would differ among the stadia,
and the early stadia would be exposed to a higher dose (larval weight relative to
concentration on diet) than the later stadia. Despite these differences, the weights
of second, third, and fifth stadia larvae exposed to maackiain- and judaicin-treated
diets were lowered. Whether this would have resulted in larval mortality or just
an increased duration of larval development before pupation was not investigated.
Any compound that extends larval development has the potential to decrease larval
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fitness and increase the probability of predation. However, the interactions between
phenolics, such as the isoflavonoids, and plant oxidative enzymes in chickpeas
could modulate the effect on insect development as well as decrease the efficacy
of microbial agents, such as baculoviruses that are increasingly being used to
control lepidopterous pests (Hoover et al., 1998).

The behavioral responses to the isoflavonoids varied among the different noc-
tuids.H. virescenswas not deterred by any of the isoflavonoids, and of the three
species ofSpodopteratested, onlyS. littoralisandS. frugiperdawere deterred by
judaicin and maackiain, respectively. In fact,H. armigerawas the only species
to be responsive to the four isoflavonoids. The fact that the insects differ in their
behavioral responses to the compounds suggests that specificity of the receptors
in the peripheral sensory system varies among species. Because of our lack of
knowledge about the specificity of the taste receptors on the gustatory neurons
of these insects, we can not predict how a species will respond to a group of
compounds. For example, previous experiments with azadirachtin-derived com-
pounds showed thatS. littoraliswas more responsive to a range of the derivatives
than heliothines, andH. virescenswas more responsive thanH. armigera(Blaney
et al., 1990). In contrast, Simmonds et al. (1990) showed thatH. armigerawas
more responsive to polyhydroxyalkaloids than polyphagous species ofSpodoptera
andH. virescens. Thus, modulating the levels of isoflavonoids in chickpeas might
decrease the palatability of the plants to target insects such asH. armigeraand
susceptibility to fungal pathogens, but further experiments are needed to evaluate
the activity of the isoflavonoids against other pests ofCicer.

This is the first study to have evaluated the role of these isoflavonoids in the
resistance of chickpeas toH. armigera. We suggest that isoflavonoids inCicer
could play an important part in the ecology ofCicer–herbivore interactions and
that the isoflavonoids accumulated in wild relatives of chickpea, if expressed in
chickpeas, could decrease susceptibility to target pests and pathogens.
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Abstract—Brown treesnakes (Boiga irregularis) responded with more tongue
flicks to blood (from rabbits, rats, and mice) than to water. When rat blood
was centrifuged at 3500 rpm for 5 min, separating serum from cellular residue,
snakes responded strongly to serum but not to cellular residue.
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INTRODUCTION

Problems on Guam subsequent to the introduction of the brown treesnake
(Boiga irregularis) near the end of World War II have been described by several au-
thors (e.g., Engbring and Fritts, 1988; Fritts, 1988; Savidge, 1987). Consequently,
great attention has been given toB. irregularisin an attempt to measure and reduce
its populations on Guam and to prevent the spread of this snake to other Pacific
islands (Fritts, 1987; Fritts and Scott, 1985; Rodda and Fritts, 1992). Part of this
effort required study of the diet and predatory behavior ofB. irregularis (Greene,
1989; Fritts and McCoid, 1991; Rodda, 1992; Savidge, 1988) and the develop-
ment of baits to lure snakes to traps (Chiszar et al., 1988, 1999; Fritts et al., 1989;
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Rodda et al., 1992, 1999). In this context it, was discovered thatB. irregularis
responded strongly to mammalian blood in laboratory tests (Chiszar et al., 1992,
1993). Whole blood was used in those tests. Here we report experiments that
separate the effects of serum and cellular residue.

Because serum contains blood proteins, especially albumin and globulins,
and because these materials are biologically active in attracting predators and
scavengers and as allergens (e.g., Chen, 1967; Goodman, 1958; Gurin and Carr,
1971), we expected serum to be responsible for the effects of whole blood seen in
our earlier studies.

METHODS AND MATERIALS

Preliminary Experiment. By using the methods of Burghardt (1970), 10
B. irregularis from Guam were presented on alternate days with cotton-tipped
applicators soaked in tap water, rabbit serum, or cellular residue (in random order;
one trial with each chemical), and we counted the number of tongue flicks (TF)
during the 60 sec immediately after the presentations. The mean TFs for water,
serum, and residue presentations were 15.2, 31.4 and 15.8, respectively (pooled SE
= 7.5). The mean for serum presentations was significantly higher than the means
for either of the other presentations by pairedt tests (t = 2.97, 2.55, respectively,
df= 9, P< 0.05). These results encouraged us to conduct additional studies.

Experiment 1.Although cotton-tipped applicators are quite effective in labo-
ratory tests, especially with small snakes and lizards (see Burghardt, 1970; Cooper,
1994; Halpern, 1992; for reviews), we wanted a technique that could also be used to
present chemical cues in traps on Guam. Tampons can absorb considerable quanti-
ties of liquid (6–15 g) and can easily be incorporated into traps. Since specimens of
B. irregularisattacked and ingested tampons soaked with human menstrual blood
(Chiszar et al., 1993), tampons were used as vehicles in experiment 1. Our first
step, then, was to demonstrate that rodent blood in tampons was a salient stimulus
for B. irregularis.

Tampax tampons, super absorbency size, were used to present chemical cues.
Two tampons were presented simultaneously to snakes, each wrapped in hardware
mesh bags to prevent ingestion, but to permit chemical diffusion and inspection
by snakes. One tampon contained 1.0 cc of tap water, the other contained 1.0 cc of
whole blood from either mice (Mus musculus) or rats (Rattus norvegicus). Blood
was collected through cardiocentesis by Albert Petkus, DVM and chairperson
of the University of Colorado Animal Care Committee, and was stored at 6◦C
until used (within 48 hr). The mesh bags containing tampons were fastened to a
plywood base (23× 19 cm), and this apparatus was gently placed into a snake’s
cage for 5 min, during which we recorded TFs directed at each bag. This method
of presenting objects to snakes has been used successfully in previous studies
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(e.g., Duvall et al., 1980). FiveB. irregularis were observed with water and rat
blood and five additional snakes were observed with water and mouse blood.
All snakes were adult, long-term captives, maintained at 26◦C on a 12L:12D
photoperiod with the photophase centered at noon. Snakes had been deprived of
food (mice and rats) for one week prior to all tests. Water and blood were warmed
to 37◦C prior to being absorbed into tampons. Following each trial, tampons were
discarded and the mesh baskets were washed, rinsed thoroughly, and dried.

Experiment 2.Having shown that tampons can be used as vehicles for whole
rodent blood, our next step was to partition blood into serum and cellular residue,
presenting each of these substances toB. irregularisas in experiment 1.

Tampons were prepared with either 1.0 cc of water, 1.0 cc of rat serum,
or 1.0 cc of rat cellular residue. Only the cellular residue produced red colored
tampons. FiveB. irregularis received tampons containing cellular residue and
water, and five additional snakes received tampons containing serum and water.
The tampons were placed in the same wire mesh baskets as in experiment 1, and
trials were again 5 min long. Tongue flicks directed at each of the two tampons
were recorded with hand-held counters. Rat blood was collected by cardiocentesis
as in experiment 1 and was centrifuged at 3500 rpm for 5 min. Supernatant and
residue were separated and the cuvettes were stored at 6◦C until used (within 48 hr).
As in experiment 1, materials were warmed to 37◦C prior to being absorbed into
tampons. Tampons were used only once, and the mesh baskets were washed, rinsed,
and dried prior to the next trial.

RESULTS

Experiment 1.Table 1 presents mean TFs during the 5-min tests, where it can
be seen that significantly more TFs were directed at blood-soaked tampons than
at water-soaked ones. Relative effectiveness of mouse and rat blood was assessed
by a 2× 2 mixed analysis of variance (ANOVA) in which donor species was a
between-subjects factor since different snakes responded to mouse and to rat blood,

TABLE 1. TONGUEFLICKS BY BROWN TREESNAKES TOTAMPONSCONTAINING WATER

AND WHOLE RODENT BLOODa

Tongue flicks/5 min
(mean± SEM)

Source of blood Snakes observed (N) Water Whole blood Pairedt tests (df= 4)

Mice 5 93.6± 28.5 280.2± 53.3 2.85a

Rats 5 48.0± 4.5 169.2± 32.7 4.21a

aP< 0.05.
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TABLE 2. TONGUEFLICKS BY FIVE BROWN TREESNAKES TOTAMPONSCONTAINING

WATER AND CELLULAR RESIDUE FROMRAT BLOOD ORTAMPONSCONTAINING WATER

AND RAT SERUM

Tongue flicks/5 min
(mean± SEM)

Content of experimental tampon Control (water) Experimental Pairedt tests (df= 4)

Cellular residue 49.8± 20.3 31.0± 9.1 0.67
Serum 26.8± 10.6 63.8± 10.5 2.89a

t tests for independent groups (df= 8) 0.98 3.01a

aP< 0.05.

and experimental (blood) versus control (water) trials were treated as a repeated
measures factor as each snake responded to both conditions. Number of TFs aimed
at each tampon during the 5-min tests was the dependent variable. This analysis
revealed a strong effect of experimental versus control trials (F = 41.76,df= 1,
8, P < 0.01), but neither the main effect of donor species nor the interaction of
donor species× experimental versus control trials was reliable (Fs= 1.99, 1.87,
respectively,df= 1, 8,P> 0.05). Hence, the snakes responded strongly to blood,
and the source of the blood exerted no significant effect.

Experiment 2.Table 2 presents a summary of the data, and it is clear that the
snakes’ response to cellular residue did not differ from their response to water, but
the snakes responded significantly more strongly to serum than to water. These
assertions are confirmed by thet tests for paired comparisons reported in the
right column of Table 2. We also compared responses to the two control tam-
pons and to the two experimental tampoons (seet tests for independent groups
reported in the last row of Table 2). Mean number of TFs aimed at the two control
tampons did not differ significantly; but, the mean number of TFs aimed at the tam-
pon containing serum exceeded the value aimed at the tampon contaning cellular
reside.

Hence, based on the paired comparisons as well as the independent ones, we
conclude that response to serum was stronger than response to cellular residue.

DISCUSSION

Most previous tests ofB. irregularis response to blood have used cotton-
tipped applicators to present whole blood. Now we show that another methodology
produces convergent results, revealing that positive responses seen earlier were not
restricted to the protocol used in those experiments. Further, we demonstrated that
serum, rather than cellular residue, contained the components responsible for the
snakes’ response to blood.
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Similar results were obtained by Gurin and Carr (1971) with the marine
snail,Nassarius obsoletus, a deposit feeder and a facultative carrion feeder. Snails
extended their proboscises to a variety of substances arising from dead animals
(Copeland, 1918; Carr, 1967). Subsequent research showed that human plasma
elicited a strong response, and the active components had molecular weights of
1000 or greater. Lipoproteins and fibrinogen had relatively little stimulative capac-
ity (DeLalla and Gofman, 1954), whereas serum albumin had strong effects on the
snails, accounting for up to 70% of the total activity of plasma (Gurin and Carr,
1971). Accordingly, we intend to try similar experiments withB. irregularis in
our attempt to identify attractants that can increase the success of trapping efforts
on Guam (see Burghardt et al., 1988; Halpern et al., 1984; Liu et al., 1999; for
cognate experiments on garter snakes).
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HOST FINDING AND OVIPOSITION BEHAVIOR
IN A CHRYSOMELID SPECIALIST—THE IMPORTANCE
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Abstract—Although several studies have elucidated the role of plant epicutic-
ular waxes in host recognition and oviposition by herbivorous insects, there is
little known about this subject in Chrysomelidae. In the present study, chem-
ical cues for host recognition behavior and oviposition by the monophagous
chrysomelid speciesCassida stigmaticawere investigated with special regard
to surface waxes of the host plant,Tanacetum vulgare(Asteraceae). After hiber-
nation in the soil, adults of this species must climb the plant’s petioles, which
emerge from the ground in spring. The response of adultC. stigmaticato con-
tact and volatile cues from petioles and leaves ofT. vulgarewas investigated
in a “stem arena,” in which differently treated petioles and petiole dummies
were offered. Volatile and contact cues ofT. vulgarepetioles served as well for
host recognition. The contact cues were isolated from the petioles and leaves
by hexane extraction and by cellulose acetate treatment, which removed cutic-
ular waxes. The attractive volatiles were not extracted sufficiently by hexane.
To examine the role of cuticular waxes of the host leaf surface in oviposition,
femaleC. stigmaticawere offered intact leaflets and leaflets from which cutic-
ular waxes had been stripped by cellulose acetate treatment. Females did not
discriminate between intact and stripped leaflets when only the upper leaf sur-
faces were offered. However, when the lower leaf surfaces that are generally
used as oviposition sites were offered,C. stigmaticapreferred to lay eggs on
intact leaflets. We conclude that waxes of the lower leaf surface contain crucial
information for oviposition inC. stigmatica.

Key Words—Cassida stigmatica, Chrysomelidae,Tanacetum vulgare, Aster-
aceae, surface waxes, oviposition, host finding.
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INTRODUCTION

Herbivorous insects are attracted to their host plants by visual and volatile cues.
Upon contact with the host plant, surface morphology and chemistry offer nu-
merous additional stimuli for host recognition and acceptance by the insect. The
influence of plant epicuticular waxes on insect host plant acceptance has become
an area of increasing interest (Bernays et al., 1976, 1985; St¨adler and Roessingh,
1990; Eigenbrode and Espelie, 1995; Spencer, 1996; Eigenbrode et al., 1998,
1999). Plant waxes can affect arthropod herbivores (and also their natural ene-
mies) in different ways. The morphology of the cuticle influences the ability of
the insect to attach to the host plant via its tarsi (Stork, 1980; Schoonhoven et al.,
1998). Extracts of surface waxes, mainly composed ofn-alkanes, alkyl esters, free
fatty alcohols, and free fatty acids (Eigenbrode and Espelie, 1995), can evoke ar-
resting behavior (Klingauf, 1971; Varela and Bernays, 1988) and stimulate feeding
(Bernays et al., 1976; Eigenbrode and Pillai, 1998; Lin et al., 1998) and oviposition
of insects (St¨adler, 1986; Renwick et al., 1992). Morphological and chemical char-
acteristics differ with respect to the upper and lower leaf surfaces (Premachandra
et al., 1993; Eigenbrode and Espelie, 1995; Eigenbrode et al., 1998, 1999). The
effects of these differences on host plant acceptance by insects have yet to be
investigated.

The removal of cuticular waxes from plants has traditionally been carried
out by dipping the plant material in various solvents for a few seconds (Bohm
and Constant, 1990; Renwick et al., 1992; Brooks et al., 1996). This procedure
chemically alters the plant material. Oxidative enzymatic reactions in the leaf
tissue cause the treated leaves to turn brown and wilt (Whitaker and Lee, 1995).
To remove the surface waxes without further damage of the plant tissue, Baker
et al. (1983) developed the cellulose acetate stripping method, which removes the
epicuticular waxes, but keeps the remaining plant tissue intact.

The role of plant surface waxes in host finding and oviposition of herbivorous
insects has been investigated mainly in species of the taxa Orthoptera, Lepidoptera,
Diptera, and Aphidinae. To our knowledge, only two studies examined the effect
of plant surface waxes on feeding behavior of Chrysomelidae (Adati and Matsuda,
1993; Lin et al., 1998). Possible impacts of plant waxes on chrysomelid oviposition
behavior have not yet been considered.

The monophagous chrysomelid speciesCassida stigmaticaSuffr. is special-
ized on tansy (Tanacetum vulgareL., Asteraceae) (Koch, 1992; M¨uller, 1999).
Adults ofC. stigmaticamust find and recognize their host plant when they emerge
in spring from the soil after hibernation. Their host plant,T. vulgare, is usually
in the initial stages of development at this time. The young leaves with petioles
and 10–20 leaflets have emerged from the ground, but the plant stem is not yet
developed. The adults climb the petioles of the young leaves searching for feeding
and oviposition sites.
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This study focuses on the olfactory and contact surface cues, in particular
plant surface waxes, that influence the host plant recognition process of adult
C. stigmatica. The beetle’s choice of petiole to climb and leaflet on which to
oviposit was investigated by laboratory bioassays.

METHODS AND MATERIALS

Insects. Adults of C. stigmaticawere collected at ruderal sites in Berlin,
Germany, in May 1998, and placed in plastic containers (20× 20× 6 cm) with
a gauze lid (120µm mesh). The bottom of each container was covered with filter
paper and the adults were fed on leaves ofT. vulgare. Insects were reared at 20◦C,
75% relative humidity, and 16L : 8D.

Extract of T. vulgare. To isolate components of low polarity from petioles
and leaves ofT. vulgare, material was harvested from young plants and lyophilized
(Christ, alpha 2–4) for 24 hr. Two grams of dry leaf material was extracted with
hexane in a Soxhlet apparatus (100 ml) for 8 hr. The extract was concentrated to
8 ml, using a rotary evaporator.

Removal of Plant Cuticular Waxes. To obtain plant material ofT. vulgarewith-
out surface waxes, the cuticular waxes were removed from the surface of leaflets
and petioles using the cellulose acetate stripping method (Baker et al., 1983).
Cellulose acetate was dissolved in acetone (5–10% w/v) by ultrasonic treatment
for 2 hr. leaflets or petioles of young leaves were dipped for 1 sec in the solution.
After evaporation of the acetone, the white film that appeared on the surface of the
sample material was carefully removed with forceps.

General Procedure of Host Plant Recognition Bioassays. In order to examine
the role of petiole stimuli in the host finding of adultC. stigmatica, the “stem
arena” described by M¨uller and Hilker (2000) was employed in a modified form.
Petioles (2.5 cm) of freshly sprouted, field-collectedT. vulgareand differently
treated, wooden petiole dummies (toothpicks) were offered vertically to adult
C. stigmaticain an open Petri dish (5.5 cm dia.× 1 cm high). Four test and four
control petioles were placed in alternating sequence and equidistant near the outer
edge of the dish. The bottom of the Petri dish was filled with soil and covered by
filter paper to fix the petioles and dummies in place. Bioassays were conducted at
25◦C under a central spotlight (55 cm above the arena, 1200 lux) in a dark room.

Adult females were starved for a period of 3 hr prior to testing. An indi-
vidual was placed in the center of the arena. After 2 min of acclimatization, the
time spent by the beetle walking (climbing) on test and control petioles during
a 10-min period was recorded using the software Noldus Observer program 3.0
(Wageningen, Netherlands) (Noldus et al., 1991). Each bioassay was replicated
20 times. Solvents used were allowed to evaporate for 2 min prior to each bioassay.
All petioles and treated petiole dummies were renewed for every trial. Females
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that were inactive for more than 50% of the observation time were excluded from
the analysis. Durations of walking (climbing) on test and control petioles were
statistically compared by the Wilcoxon signed-rank test for paired differences.

Host Plant Recognition Bioassay of Volatile Cues. To study the females’
response to volatiles, test and control petioles were offered wrapped with perforated
filter paper tubes (dia. 0.5 cm) to prevent direct contact. The perforation of the
filter paper was done with a needle (20 holes/cm2; hole diameter: 0.5 mm). The
following samples were offered to a female: (a) petioles ofT. vulgare(test) and
untreated petiole dummies (control), (b) test petiole dummies with 15µl hexane
extract ofT. vulgare(see above) (15µl is equivalent to 40 mg fresh plant material,
the average weight of a 2.5-cm-long petiole) and control petiole dummies with
15µl hexane.

Host Plant Recognition Bioassay of Contact Cues. To test the females’
response to a combination of volatile and contact cues, the following samples
were offered allowing direct contact (without filter paper tubes): (a) petioles of
T. vulgare(test) and untreated petiole dummies (control), (b) petiole dummies
with 15 µl hexane extract ofT. vulgare(test) and petiole dummies with 15µl
hexane (control), (c) petioles ofT. vulgarewith intact wax cover (untreated) and
petioles ofT. vulgareafter cellulose acetate treatment.

Oviposition Bioassays of Plant Cuticular Waxes.To test the influence of leaf
surface characteristics for oviposition, a gravid femaleC. stigmaticawas offered
two young field-collected adjacent leaflets ofT. vulgarein a Petri dish (5.5 cm
dia.× 1 cm high). The dish was lined with moistened filter paper (200µ water)
to keep the leaflets turgid. One of the leaflets was offered untreated (with intact wax
layer), while the other was treated with cellulose acetate. Both leaflets were offered
either with their upper surface up or with their lower surface up. Prior to testing,
females were kept without plants for 2 hr. After 9 hr, the number of eggs was
counted on both leaflets and statistically compared by the Wilcoxon signed-rank
test for paired samples.

RESULTS

Host Plant Recognition Bioassay of Volatile Cues. Volatiles from young
petioles serve females ofC. stigmaticaas cues to recognize the host plant. The
beetles significantly preferred wrappedT. vulgarepetioles with no access to petiole
contact cues over wrapped petiole dummies. The duration of walking was longer
on the wrapped petioles than on petiole dummies (Figure 1, treatment A). Dum-
mies treated with a hexane extract ofT. vulgarepetioles and leaflets and then
wrapped with perforated filter paper were not attractive to the females (Figure 1,
treatment B). The duration of walking on test and control petioles did not differ
significantly. Thus, the attractive volatiles of petioles could not be isolated by our
hexane extraction of host leaves with petioles and leaflets included.
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FIG. 1. Effect of volatile stimuli of the host plantTanacetum vulgareon females ofCassida
stigmatica(seconds, Duration of walking mean±SD) on differently treated petioles during
an observation period of 10 min is given. Test and control petioles were wrapped with
filter paper to prevent contact. Mean duration of walking: (A) on petioles ofT. vulgare
(black bars) and petiole dummies (white bars); (B) on dummies treated with a hexane
extract ofT. vulgare(black bars) and dummies with the solvent only (white bars);N= 20
replicates per bioassay.∗∗0.01> P> 0.001); n.s.= not significant; Wilcoxon signed-rank
test for paired differences, two-sided.

Host Plant Recognition Bioassay of Contact Cues. When both unwrapped
petioles that provided access to contact cues and petiole dummies were offered,
the females preferred the host petioles (Figure 2, treatment A). The contact cues
enhancing the walking activity could be isolated by hexane extraction of young
leaves (petioles plus leaflets) ofT. vulgare. On petiole dummies treated with this
hexane extract the females walked significantly longer than on control dummies
when contact was allowed (Figure 2, treatment B). Furthermore, the adults were
observed to walk for a longer time on leaf petioles with an intact wax layer com-
pared to petioles from which waxes had been removed (Figure 2, treatment C).

Oviposition Bioassays of Plant Cuticular Waxes. When the upper surface of
the leaves was offered for oviposition, females ofC. stigmaticadid not discriminate
between leaflets with an intact wax layer and leaflets treated with cellulose acetate.
However, when the lower surface of leaves was offered with and without the wax
layer, 2.5 times more eggs were laid on the leaves from which no waxes had been
removed (Table 1).

DISCUSSION

Host plant recognition inC. stigmaticawas shown in this study to be gui-
ded by both volatile and hexane-soluble, most probably waxy, contact cues of
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TABLE 1. IMPORTANCE OFUPPER(ADAXIAL ) AND LOWER(ABAXIAL ) LEAF SURFACE

WAXES OFTanacetum vulgareFOROVIPOSITION OFCasssida stigmaticaa

Leaf side Leaves with Leaves after
offered intact wax layer wax removal P

Upper 2.50± 2.21 1.95± 2.04 NS
Lower 3.40± 1.73 1.40± 1.43 **

aRemoval of waxes from treated leaves by the cellulose acetate stripping method (Baker et al., 1983).
Numbers of eggs (mean± SD) laid on treated and untreated leaves in dual choice bioassays after
9 hr are given;N= 20 replicates.∗∗0.01> P> 0.001; NS= not significant; Wilcoxon signed-rank
test for paired differences, two-sided.

T. vulgarepetioles and leaflets (Figure 1, treatment A; Figure 2). Attraction by
host volatiles has been shown in several other chrysomelid species (Feeny et al.,
1970; Anderson and Metcalf, 1986; Visser, 1986; Mitchell, 1994; M¨uller and
Hilker, 2000). The attractive host volatiles for chrysomelids identified so far are
known to be both common plant volatiles such as the so-called general green leaf
volatiles (e.g., Visser, 1986) and very host-plant-specific chemicals such as allyl
isothiocyanate in Brassicaceae (e.g. Vincent and Stewart, 1984).C. stigmatica
might respond to both the pattern of green leaf volatiles ofT. vulgareand typical

FIG. 2. Effect of volatile and contact stimuli of the host plantTanacetum vulgareon females
of Cassida stigmatica(seconds, Duration of walking mean± SD) on differently treated
petioles during an observation period of 10 min is given. Test and control petioles were
offered for direct contact in the petiole arena. Mean duration of walking: (A) on petioles of
T. vulgare(black bars) and petiole dummies (white bars); (B) on dummies treated with a
hexane extract ofT. vulgare(black bars) and dummies with the solvent only (white bars),
and (C) on petioles ofT. vulgarewith an intact wax layer (black bars) and petioles of
T. vulgarewhose waxes had been removed (white bars);N = 20 replicates per bioassay.
∗∗0.01> P > 0.001;∗0.05> P >0.01; Wilcoxon signed-rank test for paired differences,
two-sided.
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volatiles ofT. vulgaresuch as monoterpenes (e.g., thujone) and their derivatives
(Teuscher and Lindequist, 1994). The hexane extraction used in this study did not
sufficiently isolate the volatiles attractive toC. stigmatica. The concentration of
possibly attractive compounds might have been too low or compounds might have
been lost due to fast evaporation. Other extraction methods and behavioral studies
of adultC. stigmaticaare needed to identify the plant volatiles that serve as host
recognition cues for this chrysomelid species.

Considering the role of contact cues for host recognition inC. stigmatica,
two bioassay results strongly indicate that cuticular waxes of the petioles are
important. These cues could be isolated from the petioles by the cellulose acetate
stripping method, and the active compounds are soluble in hexane. However, with
the methods we used we can not rule out the possibility that minute amounts of
nonwaxy compounds were removed in addition to the plant waxes to elicit the
beetle’s response.

Two explanations are possible for these oviposition results:

1. The wax load is larger on upper leaf surfaces in several plant species
(Premachandra et al., 1993). The cellulose acetate treatment removes only
loose wax crystals and the outermost amorphous layer of waxes, as
scanning electron microscopic investigations ofT. vulgare leaves have
shown (Müller, 1999). Therefore, while the waxes were most probably
completely removed from the lower surfaces after cellulose treatment,
some may have remained on the upper surface. These remaining waxes
may have been sufficient to stimulate oviposition.

2. The upper surface offers suboptimal oviposition conditions resulting in
faliure of C. stigmaticato differentiate between a suboptimal leaf sur-
face with or without waxes. Numerous insects, including leaf beetles, are
known to prefer the lower leaf surface for egg deposition (Kosior, 1975;
C. Müller, personal observations). Ovipositions on upper leaf surfaces
expose eggs to sunlight and, thus, unfavorable microclimatic conditions
(Willmer, 1986). Furthermore, eggs are exposed to visually oriented egg
predators and parasitoids. In the field, the upper leaf surface may be rec-
ognized by orientation of the leaf in space. However, in our bioassay, the
leaves were placed horizontally onto a filter paper so thatC. stigmatica
could only encounter either of the offered leaf surfaces.

Females ofC. stigmaticamay have recognized the upper leaf surface by its
texture and/or its wax composition. The upper leaf surface ofT. vulgarehas a
different texture from the lower one. Size and frequency of glands and trichomes
on upper and lower leaf surface differ inT. vulgare, as in several other Asteraceae
(Gershenzon and Croteau, 1991; M¨uller, 1999). The trichomes were not removed
by the cellulose acetate treatment. The wax composition of the upper leaf surface of
T. vulgaremay differ from that of the lower surface. Several other studies showed
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that the chemical composition of the plant epicuticular waxes are different on the
ab- and adaxial leaf surfaces (Jeffree, 1986; Premachandra et al. 1993; Yang et al.,
1993; Eigenbrode et al. 1998, 1999).

Chemical stimuli present in wax have been shown to elicit oviposition in
several other insect species. Surface extracts of cabbage plants contain ovipo-
sition stimulants forPieris rapaeL. (Lepidoptera: Pieridae) (Renwick et al.,
1992) andDelia floralis (F.) (Diptera: Anthomyiidae) (Hopkins et al., 1997). In
Delia radicum(L.), chemoreceptors on the tarsi are sensitive to the cabbage sur-
face extracts (St¨adler and Roessingh, 1990). In the legume podborerMaruca
testulalis(Geyer), contact chemoreceptors of the ovipositor respond to leaf washes
(Waladde and Ochieng, 1990). 1-Octacosanal and 6-methoxy-2-benzoxazolinone
(MBOA) elicit oviposition in the Hessian fly,Mayetiola destructor(Say)
(Diptera: Cecidomyiidae) (Morris et al., 2000).
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STÄDLER, E., and ROESSINGH, P. 1990. Perception of surface chemicals by feeding oviposition
insects.Symp. Biol. Hung. 39:71–86.

STORK, N. E. 1980. Role of waxblooms in preventing attachment to brassicas by the mustard beetle,
Phaedon cochleariae. Entomol. Exp. Appl. 28:100–107.

TEUSCHER, E., and LINDEQUIST, U. 1994. Biogene Gifte. Gustav Fischer, Stuttgart.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP127-299593 April 12, 2001 21:51 Style file version Nov. 19th, 1999
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Abstract—Leaf and bark volatiles from nonhost angiosperm trees were tested on
Ips duplicatus by gas chromatographic–electroantennographic detection
(GC-EAD) and by pheromone-baited traps in Sweden and Inner Mongolia,
China, respectively. GC-EAD analysis of the headspace volatiles from fresh bark
chips ofBetula pubescensrevealedtrans-conophthorin, two green leaf volatiles
(GLVs): 1-hexanol and (Z)-3-hexen-1-ol, and two C8 alcohols: 3-octanol and
1-octen-3-ol, that consistently elicited antennal responses byI. duplicatus. The
identification of these EAD-active compounds was confirmed in further GC-
EAD recordings with synthetic mixtures. Antennal responses were also found
to synthetic (E)-2-hexen-1-ol and linalool, which have been identifed from the
leaves of nonhost birch and aspen species. No antennal responses ofI. duplicatus
were found to hexanal, (E)-2-hexenal, and (Z)-3-hexyl acetates. In field trapping
experiments, blends of EAD-active green leaf alcohols or C8 alcohols, ortrans-
conophthorin alone resulted in significant reductions (27–60%) in the number of
I. duplicatuscaptured compared with pheromone-baited traps. The unsuitable
host compound, verbenone (Vn), also significantly reduced trap catches by up
to 60% in both experiments. The strongest disruptive effect resulted from the
addition of the combination of green leaf alcohols, C8 alcohols, and verbenone
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to the pheromone trap, which caused an 84% reduction in trap catch. The blend
of two green leaf aldehydes plus the acetate increased the trap catches in 1998
and had no negative or positive effects in 1999. Our results suggest that these
nonhost volatiles (NHVs) are important olfactory signals used byI. duplicatusin
host selection. They may have great significance in developing semiochemical-
based management programs forI. duplicatusby reducing or stopping attacks
on suitable hosts.

Key Words—Coleoptera, Scolytidae, host selection, nonhost volatiles, green
leaf volatiles, 1-hexanol, 3-octanol, 1-octen-3-ol,trans-conophthorin, verbenone.

INTRODUCTION

The double-spined spruce bark engraver of Eurasia,Ips duplicatus(Sahlb.),
occurs in the Paleartic from central Scandinavia, across eastern Europe to Siberia
and NE China, and in the mountains of central Europe (Postner, 1974; Lekander
et al., 1977; Pfeffer, 1995; Zhang, 2001). In Europe,I. duplicatususually occurs on
spruce trees that are under attack byIps typographusL., where it occupies the top
position of the tree trunk (Schlyter and Anderbrant, 1993). It has so far not been
considered as a major forest pest (Postner, 1974), but recent outbreaks in Czech
Republic (Knizek and Zahradnik, 1996) and continuous outbreaks since the 1950s
in Inner Mongolia, China (Zhang et al., 1995; Liu et al., 1998), as well as its status
as a vector of phytopathogenic fungi (Krokene and Solheim, 1996), might alter
its economic status. Therefore, the development of efficient and environmentally
sound control measures, such as mass trapping with aggregation pheromones or
disruption by nonhost volatiles, is needed to control outbreaks of this species.

Suitable hosts of bark beetles are highly scattered throughout mixed species
forests and are distributed unevenly in space and time (Atkins, 1966). Therefore,
bark beetles commonly utilize specialized and complex semiochemical signals
to locate suitable breeding trees (Borden, 1997; Schlyter and Birgersson, 1999).
While seeking suitable hosts in flight, bark beetles will less often encounter suitable
host trees and their odors, but mostly unsuitable hosts and nonhost trees (Schroeder,
1992; Borden, 1997). Rejection of the latter two types of trees could be based on
an imbalance of certain host characteristics and/or a negative response to some
nonhost stimuli (Schlyter and Birgersson, 1999).

Recent field studies have shown that the attraction of pheromone/kairomone
in over 15 species of conifer-infesting scolytids are disrupted by green leaf vola-
tiles (GLVs: mostly six carbon alcohols, aldehydes, and derivative esters), lately
confirmed in Sweden and North America to be produced by the leaves of nonhost
taiga angiosperms (Visser, 1986; Whitman and Eller, 1990; Dickens et al., 1991,
1992; Schlyter et al., 1995; Wilson et al., 1996; Borden et al., 1997;
Deglow and Borden, 1998a,b; Poland et al., 1998; Byers et al., 1998, 2000; Zhang
et al., 1999a,b; de Groot and MacDonald, 1999). Furthermore, the attraction of
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I. duplicatusfemales to its synthetic pheromone in a walking bioassay was strongly
inhibited by a combination of verbenone and a mixture of six GLVs (Schlyter
et al., 1995).

There is also evidence that volatiles from nonhost bark might play an impor-
tant role in the host selection of conifer bark beetles (Borden et al., 1998; Byers
et al., 1998; Zhang et al., 2000). Guerrero et al. (1997) showed that benzyl alco-
hol identified in eucalyptus callus elicited electrophysiological responses from the
antennae ofTomicus destruens(Woll.) and might at high doses (700 mg/day) re-
duce attacks on host logs. Gas chromatographic–electroantennographic detection
(GC-EAD) analysis of the headspace volatiles from fresh bark chips of three non-
host species (B. pendulaRoth.,B. pubescensEhrh. andP. tremulaL.) revealed five
compounds that consistently elicited antennal responses byI. typographus(Zhang
et al., 2000). Inhibitory effects of these electrophysiologically active nonhost bark
volatiles (in combination or alone), including (±)-trans-conophthorin (tC) and
C8 alcohols, onI. typographushave been shown in the field (Zhang and Schlyter,
in preparation). In Canada, Borden et al. (1998) and Huber et al. (1999, 2000) found
over 10 bark volatile compounds from nonhost angiosperm trees,Populusspp.,
B. papyriferaMarsh, andAcer macrophyllumPursh, that elicited antennal re-
sponses in five conifer-attacking scolytid species, including threeDendroctonus,
one Ips, and aDryocoetesspecies. A disruptive effect of these nonhost bark
volatiles on the response to a pheromone-kairomone blend byDendroctonusspp.
also has been found (Borden et al., 1998; Huber et al., 1999). In addition, sin-
gle cell responses to unknown compounds from nonhost birch bark have been
demonstrated in ScandinavianTrypodendron lineatum(Oliver) andI. typographus
(Tømmerås, 1989; Tømmer˚as and Mustaparta, 1989).

Our objectives were: (1) to determine whether the nonhost leaf and bark
volatiles are detected byI. duplicatusantennae, and (2) to test the EAD-active
nonhost volatiles (NHVs), alone or combined, for their capability to reduce cap-
tures ofI. duplicatusin pheromone-baited traps in the field.

METHODS AND MATERIALS

GC-EAD Responses to Nonhost Volatiles

Volatiles from fresh bark chips of nonhost birch,B. pubescens(one of the
most common nonhost species ofI. duplicatusandI. typographusin Europe) were
collected by headspace sampling in June 1998, Asa, Sm˚aland, southern Sweden,
and analyzed by GC-MSD as described by Zhang et al. (2000). The aeration
extracts were stored at−20◦C before GC-EAD analysis.

OverwinteringI. duplicatuswere collected from the litter around infested
spruce trees, in late October at Baiyinaobao, Inner Mongolia, China. They were
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immediately sent to Alnarp, Sweden and kept alive at 4◦C until used in the
electrophysiological experiments.

GC-EAD analysis was carried out with antennae (with the severed head)
of both sexes of the overwintering beetles on an HP 6890 gas chromatograph
containing a fused silica polar column (HP-Innowax; 30 m× 0.25 mm; 0.25µm)
as described by Zhang et al. (1999b, 2000). The antennal signals were stored and
analyzed on a PC equipped with an IDAC-card and the program EAD ver. 2.3 from
Syntech, Hilversum, The Netherlands. Two microliters of an aeration extract of
freshB. pubescensbark chips was injected. In addition, the EAD activity to two
synthetic mixtures (1µl/injection) was studied to confirm compound identity and
obtain replicates of electrophysiological activity. The synthetic mixtures consisted
of: (1) GLVs (100 ng/µl for each compound) commonly found from intact leaves of
the nonhost birches and aspen (Zhang et al., 1999a) (Figure 1B); (2) nonhost bark
compounds (Zhang et al., 2000) and two aggregation pheromone components,
(±)-ipsdienol (Id) and (E)-myrcenol (EM) (Byers et al., 1990; Schlyter et al.,
1992), plus the general inhibitor, verbenone (Vn) (Schlyter et al., 1989) (100 ng/µl
for each compound) (Table 1, Figure 2). Each sample (both bark aerations and
synthetic mixtures) was tested on four male and two female antennae. In addition,
the second synthetic mixture was also analyzed with GC-EAD on a nonpolar
column (HP-1; 30 m× 0.25 mm; 0.25µm, through the cooled on-column injector)
on both sexes (two males, one female). Hydrogen was used as the carrier gas. The
column temperature was 40◦C for the first 2 min, rising to 200◦C at 10◦C/min, and
held for 2 min. Only those compounds that elicited electrophysiological responses
(obviously different from background noise) by at least three antennal preparations
were considered as antennally active.

Field Response to Nonhost Volatiles

All the field trapping experiments were carried out in an∼2000 ha natural
reserve of spruce [Picea mongolica(Wu, H.-Q.) Xu, formallyP. koraiensisNakai or
P. meyeriRehd. orP. meyerivar.mongolicaWu, as discussed by Xu et al. (1998)]
at Baiyinaobao (43◦30′–36′N, 117◦06′–16′E), Inner Mongolia, China, which is
situated in the grassland at the east edge of Hunshandake desert, with a thick layer
of sandy soil. Since the 1950s this isolated natural spruce forest has been sever-
ely infested by the web-spinning sawflies [Cephalcia abietis(L.), C. alashanica
(Gussakorskij) andAcantholyda peiyingaopaoaHsiao] andI. duplicatus(Zhang
et al., 1995; Liu et al., 1998). The larger bark beetle competitor,I. typographus
has not been recorded here.

Experiment 1 (Green Leaf Volatiles, GLVs).This was conducted in early
June 1998 in an old clear-cut at the margin of the surrounding stand of dead
trees killed byI. duplicatusthe previous year. Eight black nonsticky, flight barrier
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FIG. 1. Flame ionization detector (FID) and electroantennographic detector (EAD) re-
sponses ofIps duplicatusantennae to nonhost volatiles: (A) headspace volatiles from
fresh bark chips ofBetula pubescens, (B) a synthetic mixture of eight GLVs and linalool
(50 ng/compound), commonly found from leaves of nonhost birch and aspen species.

(slot) traps (Theyson, Germany) were arranged in a curve in order to ensure a
similar distance (∼20–25 m) to the insect source (the dead trees) for each trap.
The distance between traps was∼8 m. The GLVs were chosen and grouped based
on their emission from leaves of European birches (B. pendulaandB. pubescens)
and aspen (P. tremula) (Zhang et al., 1999a), and their electrophysiological activity
on I. duplicatus.

Experiment 2 (Nonhost Bark Volatiles).Ten flight barrier traps were set up in
mid June 1999 in a small glade at the margin of the surrounding stand of dead trees
killed by I. duplicatusthe previous year. The traps were set up in a similar fashion
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FIG. 2. Flame ionization detector (FID) and electroantennographic detector (EAD) re-
sponses ofIps duplicatusantennae to a synthetic mixture of 10 compounds containing
nonhost bark volatiles, two pheromone components, and an unsuitable host compound,
verbenone (50 ng/compound): (A) on polar GC-column (HP-Innowax), (B) on nonpolar
GC-column (HP-1).

to experiment 1 with∼8 m between traps. Nonhost bark volatiles were selected
according to their presence in the headspace of fresh bark chips ofB. pendulaand
B. pubescensandP. tremula(Zhang et al., 2000), and their antennal activity on
I. duplicatus. A blend of nonhost leaf volatiles (2Ald-Ac) tested in 1998 was also
repeated in this experiment.
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All chemicals, sources, release devices, and release rates are listed in
Table 1. In both field experiments, three control treatments were used to assess the
effectiveness of candidate NHVs: (1) the positive control, i.e., synthetic pheromone
lure (Id+ EM, at 1:1, dissolved in octane as 1% solution in a wick-dispenser)
(Schlyter et al., 2001); (2) the negative control, consisting of pheromone lure plus
the unsuitable host compound, verbenone (Vn); and (3) the blank control, con-
taining only the solvent, octane. The positions of traps together with dispensers
were initially randomized and rotated after each replicate (when≥50 beetles were
caught in the best trap).

Statistical Analysis

Because of considerable variations in the numbers of beetles captured be-
tween replicates and experiments, the counts were converted to proportion (p) of
total captured beetles within each replicate. The data were then transformed by
arcsin

√
p in order to fit the assumption of homogeneity of variances for ANOVA.

The means were compared by ANOVA followed by Duncan’s multiple range test
(SPSS 8.0 for Windows) atα = 0.05. The sex ratios for the treatments within each
experiment were compared with 95% binomial confidence intervals (Byers and
Wood, 1980).

RESULTS

GC-EAD Responses.In the GC-EAD analysis of volatiles fromB. pubescens
fresh bark chips,I. duplicatusantennae of both sexes consistently responded to
trans-conophthorin (1.5–2.0 ng), two green leaf alcohols: 1-hexanol (4–5 ng) and
(Z)-3-hexen-1-ol (6–7 ng), and two C8 alcohols: 3-octanol (2 ng) and 1-octen-3-ol
(1 ng) (Figure 1A). Identification of these EAD-active compounds was done on
a combined gas chromatograph and mass selective detector (GC-MSD) by com-
parison of retention times and mass spectra to those of authentic compounds and
was published in detail in Zhang et al. (2000). No repeatable antennal responses
were found to any other compounds in the bark aeration extract, including the
dominant components,α-santalene (80 ng) andα-zingiberene (100 ng). From
the first synthetic mixture mainly containing GLVs (50 ng/compound), all five
C6 alcohols and (±)-linalool elicited repeatable antennal responses in both sexes
(Figure 1B). 1-Hexanol and (Z)-3-hexen-1-ol, commonly emitted from both leaves
and bark, and (E)-2-hexen-1-ol from leaves of nonhost birches and aspen (Zhang
et al., 1999a, 2000), seemed to elicit stronger antennal responses than those elicited
by (E)-3-hexen-1-ol and (Z)-2-hexen-1-ol, which are not detected from the non-
host trees. The green leaf aldehydes, hexanal and (E)-2-hexenal, and the green leaf
acetate, (Z)-3-hexyl acetate, did not elicit any GC-EAD responses at the doses
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tested. GC-EAD recordings with two different GC-columns (polar and nonpo-
lar) on the second synthetic mixture containing the nonhost bark volatiles and
aggregation pheromones showed that both male and femaleI. duplicatusantennae
responded strongly to the two pheromone components, (±)-ipsdienol and (E)-
myrcenol, the nonhost bark volatile, (±)-trans-conophthorin, and the unsuitable
host compound, Vn (Figure 2A and 2B). Weaker, but repeatable, responses were
recorded to 1-hexanol, (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, (±)-3-octanol, and
(±)-1-octen-3-ol. No responses were found to the green leaf aldehyde, hexanal, at
the dose tested. The major pheromone component, ipsdienol, elicited the strongest
EAD response, which was at least twice as strong as those of (E)-myrcenol and the
nonhost volatiles. Surprisingly, a strong and repeatable response to a small amount
of an unknown impurity (<1 ng) from the synthetic mixture was also found, which
is now subject to further identification by GC-MS. There were no differences in
antennal responses between males and females.

Field Response to Nonhost Volatiles.In the GLVs experiment (experiment 1),
a total of 12,200 beetles were caught during 31 replicates in 1998. The individual
green leaf alcohols, 1-hexanol, (Z)-3-hexen-1-ol, and (E)-2-hexen-1-ol, did not
significantly reduce any trap catches. The blend (3OH-B) of (E)-3-hexen-1-ol,
(Z)-2-hexen-1-ol, and linalool also did not decrease trap catches. Interestingly,
addition of the blend (2Ald-Ac) of two aldehyedes, hexanal and (E)-2-hexenal,
plus (Z)-3-hexenyl acetate to the pheromone trap seemed to significantly increase
the trap catches (Table 2). However, the negative control, Vn reduced the trap
catches by 40% (Table 2). When considering the sex ratios of beetles caught, the
proportion of males was lower in the traps with individual GLV alcohols, 2Ald-Ac,
and Vn than that in traps baited with pheromone alone (Table 2). No differences in
sex ratio between traps baited with pheromone alone and pheromone plus 3OH-B
were found. Thus, the individual GLV alcohols had a inhibitory effect on males
(with male catch reduction ranging from 30 to 70%) even though the total number
of beetles was not reduced. The addition of 2Ald-Ac to pheromone traps increased
the female catches, but not male catches.

In the nonhost bark volatiles experiment conducted in 1999 (experiment 2),
a total of 2467 beetles were caught during 18 replicates. Unlike experiment 1,
the blend of 2Ald-Ac did not have any significant effect on the trap catches.
However, the (±)-trans-conophthorin (tC), the blend of three GLVs: 1-hexanol,
(Z)-3-hexen-1-ol and (E)-2-hexen-1-ol, and the blend of two C8 alcohols (C8-
OHs): (±)-3-octanol and (±)-1-octen-3-ol, resulted in significant reductions (27%,
33%, and 60%, respectively) in the number ofI. duplicatuscaptured compared
with the trap baited with pheromone alone (Table 2). Vn, the negative control,
also significantly reduced the trap catches by 63%, but its combination with
tC was not different from the Vn alone. The strongest inhibition of attrac-
tion resulted from the addition of the combination of 3GLVs, C8-OHs, and
Vn to the pheromone trap, which caused an 84% reduction in trap catch
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(Table 2). The addition oftC to this combination showed no further catch reduc-
tion. The active nonhost volatiles seemed to reduce males more than females, but
the sex ratios were not significantly different from the traps baited with pheromone
alone (Table 2).

DISCUSSION

Electrophysiological Activity. Our results clearly show thatI. duplicatus
antennae are able to consistently detecttrans-conophthorin, 1-hexanol, (Z )-3-
hexen-1-ol, 3-octanol, and 1-octen-3-ol, which were commonly found from the
headspace samples of bark chips of the nonhostB. pubescens(Figure 1A) and
other nonhost species such asB. pendulaandP. tremula(Zhang et al., 2000). In
similar amounts,trans-conophthorin seems to elicit higher antennal responses than
the other EAD-active NHVs do. This is the first electrophysiological evidence that
I. duplicatusantennae not only strongly respond to their aggregation pheromone
components, ipsdienol and (E )-myrcenol, but also can detect some nonhost leaf and
bark volatiles, and the unsuitable host compound, Vn. An identical response pattern
has recently been reported forI. typographus, the major competitor species ofI.
duplicatusin Europe (Zhang et al., 2000). In addition, a similar antennal activity
was found inTomicus piniperdaandT. minor (Schlyter et al., 2000). However,
in this studytrans-conophthorin was EAD inactive (Schlyter et al., 2000). In a
GC-EAD analysis with nonhost bark volatiles, Huber et al. (1999, 2000) found that
trans-conophthorin elicited antennal responses by five species of North American
bark beetles,D. ponderosaeHopkins,D. pseudotsugae, D. rufipennisKirby, Ips
pini (Say), andDryocoetes confususSwaine.

The GC-EAD active green leaf alcohol, (E )-2-hexen-1-ol, has not been de-
tected from the nonhost bark, but was found together with 1-hexanol and
(Z )-3-hexen-1-ol to be abundant in the volatile emission from intact leaves of non-
host birches and aspen (Zhang et al., 1999a). Similar GC-EAD responses to these
green leaf alcohols have been reported inI. typographus(Zhang et al., 1999a,b),
D. ponderosaeHopkins (Wilson et al., 1996) and twoTomicusspecies (Schlyter
et al., 2000; Poland and Haack, 2000). Surprisingly, hexanal and (Z )-3-hexyl
acetate, the most common green leaf aldehyde and acetate from many nonhost
angiosperm species (Visser, 1986; Zhang et al., 1999a, 2000), did not show any
antennal activity in any Eurasian bark beetle species tested (Zhang et al., 1999b,
2000; Schlyter et al., 2000; and this paper).

Field Trapping. In the 1998 test, the blend of the EAD-inactive green
leaf aldehydes and acetate increased the trap catches; however, the enchancement
was not repeated in the 1999 test. Further study with individual compounds and
their combination is needed to clarify these conflicting results. In addition, the
EAD-active green leaf alcohols were inactive when tested individually (Table 2).
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However, in experiment 2 the combination of 1-hexanol, (Z )-3-hexen-1-ol, and
(E )-2-hexen-1-ol reduced the number of beetles captured. This might be due to
either the synergistic effect of different GLV compounds or a density dependent
effect of beetle’s populations, with higher population density in 1998 than in 1999.

Consistent with our GC-EAD results, field trapping experiments also dis-
closed the inhibitory effects of (±)-trans-conophthorin, a blend of the two
EAD-active C8 alcohols, (±)-3-octanol and (±)-1-octen-3-ol, and the unsuitable
host compound, Vn onI. duplicatus. Such interruptive activity by these nonhost
volatiles has been found inI. typographus(Zhang et al., in preparation), and partly
in other bark beetle species, such asT. piniperda, T. minor(Schlyter et al., 2000),
D. ponderosae, andD. pseudotsugaeHopkins (Huber et al., 1999). When com-
bining GLV-alcohol and C8 alcohol blends with Vn, a significant reduction of trap
catches was achieved inI. duplicatus. This may indicate either an additive or a
synergistic effect of combined stimuli (Deglow and Borden, 1998a; Poland and
Haack, 2000; Schlyter et al., 2000). However, further experiments with controlled
overall release rates and dose–response studies are needed to clarify the type of
effect.

In the natural habitat ofI. duplicatusin Inner Mongolia, China,P. mongolica
is the only dominant and protected tree species of the natural reserve (Zhang
et al., 1995). However, there are spruce stands mixed with birch (B. platyphylla
Suk.) and aspen (P. davidianaDode) as well. Thus, it would be adaptive for
I. duplicatusto recognize and further avoid the nonhost birch and aspen by the
olfactory means when seeking for the host in flight. Attacking a nonhost birch or as-
pen tree would typically result in death of the attacking beetle. The nonhost volatiles
tested in the current study are based on the data and materials of European birches
(B. pubescensandB. pendula) and aspen (P. tremula). Recognition and avoid-
ance of the Far EastI. duplicatusto the leaf and bark volatiles of European an-
giosperm trees may indicate a similarity in the volatile emissions between the
European and Chinese birch and aspen species. However, further study on the
volatile emissons of the nativeB. platyphyllaandP. davidianafrom Baiyinaobao
Natural Reserve and their potential electrophysiological and behavioral activity
on I. duplicatusis needed. Particular active volatiles from the nonhost trees in
the I. duplicatusnatural environment in Inner Mongolia, if any, may prove to be
even more disruptive than the general GLVs and NHVs found in the European
species.

These results show that the nonhost leaf and bark volatiles and the unsuitable
host compound, Vn, can significantly reduce the positive responses ofI. dupli-
catusto its pheromone sources. This may have potential for the management of
I. duplicatusby reducing risk of attacks on suitable hosts. In addition, combina-
tion of active NHVs and Vn with the pheromone mass-trapping in a “push–pull”
fashion may strengthen our combative force against serious outbreaks ofI. dupli-
catusin this natural reserve.
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Abstract—Beavers store and consume tree parts in the bodies of water where
they live. We examined whether such soaking renders food more palatable by
leaching out undesirable compounds. In experiment 1, saplings of red maple,
Acer rubrum(RM), were first soaked in a pond for periods of 2, 18, and 36
days, then offered to free-ranging beavers. Soaking for two days rendered RM
slightly more acceptable to beavers. To further examine the time window around
two days, RM sticks were soaked in distilled water in the laboratory for 1, 2, 4,
and 6 days before presenting them to beavers (experiment 2). In experiment 3,
twigs of three species were placed on land. Beavers placed RM in the water for
1 to 3 days before consuming the twigs. In experiment 4, sticks were provided
in the water at Cranberry Lake Biological Station (CLBS). Most quaking aspen
(QA) was consumed during the first night, and most witch hazel,Hamamelis
virginiana (WH), during the third night. At Allegany State Park (ASP), no such
difference was found. Twigs were provided in the water in experiment 5. At
ASP, WH was taken after three days in the water, and at CLBS little WH was
consumed, and only during the third night. A meta-analysis of all experiments
shows that relatively more WH is consumed after two days than any other
species. Experiment 6 traced the time beavers left their own harvested branches
in the water. Unlike other tree species, WH remained in the water for two to
four days before being consumed. Experiment 7 measured the phenolics leached
into water from RM twigs and small pieces of bark soaked for 10 and 8 days,
respectively. Shredded bark lost 50–60% of leachable phenolics into the water,
and twigs 70–80%. We conclude that beavers can use water to leach undesirable
compounds from their food. Although this effect was not robust, our study is
the first of its kind.
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1012 MÜLLER-SCHWARZE ET AL.

Key Words—Acer rubrum, beaver,Castor canadensis, food conditioning, food
processing,Hamamelis virginiana, leaching, red maple, soaking, witch hazel.

INTRODUCTION

Beavers (Castor canadensis) handle, eat, and store food in the bodies of water
where they live. In northern climes, they stockpile branches in the water near
their lodges as winter food. In addition to these longer-term food caches, beavers
also leave harvested branches and logs in the water for one or more days before
they consume the bark. Finally, beavers eat bark and leaves while sitting in shallow
water. Thus, water is an important medium for storing food and feeding, in addition
to its well-known role for floating logs and branches from harvest areas to feeding
sites.

We now ask the question: Do beavers use water to process their food? Are
they taking advantage of water’s ability to leach potentially noxious compounds
from pieces of wood to render their food more palatable? If so, beaver might turn
otherwise unpalatable tree species into useful food. In turn, such behavior on the
part of beavers might force us to reassess what constitutes a suitable food supply
and hence, beaver habitat. Many habitat analyses might have to be revised, yielding
more available forage than previously thought, after possible food conditioning by
beavers.

Humans have long used water for leaching out undesirable, astringent com-
pounds from food. For instance, native North Americans used to soak crushed
acorns in streams to render them more palatable by leaching out astringent tannins
(Johns, 1990), and to this day South American indigenous farmers soak cassava
(manioc,Manihot esculenta, Euphorbiaceae) in water (D. M. S; personal obser-
vation) to rid it of dangerous cyanogenic compounds, notably linamarin (Johns,
1990).

Food processing by animals has seldom been described. The meadow vole
Microtus pennsylvanicuscuts winter branches of white and Norway spruce and
white and Norway pine and leaves them on the snow for two to three days before
eating them. This treatment reduces levels of phenolics by one half, that is, to
their summer levels. The high level of protein (12%) and decreased phenolics
(1.5%/ dry matter) render the food acceptable. The twigs lose the phenolics possibly
by polymerization or oxidation (Roy and Bergeron, 1990).

Pikas,Ochotona princeps, of the North American Rocky Mountains are
known for the hay piles they accumulate for the winter. In contrast to their
phenolics-poor summer diet, they collect phenolics-rich plants, notably alpine
avens,Acomastylis rossii, for these food caches. As the winter progresses, the
phenolic content decreases. When it reaches levels of the summer diet, the pikas
consume the stored food (Dearing, 1997).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP127-299595 April 12, 2001 11:55 Style file version Nov. 19th, 1999

DO BEAVERS LEACH TREE BARK? 1013

Mountain beavers (Aplodontia rufa) store toxic, alkaloid-containing plants
in food caches called haystacks. These plants include tall larkspur (Delphinium
glaucum), corydalis (Corydalis caseana), and corn lily (Veratrum californicum)
(O’Brien, 1981). We suggest that these alkaloids might be denatured during
storage.

The assumption that acorns, buried in the ground by squirrels or jays, lose
tannins over the winter has not been confirmed (Dixon et al., 1997).

We noted that beavers in our study area avoid red maple (Acer rubrum) (RM).
It is often one of the last or even only tree species remaining at the edge of a beaver
pond (Müller-Schwarze et al., 1994). Other wildlife also avoid red maple. For
instance, porcupines (Erethizon dorsatum) reject red maple in both bud and leaf
stage, eating it in only one of 812 feeding episodes, while consuming sugar and
striped maple more often (Roze, 1989). It is not known what compounds render red
maple bark unpalatable. However, red maple leaves contain high levels of phenolics
(Shure and Wilson, 1993), including gallic acid and methyl gallate (Abou-Zaid
et al., 2000). Red maple also contains small amounts of gramine, an alkaloid
(Barbosa et al., 1990). In other studies, beavers consumed RM (e.g., Busher, 1996),
even in large amounts, compared to other tree species (Jenkins, 1980), and stored it
in their winter food caches roughly in proportion to its abundance at the beaver site
(Busher, 1991). However, red maple has less energy content and is less digestible
than aspen and alder (Fryxell and Doucet, 1993). Red maple takes almost 30–50 hr
to pass through the intestinal tract of a beaver, compared with only 10–20 hr for
aspen (Doucet and Fryxell, 1993).

Here, we report results of experiments designed to test whether beavers im-
prove palatability of bark of RM and WH, which are usually less preferred species
in our study area, by soaking them in water before eating. In addition, with field
observations we tried to establish whether beaver-harvested limbs of different tree
species remain in the water for different lengths of time, suggesting leaching of
unpalatable species.

METHODS AND MATERIALS

Study Sites

The primary study site was the 250-km2 forested Allegany State Park (ASP)
in Cattaraugus Country in western New York State. It contains about 30 beaver
colonies on streams totaling about 70km in length. Additional experiments were
performed at Cranberry Lake Biological Station (CLBS), located at the lake of
the same name in the mountains of Adirondack Park in northern New York State.
There are up to six beaver colonies along the lakeshore and on streams feeding the
lake on the 2.6-km2 forested property owned by the State University of New York.
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General Procedures

In experiments 1–3, the sticks or twigs presented on land were stuck in the
ground vertically, 30 cm apart, in one row 50 cm above the water’s edge, and
parallel to it on the evening of day zero. Sticks or twigs were offered in the water
in experiments 4 and 5. They were placed in bundles (to mimic bushes and to
better find them again) of the same tree species in a shallow part of the pond, and
as close as possible to the lodge. The leaves were above water, and the butt ends
on the pond bottom. The following morning, and for four mornings thereafter,
we recorded the beavers’ responses to the samples during the previous night and
counted the remaining samples. We found the food samples either left intact and
in place, dragged into the water, sampled, removed, or the bark (and leaves, where
applicable) fully or partially consumed. Since beavers are active during the night
hours, we use “days” in the sense of 24-hr periods in the graphs. In experiment
1, all sticks were replaced every day, and no sticks or twigs were replaced in
experiments 2–6.

Experiment 1: Leaching Red Maple Poles in Pond

Experiment 1 duplicated natural behavior of beavers as much as possible.
Eighty 2-m-long sections of winter-dormant red maple saplings [mean diameter
at thick end 1.97± 0.07 (SE) cm; thin end: 1.15± 0.076 cm] were harvested at a
beaver site on March 2 at 10◦C air temperature. They were transported frozen, and
the first batch of 20 poles (to be soaked for 36 days) sunk in an ice-covered pond
on the following day. A second batch of 20 poles was kept frozen in a snow bank
(0◦C) and placed in the pond 18 days later. Because the snow bank was receding, a
third batch was kept frozen in a walk-in freezer at−10◦C, and placed in the pond
34 days after the first. Thus, the batches were soaked in the pond for 2, 18, and
36 days, respectively. Water temperature was+2◦C. The pond was ice-covered,
with 40–50 cm snow cover. A nonsoaked control sample of 20 poles was kept
frozen at−10◦C in a walk-in freezer.

For the field tests, the poles were cut into 30-cm-long segments and fed to
free-ranging beaver at their colony sites. In addition to the frozen controls, fresh
red maple was harvested at the time of provisioning and offered to the beaver as a
second control. Finally, sticks of the preferred quaking aspen (Populus tremuloides)
were also offered as controls. Thus, six treatments in all were used. Consumption
of the preferred aspen indicated that beavers were present and attracted to the
experimental food.

The sticks were presented in April simultaneously at 10 beaver colonies in a
randomized complete block design. The beaver sites represented blocks. (A total
of 14 colonies was used because new sites had to be substituted when beavers
proved absent at some). For each of the six treatments, two sticks were used per
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site per night. The experiment lasted five nights. A total of 6× 2× 10× 5= 600
sticks were used, 100 for each treatment. All sticks were replaced on each of the
five days of the experiment.

The water temperatures of three streams at beaver sites were+5, +9, and
+12◦C, respectively. Daily low air temperatures averaged 2.3± 1.7◦C and daily
highs 13.5± 1.6◦C.

Experiment 2: Leaching Sticks in Containers

To narrow down the effective time window, 30-cm-long RM sticks were
collected from saplings at a beaver site not used for preference tests. The sapling
pieces were then soaked in tubs with local groundwater and placed on a covered
outdoor porch for one, two, four, and six days. To facilitate leaching, the sticks
received multiple punctures by rolling them over a nailboard. Half of the water
in each tub was replaced each day. Punctured RM sticks, and intact RM sticks.
Freshly cut quaking aspen sticks served as controls.

Unlike experiment 1, five trials were run (September 22 to November 27,
1996). The sticks were placed in rows on the shore or the dam, 30 cm apart.
Three sticks per treatment (two in trial 1) were placed together, and the sequence
of treatment randomized for each site. A total of 770 sticks was offered at eight
beaver sites (seven in trial 1), and not replaced for the five days of the experiment.

Cumulative removal and consumption of sticks during each five-day period
were recorded by counting intact, sampled, removed, and consumed sticks. The
area of bark consumed by beaver on each accepted log was also measured.

Experiment 3: Twigs Provided on Land

In April 19–24, 1999, winter-dormant twigs were provided at five colonies.
Altogether 33 QA twigs, 53 RM twigs, and 30 WH twigs were placed. The twigs
were not replaced during the five days of the experiment. Minimum air temper-
atures ranged from−0.5◦C to +7.2◦C, maximum temperatures from 8.3◦C to
14.4◦C.

Experiment 4: Sticks Provided in Water

Experiment 4a. From May 3 to 8, 1999, 10 sticks each of RM, QA, and
WH were placed at five colonies, for a total of 50 sticks of each species at ASP.
Minimum air temperatures ranged from 1.1 to 13.9◦C, and maximum temperatures
from 21.2 to 27.8◦C.

Experiment 4b. A smaller sample of QA, RM, and WH sticks was provided
in the water at Cranberry Lake Biological Station (CLBS) in the Adirondack
Mountains of New York between July 6 and 16, 1999. The sticks were not replaced
during the five days of the experiment.
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TABLE 1. TREESPECIESUSED IN EXPERIMENTS

American beech Fagus grandifolia
American hornbeam Carpinus caroliniana
Black cherry Prunus serotina
Black locust Robinia pseudoacacia
Juneberry (serviceberry) Amelanchier canadensis
Quaking aspen Populus tremuloides
Red maple Acer rubrum
Red oak Quercus rubra
Striped maple Acer pensylvanicum
Sugar maple Acer saccharum
White ash Fraxinus americana
Northern wild raisin Viburnum cassioides
Willow Salix sp.
Witch hazel Hamamelis virginiana
Yellow birch Betula alleghaniensis

Experiment 5: Twigs Provided in Water, ASP, and CLBS

Experiment 5a. From May 21 to 27, 1999 a total of 636 twigs (with leaves)
were provided in the water at seven sites at ASP. Twelve species of trees and shrubs
were used (Fig. 5). The species provided at each site depended on which ones
occurred there naturally. Minimum air temperatures ranged from 2.7◦C to 10.5◦C,
maximum temperatures from 11.1 to 23.3◦C.

Experiment 5b. A total of 108 [RM, WH, QA, and willow (Salix sp.)] were
placed at one lake beaver site at CLBS between July 6 and 16, 1999.

Experiments 6a and 6b: Tracing Beaver-Harvested Tree Limbs, Fall and Spring

Limbs and saplings harvested by the beavers themselves were labeled with
permanent markers and followed for their fate. On day 0, all branches already in the
water were removed. Recording started on day 1 when new branches appeared in
the water. The beavers either left branches on land or dragged them into the water.
They ate the bark at either location, or built the material into lodge, dam, or (in
autumn only) into their food cache. Only a portion was identifiable on subsequent
days, since some logs sank to the bottom or were placed on the lodge or into the
food cache and covered with other materials such as sticks and/or mud.

Experiment 6a. In fall, at one beaver colony, trees were divided into those
that served as immediate food and those that were stored. In the immediate food
category we distinguished branches that were eaten ashore from those dragged
into the water and then eaten. We recorded the number of days branches and logs
remained in the water before consumption after beaver had dragged them into the
water.
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Experiment 6b. In spring, again all branches found in the water at seven sites
were removed on day 0. New branches in the water were marked with permanent
markers every meter (because beavers cut them into sections), starting on day 1. We
followed the dismemberment of these branches by the beavers. The observations
continued for seven days. The water temperatures ranged from 9.5 to 16.5◦C at
the seven sites over three days.

Experiment 7: Chemical Testing for Amount of Phenolics Leached into Water

The total amount of phenolics available for leaching was tested by extrac-
tion of lyophilized bark with methanol–water (8:2). The ground, dry bark was
suspended in the solvent and homogenized in a blender. The centrifuged super-
natant solution was assayed by the Folin-Ciocalteau method according to Box
(1983). This procedure was repeated using distilled deionized water. The av-
erage water content was determined by shaving several twigs and lyophilizing
the bark. The average proportion of bark to woody material was determined as
well.

To test for the loss of phenolic material into water, entire twigs (harvested in
the fall at ASP, and stored at−80◦c (until use) were soaked in deionized water for
10 days at 4◦C and at 25◦C, and tested for phenolics after 1, 2, 3, 4, 7, and 10 days,
using the Folin-Ciocalteau method.

In a slightly different study, bark from RM twigs of the same origin was cut
into small pieces (several mm long) and soaked in deionized water at 4◦C for eight
days. The concentration of phenols in the water was tested after two, four, six, and
eight days, also using the Folin-Ciocalteau method.

RESULTS

Experiment 1. Sticks Soaked in Pond, Presented on Land

We classified the responses as complete consumption, i.e., removal of all
bark from a stick; sampling, i.e., leaving bite marks or peeling less than 20% of a
stick; and no response. Missing sticks were counted as no response. Eight colonies
responded by taking at least one stick; five colonies sampled or ate RM samples.
Overall, the beaver responded to only 63 of the 600 logs (10.5%). Of these, 46
(73%) were completely consumed. As expected, the aspen controls were consumed
most readily. Thirty-seven percent of these sticks were completely peeled. None
was only sampled. The numbers of RM sticks accepted were small (Figure. 1). A
CochranQ test of the overall consumption pattern gave aQ of 56.6 (P < 0.0001).
However, the acceptance of aspen is responsible for this significance. For RM sam-
ples alone,Q= 6.74 (not significant). More two-day sticks (10) were accepted
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1018 MÜLLER-SCHWARZE ET AL.

FIG. 1. Responses of beavers to sticks soaked in a pond for 2, 18, or 36 days, and controls
(fresh and frozen red maple and fresh quaking aspen). Beavers handled slightly more sticks
soaked for two days than other red maple samples. RM= red maple; QA= quaking aspen.

or sampled than the two controls, fresh or frozen RM (4 and 5, respectively).
However, the difference is not significant (χ2= 7.2;d f = 4; NS). The differ-
ence between frozen and two-day RM is not significant (χ2= 2.29; McNemar
test). The difference between 2-day and 36-day samples is significant (χ2= 6.13;
P < 0.025; McNemar test).

Experiment 2. Sticks Soaked in Laboratory, Presented on Land

Of the 770 sticks, 82 (10.7%) were accepted by the beavers. As expected, QA
was the most preferred sample, with 29 sticks (35%) peeled totally or partially. Of
these, 26 were peeled totally. Beavers handled (consumed and sampled) RM soaked
for one day slightly more often (39 sticks) than RM soaked for two, four, or six days
(34, 33, and 29, respectively; Figure 2). The differences between consumption of
RM soaked for one, two, four, and six days were not significant. However, in trial
2 (of five trials) one-day soaked RM and four-day-soaked RM did differ marginally
(P < 0.10; Waller-Duncank Ratiot test).

Experiment 3. Twigs Provided on Land

The beavers treated the three different species differently: QA was completely
removed (consumed?) on the second day. On that day, only 54.7% of the RM and
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FIG. 2. Numbers of laboratory-leached RM sticks handled or peeled by beavers. Summary
of five trials. A total of 770 sticks was offered, 110 sticks per treatment.

43.3% of the WH had been taken. After four days, only 60.4 of the RM, and
63.3% of the WH had been removed. Thirteen of 53 RM twigs were dragged into
the water after the first night. After the third night, none was found in the water,
but 32 were missing (eaten?) and 21 remained in place (Figure 3). This suggests
that the beavers left the RM twigs in the water for one to three nights before further
using them, presumably for food.

Experiment 4. Sticks Provided in Water

Experiment 4a. At ASP, beavers removed 33 of 53 aspen sticks presented in
water (62.3%), 27 of 54 RM sticks (50%), and 21 of 54 WH sticks (38.9%). In this
experiment, there was no indication that some tree species remained longer in the
water than others.
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1020 MÜLLER-SCHWARZE ET AL.

FIG. 3. Consumption and soaking of twigs experimentally provided on land. Abscissa: the
four activity periods (nights); ordinate: percent twigs consumed or soaked. QA: quaking
aspen (N = 33); RM: red maple (N = 53); RM Soak: RM pulled into water and not (yet)
eaten; WH: witch hazel (N = 30).

Experiment 4b. At CLBS, the trend was similar: Of 20 sticks each, 19 aspen
sticks, 13 RM sticks, and 12 WH sticks were removed. However, in contrast to
ASP, WH was left in the water longer before consumption: On day 1, only one
WH stick was taken (=5%), on day 2, five more, and on day 3, six more, for a
cumulative total of 12 (60%). This compares with 11 aspen sticks on day 1 (55%),
and a cumulative total of 19 on day 3 (95%); and 10 RM logs on day 1 (50%), 3
more on day 2 (65%), and none on day 3, for a cumulative total of 13 on day 3
(65%). After that, very few sticks of any species were taken until day 6. It appears
that WH is accepted only after some time in the water (Figure 4). The differences
are marginally significant (χ2test;P < 0.07).

Experiment 5. Twigs Provided in Water

Experiment 5a. ASP Site. All willow accepted in this experiment (67%) and
most aspen, striped maple, and black cherry were consumed after the first night
(day 1) (Figure 5). By contrast, the beavers consumed most of the WH after it
had been in the water for three nights. This is similar to the results of experiment
4 (fall). RM was rarely consumed, and hawthorn and black cherry often remained
in the water for several nights before being removed.

Experiment 5b. CLBS Site. As usual, most of the quaking aspen twigs (14 of
20) disappeared during the first night. Little RM (6 of 20) and WH (4 of 20) were
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FIG. 4. Removal of experimental sticks at CLBS. Note that most witch hazel sticks were
consumed after two or three days in the water.

FIG. 5. Time in water of experimental twigs provided in water at ASP. Abscissa: activ-
ity periods, ordinate: percent twigs removed by beavers. AH: American hornbeam; QA
j: quaking aspen, juvenile growth form; QA a: quaking aspen, adult growth form; AB:
American beech; BC: black cherry; BL: black locust; HT: hawthorn; JB: juneberry; RM:
red maple; SM: striped maple; WH: witch hazel; WI: willow; WR: wild raisin. Sample sizes
in parentheses. Note that witch hazel is eaten after three days, and red maple almost not at
all.
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1022 MÜLLER-SCHWARZE ET AL.

FIG. 6. Consumption of twigs, provided in water at CLBS, over six days.

accepted. Beavers removed WH and also adult willow at high, but not significantly
higher levels, during the third night (Figure 6).

A meta-analysis of the numbers of samples taken by beavers in all six cafeteria
experiments (food presented in water or land) yields significant (P < 0.001) results
because the small differences in each experiment point in the same direction.
A higher proportion of WH pieces is consumed after three or even four days, than
of QA or RM (Figure 7). The pattern for RM is intermediate between QA and
WH: About 76% (100 of 131 accepted pieces) of the QA is consumed on the first
day, but only 57% (45 of 79) of RM, and 59%(43.5 of 74) of WH. On the second
day, the beavers removed a high percentage of RM (26 of 79= 33% of all RM
taken), but only 15% (20 of 131) and 11% (8 of 74) of QA and WH, respectively.
During the third night, 31% (23 0f 74) of the WH was removed, but only 7% (9
of 131) of the QA and 8% (6.5 of 79) of the RM. Similarly, on day 4 the relative
level of accepted WH was higher (8.5 of 74= 11.5%) than those for QA (2 of 131
= 1.5%) and RM (1.5 of 79= 1.9%). It should be pointed out that the animals did
not deplete one species before proceeding to the next, less palatable species.

Experiment 6: Beavers’ Own Harvest

During the fall, a total of 23 trees were debarked on shore. These belonged
to five species: white ash, American beech, American hornbeam, quaking aspen,
and sugar maple. Twenty-one trees representing nine species were peeled in the
water: witch hazel, American hornbeam, American beech, white ash, yellow birch,
sugar maple, quaking aspen, red maple, and red oak. Four trees representing three
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FIG. 7. Meta-analysis of all six cafeteria experiments that measured responses to sticks or
twigs presented in water or on land. Abscissa: activity period, ordinate: number of pieces
(sticks or twigs) accepted by beavers. QA: quaking aspen; RM: red maple; WH: witch hazel.
Relatively more witch hazel is consumed after three days.

species were debarked partially on shore and partially in the water: black cherry,
red maple, and white ash. All seven witch hazel limbs were eaten in the water,
while most of the white ash and American beech were eaten on land (Figure 8).

As for the time limbs were left in the water before eating, witch hazel stands
out. Most WH logs (4) were left in the water for three days, with one for two days
and two for four days. Red maple (only two) and yellow birch (also only two)
limbs spent two days in the water before consumption. Other tree species, such as
striped maple, remained in the water for varying amounts of time, ranging from
0 to 15 days (Figure 9).

In the spring, most (60%) of 10 aspen branches harvested and brought into the
water by beavers at four sites were eaten after one day. Of six branches present for
two days, two (33%) were consumed, and one of three present for three days (33%).

Experiment 7. Amount of Phenolics Leached into Water

Assays of extracts of the freeze-dried bark consistently revealed the presence
of 1.4–1.6% of leachable phenolic material in the dry bark. The mass of twigs
consists of an average of 26.7%bark. The bark contains an average of 43.6% water.
Thus, twigs contain a total of approximately 22.6 mg of leachable phenolics per
10 g of twig, the amount extracted by the methanol–water mix. Use of distilled,
deionized water resulted in only 11.5 mg of leachable tannins per 10 g of twig.
This is half the amount that was leached into the methanol–water mix.
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FIG. 8. Tree species selected and cut by beavers and then consumed on land, in water, or
both. WA: white ash; AB: American beech; WH: witch hazel; AH: American hornbeam;
QA: quaking aspen; SM: sugar maple; BC: black cherry; RM: red maple; YB: yellow birch;
RO: red oak.

FIG. 9. Numbers of days after harvesting that beavers left trees in the water before they
consumed the bark. Tree species, as in Fig. 8. One beaver colony at ASP, fall.
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FIG. 10. Top: cumulative amount of phenolics leached into deionized water from RM
twigs after 1, 2, 3, 4, 7 and 10 days. Bottom: cumulative amounts of phenolics leached into
dionized water from large and small RM twigs. Note the decrease of accumulated phenolics
after several days.

Soakingwhole twigsshows a linear increase in the amount of phenolics during
the first six days, followed by a drop during the last two days of the experiment
(Figure 10). During the first six days, the concentration of phenolics in the water
increased to 70–80% of the leachable phenolics. Essentially no difference was
observed when the experiment was carried out at 25◦C.

The soaking ofbark piecesin water produced similar results. Again, phenolic
concentration dropped during the latter part of the experiment (Figure 10). In this
study, 50–60% of the material leachable in water was removed from the woody
material.

DISCUSSION

Our experiments repeatedly revealed that beavers leave certain tree species,
especially witch hazel, in the water one to three days before eating them. Although
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the effect is not robust, several experiments showed the same tendency. Therefore,
pooling of the data of several experiments yielded highly significant differences
among the tree species’ time periods in the water before being eaten. Busher
(1996) found that beavers in Massachusetts store a higher percentage of witch
hazel than of other tree species in the water near their lodge as part of their fall
food cache. They consumed very little witch hazel immediately after harvesting.
Witch hazel may be more palatable after some time in the water.

We have to distinguish the physical process of leaching from the biological
process of degradation of phenolics by fungi. A compromise between leaching
out of undesirable compounds and loss of nutrients also, has to be reached. There-
fore, soaking may be effective during a “window of opportunity” of about two to
three days. This is indicated by two lines of evidence: Leaching in the pond for
longer than two days did not improve palatability (experiment 1). In the laboratory
(experiment 7), chemical leaching of phenolics reached a peak after two days of
soaking.

In the published literature, two other mammals appear to process food in an
analogus fashion, even though water is not involved. Voles cut conifer twigs and
leave them on snow for two to three days (while the levels of phenolics drop) before
they eat them. (Roy and Bergeron, 1990). Pikas reduce phenolics in their haypiles
by long-term storage. In this case, the phenolics also serve as food preservatives
(Dearing, 1997).

Water-soluble compounds from food leach better at higher water tempera-
tures, with longer extraction times, and at smaller particle sizes. Running water
possibly enhances extraction, too. The beavers have running water and long ex-
traction times for winter-stored branches. Beavers in more southern climates do
not store food for the winter. Whether they utilize the warmer water for leaching
in their day-to-day feeding remains to be investigated.

Except for experiment 1, our tests were designed without replacement of
sticks during the five days of the experiment. Therefore, the density of the offered
sticks decreased over the five days. This may have affected the choice by the
beavers, although, in contrast to laboratory experiments with forced choices, they
had vast amounts of natural food available. Replacement of consumed food would
most likely have led the beavers to consume more aspen and reject more of the
undesirable samples. Experiment 5 indicates how the cafeteria of a variety of
available food can influence choice: red maple twigs were hardly eaten at all when
several other, more palatable species were also offered.

Familiarity with certain tree species at each particular site may also play a
role. Experiment 5a tried to address this aspect of food choice by offering tree
species that occur at a particular site.

It is clear from the chemical study that phenolic material is gradually re-
leased into water when RM twigs or bark are soaked. This provides a viable way
for beavers to render the RM (and possibly other species) twigs more palatable.
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The chemistry suggests that soaking for a period of five days leaches out more
than half of the phenolics capable of being leached, and this agrees with the
field observations that beavers will take RM logs after two to three days of
soaking.

Less clear is the reason for the drop in the concentration of the phenolics in
the water during the last days of the study. While the tannins may be subject to
enzymatic or chemical degradation, it is not likely that the phenolic material would
be removed from the solution. More likely is polymerization, catalyzed by oxygen
or traces of acid, of the released phenols to begin removing them effectively from
the solution.

If beavers indeed use leaching of less palatable tree species regularly, manage-
ment implications arise: As preferred tree species become depleted, the animals
can switch to processing less palatable species. Witch hazel does not occur at
many sites and is not present in large numbers. Use of RM, however, may indicate
depletion and current quality of food resources. For instance, Shadle and Austin
(1939) found that the first beavers to colonize Allegany State Park in recent times
used mostly aspen (44.1% of their diet) and very few maples, birches, black cherry
trees, beeches, and ash trees (combined 19.6%), while today these latter species
are a substantial part of the beavers’ diet (combined 57.4%) in the same study area
(Müller-Schwarze and Schulte, 1999).
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A. 1994. Red maple (Acer rubrum) inhibits feeding by beaver (Castor canadensis). J. Chem. Ecol.
20:2021–2034.

O’BRIEN, J. P. 1981. Summer food habits of the mountain beaver in northeastern California.Murrelet
62:86–87.

ROY, J., and BERGERON, J. 1990. Branch-cutting behavior by the voleMicrotus pennsylvanicus:
A mechanism to decrease toxicity of secondary metabolites in conifers.J. Chem. Ecol. 16:735–
741.

ROZE, U. 1989. The North American Porcupine. Smithsonian Institution Press, Washington, D. C.
SHADLE, A. R., and AUSTIN, T. S. 1939. Fifteen months of beaver work at Allegany State Park.

J. Mammal. 20:299–303.
SHURE, D. J., and WILSON, L. A. 1993. Patch-size effects on plant phenolics in successional openings

of the southern Appalachians.Ecology74:55–67.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP127-299596 April 12, 2001 10:40 Style file version Nov. 19th, 1999

Journal of Chemical Ecology, Vol. 27, No. 5, 2001

LABORATORY AND FIELD EVALUATION OF PREDATOR
ODORS AS REPELLENTS FOR KIORE (Rattus exulans)

AND SHIP RATS (R. rattus)

GARY N. BRAMLEY1,∗ and JOSEPH R. WAAS

Department of Biological Sciences
University of Waikato

Private Bag 3105, Hamilton, New Zealand

(Received February 22, 2000; accepted January 6, 2001)

Abstract—Predator odors may serve to stop rats from entering conservation
areas or to decrease predation, food consumption, and other damage by rats in ar-
eas tainted with predator odor. We compared the efficacy of real predator odors
and synthetic odors (derived from the urine and feces of carnivores) as rat repel-
lents with real herbivore odors as controls in a Y maze. We tested six predator
odors: cat (Felis catus) urine and feces, mongoose (Herpestes auropunctatus)
feces,n-propylthietane,S-methyl, methyl butanol, and isopentyl-methyl sul-
phide. The herbivore odors we used were: red deer (Cervus elaphus) urine,
guinea pig (Cavia porcellus) feces, and white rabbit (Oryctolagus cuniculus)
urine. Ship rats (Rattus rattus) and kiore or Polynesian rats (R. exulans) showed
no aversion to any of the six predator odors when compared with herbivore
odors. Ship rats, however, may have avoided synthesized odors more than real
ones. We applied two odors (S-methyl, methyl butanol andn-propylthietane) to
purpose-built feeders in native forest but recorded no change in either visitation
rate or duration of visits for rodents [rats and mice (Mus musculus)] or possums
(Trichosurus vulpecula). The consumption of maize at feeders was correlated
with the number and duration of possum visits, but only weakly correlated with
the number of visits by rodents. Consumption of maize was unaffected by the
odor associated with the feeder. It is unlikely that the odors we tested will be
useful in deterring rodents or possums from areas where they have been removed
for economic, public health or conservation reasons.

Key Words—Rattus rattus, ship rat, semiochemicals, odor avoidance, preda-
tor odors, Polynesian rat,R. exulans, rat repellents, brushtail possums, pest
management.
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INTRODUCTION

Predator-based repellents have been used experimentally to reduce damage to crops
caused by wildlife (Sullivan et al., 1985a,b; Boag and Mlotkiewicz, 1994) and food
consumption by domestic herbivores (Arnould et al., 1993). Mason et al. (1994)
believed that volatile sulfurous compounds in the feces and urine of carnivores,
derived from the digestion of meat, mediated the responses of prey animals, and
this is supported by data (e.g., Nolte et al., 1994). Mason et al. (1994) used the
term semiochemical to describe these sulfurous chemicals that provide biologically
important information to other animals. They hypothesized that omnivores such
as rats (genusRattus) should be attracted to semiochemicals because they may
provide them with reliable information on sources of food, while herbivores should
be repelled from areas contaminated with semiochemicals to avoid encountering
a predator. However, many authors have reported that rats avoid predator odors or
show reduced activity in their presence (reviewed by Kats and Dill, 1998). The
behavioral and physiological responses of prey species to repellents include the
avoidance of treated food and traps, freezing, hiding, analgesia, and physiological
arousal (Kats and Dill, 1998).

Burwash et al. (1998) tested eight artificially synthesized semiochemicals
(and one real one) and, despite no statistically significant results, concluded from
trends in their data that ship rats (Rattus rattus) avoid odors derived from carnivores.
They went on to suggest that the application of such chemicals might reduce rat
damage to the economically important macadamia nut (Macadamia integrifolia)
crop in Hawaii, by causing rats to reduce their consumption.

Published accounts of mammals’ ability to discriminate and avoid predator
odors have been contradictory, in part because different authors have interpreted
the same behavior in different ways (Burwash et al., 1998 and references therein).
Interpretations may have been further clouded because the efficacy of predator-
based repellents varies with cover (Merkens et al., 1991), different test arenas can
produce different results (Garbe et al., 1993), and both these factors have varied
in different trials. Rodent responses to semiochemicals appear to be dependent on
the context of the experiment and might also vary with experience (e.g., Wuensch,
1992), although this remains untested. Furthermore, responses to semiochemicals
appear to differ in different congeneric species, subspecies, strains, and popula-
tions. For example, Bramley et al. (2000) showed that rats from a predator-na¨ıve
population of Norway rat (Rattus norvegicus) avoided semiochemicals, but rats
from another (predator experienced) population did not. Differences in laboratory
mouse strains in response to predator odors have also been recorded (Dell’Omo
et al., 1994).

In addition to the variability found in different populations, subspecies and
strains of rodent, some authors have used “no odor” treatments as a control for
predator odors and in so doing have failed to provide adequate experimental
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controls. This may have produced erroneous results in some cases (see Wolff
and Davis-Born, 1997 and Mappes et al., 1998, for a critique).

In New Zealand, there are four species of rodent [roof or ship rat, Norway
rat, Polynesian rat or kiore (R. exulans) and the house mouse2]. All four species
were introduced with human voyagers (Atkinson and Moller, 1990; Holdaway,
1996). Although the four species do not occur in the same places (Atkinson and
Moller, 1990) or habitats (King et al., 1996; King and Moller, 1997; Bramley,
1999), all are regarded as pests because of their adverse effects on native wildlife
and vegetation (Atkinson, 1985; Towns, 1991). Ship rats are most common on the
two main islands of New Zealand (Innes, 1990), while kiore are limited to smaller
offshore islands, having been replaced, first by Norway rats and then ship rats
in most habitats on the two main islands (Atkinson and Moller, 1990; King and
Moller, 1997).

Control of rodent populations has relied on extensive poisoning using second-
generation anticoagulants (MacDonald, 1984). In New Zealand, rat populations
have been eradicated from offshore islands and greatly reduced in large areas of
forest on the main islands using these poisons (Taylor and Thomas, 1993; Innes
et al., 1995). Reinvasion to mainland management areas is rapid (Innes et al.,
1995), and the threat of reinvasion to often-visited island reserves is always present
(Wace, 1986). Thus, if rats could be shown to reliably avoid predator odors, then
this response could be exploited by conservation managers as part of an arsenal
of techniques to protect native species from rats in New Zealand. It could also be
economically useful since ship and Norway rats are two of the most serious world-
wide pests of corps and stored foods and they harbor diseases such as bubonic
plague and typhoid (MacDonald, 1984). Repelling rats from areas such as zoo-
logical gardens and wildlife parks or sanctuaries may also prove beneficial to the
animals living there.

We determined whether two species of rat (kiore and ship rat) would discrim-
inate and avoid odors derived from the urine and feces of predators in a Y-shaped
maze. Garbe et al. (1993) showed that mouse responses to odor varied with the
kind of arena used. Moreover, when animals are housed in captivity, there is al-
ways the possibility that their behavior will change as a result of being held captive
(Ward et al., 1996). Because of these important considerations, we also examined
the responses of ship rats in the wild to two of the odors we used in our labora-
tory trials. The two semiochemicals we tested in our field trials (S-methyl, methyl
butanol andn-propylthietane) had both proved effective in deterring Norway rats
from Kapiti Island in laboratory trials (Bramley et al., 2000). Both the artificial
semiochemicals we used are components of predator urine or feces [cats (Felis
catus) and mustelids, respectively]. Both these predators are found on North Island,

2There are two species of house mouse recognisedM. musculusand M. domesticus. Mice in
New Zealand share morphometric characteristics with both species and await genetic determina-
tion (Murphy and Pickard, 1990)
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New Zealand. Thus, it is likely that free-living rats on North Island had encoun-
tered them or their odors before. All visits to feeders were recorded on videotape,
and thus we were also able to collect incidental observations on the avoidance
behavior of brushtail possums (Trichosurus vulpecula).

METHODS AND MATERIALS

Animals. Thirty animals were used in the laboratory trials: 15 kiore and 15
ship rats. All animals were adults, and 10 ship rats and nine kiore were females.
The ship rats were caught in cage traps baited with apple and peanut butter along
the banks of the Waikato River at Tamahere, south of Hamilton City, North Island,
New Zealand. Kiore were captured using traditional Maori pitfall traps on islands in
the Hen and Chickens group near Whangarei, northern North Island, New Zealand,
and supplied to us by the Ngati Wai tribal resource management group. Both groups
of rats were collected between January and April 1997.

At the University of Waikato facilities, the ship rats were housed individually
in plastic bottomed, wire cages (46× 24× 20 cm high) and kiore were housed
individually in plastic tubs with wire tops (40× 27× 15 cm deep). All animals
hadad libitumaccess to water and Sharpes Diet 86 rat chow (Sharpes Grains and
Seeds, Lower Hutt, New Zealand), occasional seed mixes, and pieces of apple;
kiore were also given fresh grass seed heads. Cages were provided with a tin can
and a cardboard tube to act as retreats. We used wood shavings as bedding and
changed it weekly. The rats were housed in two separate rooms and maintained on
a constant 12L:12D photoperiod, with lights on at 22:00 hr. Temperatures in the
rooms were between 16 and 24◦C. Ship rats were tested in May 1997 and kiore in
June 1997.

Odors. We examined the subjects’ responses to nine different odors. Six of
the odors were natural, from the feces or urine of live animals, and three odors
were the commercially synthesized volatile ingredients of urine or feces (provided
by New Zealand Industrial Chemists, Gracefield, Lower Hutt, New Zealand). The
natural odors were: cat urine (supplied by Five Cross Roads Veterinary Clinic,
Hamilton, New Zealand), mongoose feces (collected in Hawaii by A. Woolhouse
of New Zealand Industrial Chemists), guinea pig feces, New Zealand white lab-
oratory rabbit urine, and red deer urine. The cat and rabbit urine was collected
via catheterization of laboratory animals held at the Veterinary Clinic or Waikato
Polytechnic (Hamilton, New Zealand). Guinea pig feces were collected from the
guinea pig cages at the Polytechnic. The deer urine was collected from animals
kept at the deer unit of AgResearch Ruakura (Hamilton, New Zealand). Artificially
synthesized chemicals were provided as 1% solutions in paraffin oil. Chemicals
used were isopentyl methyl sulfide [IPMS, found in red fox, (Vulpes vulpes) urine],
n-propylthietane [PT, found in stoat (Mustela erminea) and ferret (Mustela furo)
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anal sac secretions, and hence probably also in their feces], andS-methyl, methyl
butanol (SMMBO, found in cat urine). Thus, there were three synthesized predator
smells, three natural herbivore smells, and three natural predator smells. Of the
natural odors, one of the herbivore and two of the predator smells were from feces.
Urine and feces was always collected from more than one donor animal, but only
one donor was used at a time (i.e., samples were not pooled) except in the case of
the deer urine. All natural odors were stored frozen.

Islands in the Hen and Chickens group are free of mammalian predators of
kiore. Kiore are the only rat known to live there (Atkinson and Moller, 1990), so
kiore collected there should be na¨ıve to all the smells we tested. Ship rats collected
on the North Island should be familiar with felids, canids, and mustelids, which
have long-established populations on North Island, New Zealand. There were also
cows, sheep, deer, goats, and rabbits on farms near where the ship rats were caught.
There are no feral populations of guinea pigs in New Zealand (King, 1990), and it
is unlikely any of the rats we used had ever come into contact with guinea pig odor.

In the field trials, odors were supplied as 5% w/v impregnated in casein
squares measuring approximately 30× 30× 5 mm high and weighing 4.8–5.2 g
(New Zealand Industrial Chemists, Wellington, New Zealand). Only two odors
were used in the field trials (SMMBO and PT). We chose to use 5% w/v concen-
trations because we wanted the odors to be detectable at some distance in forest,
and for them to persist for at least two weeks. The chemistry of herbivore urine and
feces has not been well studied (A. Woolhouse, New Zealand Industrial Chemists,
Wellington, New Zealand, personal communication), and it was not possible to use
synthetic herbivore derived odors as a control. Instead, we used two other controls:
odor-free casein squares applied to the feeder and no casein squares. The casein
squares had a slight odor of their own, and thus these controls represent an odor
(casein) and a no odor (no square) treatment.

Maze Experiments.Animals were collected one at a time from the captive
colony and transported in their cages, in darkness, to a separate trial room. They
were then transferred into an experimental arena lit with red light. When the
animals were in the arena, the red light was turned off and all observations were
completed using a 20-cm-diam. spotlight with an infrared filter. A Hitachi 12 V,
7 Ah, sealed lead–acid battery, powered the spotlight. Tests were videoed using
a Videotronic Tri-Q CCD camera and a Panasonic AG5260 video recorder. After
being tested, animals were returned to their cage and then to the captive colony.

We used a Y maze made of PVC piping (10 cm in diameter) to examine
the responses of both groups of rats to odors (Figure 1). The odor stimulus was
presented inside an opaque glass container as either 0.1 ml of solution pipetted
onto a 1-cm2 piece of Whatman filter paper or as 0.1 g of thawed feces. Odors were
presented in the maze with distilled water controls, presented in the same way, in
the other choice arm. The position of the odor (left or right) and the type of odor
(numbered 1–9) were recorded on the video tape after the trial, but were unknown
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FIG. 1. The Y maze apparatus used to test the responses of rats to the odor of predators
and herbivores.

to us when we scored the rats’ behavior. Three identical mazes were used and after
each test the maze was washed using hot water and Vircon soap powder and then
towel dried.

Ship rats and kiore were tested separately according to an incomplete block
design using 18 blocks. Each block consisted of five rats. One block (five rats and
five odors) was tested per day. Each rat was randomly allocated a position in six
blocks (i.e., received each of the six odors once over the 18 days of the trial). Tests
began 1 hr after the lights in the colony had gone off and continued sequentially
until five animals were tested. Each test was usually conducted within 40 min of
the previous one. Prior to the start of each test, rats were placed in the first arm
of the maze, with the guillotine door shut (Figure 1). The video recorder was then
started and the observer left the room. After 5 min, the guillotine door was opened
(from outside the room) and the rats were free to explore the maze for 15 min.
We recorded: (1) the time until the rat first visited each of the arms (a visit was
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defined as occurring when the rat’s head was more than 5 cm down the arm); (2)
the number of visits to the odor and control arm; (3) the time spent in each arm;
and (4) a total activity score for each rat, which was the number of visits to each
arm summed together.

The day before being tested, each rat was introduced to the maze as outlined
above, but in the absence of any odors. We recorded the same measures for each
rat on videotape to detect any left or right bias and to establish that the rats would
explore the maze. In the middle of the series of tests and at the end of the series, the
rats were again introduced to clean mazes and their movements recorded. This was
to check that each rat would still explore the maze in the absence of smells and that
the rats had not developed a left or right preference during the trials. Recordings of
rats in a clean maze were done after the day’s tests (on other rats) had concluded.

Field Experiments.Four feeding stations (Figure 2) were set up in each of
seven different forests or forest remnants on North Island. The feeding stations

FIG. 2. A rat feeding station and camera used to record visits by rodents (rats and mice)
and possums (Trichosurus vulpecula). Each feeder consisted of two PVC pipes, and odor
sources were attached to the outside of the larger pipe, near the rat entrance. Four stations
were positioned in each of seven forested areas. All four cameras were connected to a central
time-lapse video recorder.
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were positioned approximately 20 m from a central point, one each in a north,
south, east, and west direction. The seven forest sites were: Tahae Block (Pure-
ora Forest Park), Pouakani Scenic Reserve (near Pureora), Yarndley’s Bush (north
of Te Awamutu), Walter Scott Reserve (29 km west of Te Awamutu), Whewell’s
Bush (Matangi), Te Kauri Scenic Reserve (Kawhia), and Te Tapui Scenic Reserve
(13 km east of Matamata). The seven study areas were widely separated geo-
graphically (Figure 3). They also differed in topography, climate, altitude, aspect,
geology, history, dominant vegetation, and probably in rodent density and species
composition too. We expected that each site would have ship rats and mice, but
the relative densities of each species were unknown and we did not know whether
or not Norway rats were present at any site.

Each feeding station consisted of a feeder (made up of an inner PVC pipe
8 cm diam., 1 m high and an outer PVC pipe 20 cm diam., 1 m high). The inner pipe
was filled with approximately 550 g of maize grains and had two small holes cut
at the bottom to allow the corn to flow out. The larger pipe had three squares (10×
10 cm) removed from the bottom to allow rodents access to the inner pipe (Figure 2).
Each feeder was positioned on top of a 30× 30-cm piece of black polythene
to protect the corn from ground moisture and was held in place by guy ropes
attached to surrounding vegetation or support poles. Each feeder was monitored
by a Videotronic Tri-Q CCD camera positioned approximately 1.65 m above the
ground, suspended on a tripod of three bamboo poles tied together at the top.

The feeder and camera units were numbered according to their position with
feeder and camera 1 being the northernmost one. Each camera was secured inside
an inverted plastic bucket to protect it from the elements. On either side of the feeder
(approximately 55 cm above the ground), a bank of 16 infrared-light-emitting
diodes provided illumination for the cameras. These two light banks lit up an area
of approximately 50× 50 cm around the base of the feeder. The four cameras were
connected via approximately 20 m of cable to a Panasonic WJ-420 four-input
screen splitter. The splitter was connected to a GYYR VHS timelapse recorder
(model TLC 1800X) set to record 48 hr on a 3-hr tape. The splitter, video recorder,
and camera control boxes were protected inside plastic boxes and covered with
polythene to exclude water. The splitter and video recorder were connected to
a Motormate PS-200-2 DC-AC power inverter. The power inverter, lights, and
cameras were connected to three 63 Ah Sonnenschein 12 V lead–acid batteries
connected in parallel via a Grasslin 12 V electronic timer.

Three casein squares impregnated with the odors were attached to the outer
pipe of each feeder by using plastic electrical insulation tape. The casein squares
were attached between the entrances shown in Figure 2. A Latin square design
was used to assign the four treatments (SMMBO, PT, casein, or no odor) to the
four feeders. Study areas at each forest patch were located on the flattest ground
we could find. On day 1 of a test, cameras and feeders were assembled and feeders
were filled with a known amount of maize. The timer and video recorder were set
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to begin recording after dark and to stop recording before dawn. The exact length
of recordings varied slightly with season. Once the system was in place, activity
at each feeder was automatically recorded on videotape for the next three nights.
After three nights, we returned, weighed the remaining corn, added fresh corn if
required, removed the videotape, and left the area for 10 nights. After 10 nights,
we returned and removed the casein squares impregnated with odor and weighed
any remaining corn. We then wiped the outside of each plastic feeder with methyl
alcohol to remove any remaining smell and allowed it to air dry. We refilled the
feeders, reset the video recorder, and placed new casein squares impregnated with
different odors on each feeding station. We video taped activity for a further three
nights, and then returned and weighed the corn again (replenishing it if necessary).
We allowed the feeders to remainin situfor 10 more days. After this, we reweighed
any remaining corn, then moved the feeders to the next site. Thus, from each site
we had six nights of recording from two sessions separated by 10 days. Each of
the feeders had a different smell associated with it (according to our Latin square
design) in each test. We began these experiments on December 20, 1997, and
concluded them on June 21, 1998. We watched each video four times (focusing on
one feeder during each viewing). We recorded the number of visits made by rodents
(rats or mice) and brushtail possums (Trichosurus vulpecula) to each feeder and
the duration of the visits. We then summed the number and duration of visits for:
(1) the first night and (2) the three nights of each session. We separated our data
in this way because subjects might habituate to the odors over the three days of
a test. We also recorded consumption of maize on nights 1–3 and nights 4–10 of
each session for each odor.

Data Analysis.In the maze experiments, we used the Generalized Linear
Model (GLM) function of MINITAB (version 12.1) to investigate the responses
of each species of rat in a Y maze. For each species and each variable, we created
a model that included the rat (numbered 1–15) and the block (numbered 1–18)
as random effects and the odor as a fixed effect. We then grouped the odors into
herbivore, real carnivore, and synthesized carnivore and created models for each
measure using odor type as a fixed predictor and rat and block as random predictors.
We also created a model investigating the effect of sex on activity for each species.
We used Tukey’s tests to discriminate pairwise differences where GLM results
were significant.

In the field experiments, to determine whether rats visited feeders differ-
entially according to the treatments attached to them, we again used the GLM
procedure. We created different models for each measure and specified the smell
as a fixed predictor and location, test (1 or 2), and feeder (1–4) as random effects.
To check that most maize consumption was by the rodent and possum visitors we
recorded (and not by, for example, diurnal birds), we correlated the consumption
on nights 1–3 with the number of visits by rats and possums for those three nights
in both sessions.
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RESULTS

Maze Experiments. Exploratory data analysis showed that the number of
visits to the arm containing the distilled water control were similar to the number
of visits to the odor arm for both groups of rats. Thus, we chose not to use the
distilled water arm as a control because it was likely that the odor arm affected the
subject’s behavior throughout the whole maze. Instead we used the data collected
when rats were exposed to herbivore odors as the control.

In our experiments with kiore, neither the odor nor the odor type significantly
affected the variables we measured (Table 1). In no case was the block significant
either, which indicates that rat behavior did not vary significantly on different days.
There was a high level of individual variation in the sample, and the individual
rat was a significant predictor for all of our measures except time in the odor
arm (Table 1). Male kiore were more active [9.89± 1.56 (mean± SE) visits]
than female kiore (5.00± 0.87 visits;F1,89 = 8.66,P = 0.004). The effect of
sex is implicit in the designation “rat” in our model, and thus is already partially
accounted for.

One of the female ship rats escaped during her first test and could not be
recaptured alive. Another female rat showed an abnormally high level of activity
(approximately 230 visits to the left arm in a 15-min trial) and so was excluded
from the analysis. This reduced our sample size to 13 animals. Of the variables
we measured, only the number of visits to the odor may have been affected by
the odor type (F2,77 = 3.1, P = 0.054) with herbivore and real predator odors
being visited more often (14.32± 2.38 visits, and 13.96± 1.78, respectively) than
artificially synthesized predator odors (10.33,± 1.89;T = 2.26,P = 0.07). All
other variables were unaffected by odor or odor type (Table 2), but some behaviors

TABLE 1. F VALUES FROMGENERALIZED LINEAR MODELSDESIGNED TODETERMINE

EFFECT OFSEMIOCHEMICALS ON KIORE BEHAVIORa

Visits to Time in Time to approach

Factor Activity Odor Control Odor Control Odor Control

Fixed effects
Odor 0.72 0.75 0.54 0.69 1.23 0.95 0.65
Odor type 0.17 0.25 0.16 0.53 0.22 1.44 0.51

Random effects
Rat 2.29∗ 2.21∗ 2.15∗ 1.01 1.22 2.37∗ 2.55∗∗
Block 1.20 1.01 1.21 1.09 1.08 1.11 1.03

aF values marked with one asteriks are significant atP= 0.05, those marked with two asterisks are
significant atP = 0.01. Nine odors were tested in all: three real predator odors, three synthesized
predator odors, and three herbivore odors. The odors were each tested individually in one model
“odor” and then assigned into groups (real predator, synthesized predator, and herbivore) for as
“odor type” in a second model to see if kiore differed in responses according to odor source.
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TABLE 2. F VALUES FROMGENERALIZED LINEAR MODELSDESIGNED TODETERMINE

EFFECT OFSEMIOCHEMICALS ON SHIP RAT BEHAVIORa

Visits to Time in Time to approach

Factor Activity Odor Control Odor Control Odor Control

Fixed effects
Odor 1.14 1.78 1.05 0.73 1.23 1.44 1.13
Odor type 1.92 3.1 0.3 0.24 0.43 1.67 0.12

Random effects
Rat 9.06∗∗ 6.80∗∗ 5.67∗∗ 1.96 1.77 1.6 3.44∗∗
Block 1.89∗ 1.44 1.91∗ 0.84 0.71 1.42 2.05∗

aF values marked with one asterisk are significant atP= 0.05, those marked with two asterisks are
significant atP = 0.01. Nine odors were tested in all: three real predator odors, three synthesized
predator odors, and three herbivore odors. The odors were each tested individually in one model as
“odor” and then assigned into groups (real predator, synthesized predator, and herbivore) for “odor
type” in a second model to see if ship rats differed in responses according to odor source.

(activity, number of visits to the control, time to approach the control; Table 2)
were affected by the block number, indicating that rats behaved differently on
different days. There was no trend in the behavioral changes through the period
of the trial, for example, rats did not become predictably more or less active as
the trial progressed, rather they were more active on some days than they were
on others. The individual rat significantly affected all measures except the time
spent in the odor and control arms, and the time to approach the smell, indicating
high individual variability among rats. Ship rat activity was also affected by sex
(F1,77 = 8.58,P= 0.005). Female ship rats were more active than males (males
17.4± 3.06 visits; females 30.5± 3.00 visits). The effect of the sex of the rat is
again accounted for in our models.

Rats Use of a Clean Maze.Each rat explored an empty maze on three occa-
sions. Kiore made a total of 104 visits to the left choice arm and 109 visits to the
right choice arm (χ2 = 0.12,df= 1, NS). Seven of the rats remained in the first
arm during their first experience in the maze. A further three rats remained in the
first arm on two occasions, thus 10 of the kiore (66%) chose not to explore the
maze on at least one occasion.

Ship rats made a total of 339 visits to the left choice arm and 361 to the right
choice arm (χ2= 0.69,df= 1, NS). Only two of the ship rats remained in the first
arm on one occasion, and one of those two remained in the first arm on a second
occasion. We concluded that both species of rat readily explored the maze in the
absence of odors, although kiore were more reluctant to explore the maze when
they first experienced it and were less active overall. Neither species of rat showed
a preference for one side of the maze.

Field Experiments.On some occasions, either one of the cameras or the
time-lapse video recorder failed to work. Two of the cameras stopped recording
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after one night at Yarndley’s Bush. During the second test at Yarndley’s Bush,
the video recorder stopped working after one night, thus reducing the number of
feeding stations for which we had data for all three nights from 56 to 46. On
some occasions, maize weights were not recorded because the remaining maize
became wet and heavy due to rain. These losses reduced our sample size for maize
consumption on nights 1–3 from 56 to 50, and on nights 4–13 from 56 to 52.

Average maize consumption on days 1–3 varied between 120 g (at feeders
with SMMBO) and 159 g (at feeders with odor-free casein squares on them). The
amount of maize consumed on days 1–3 of a test did not vary according to odor
(F3,49= 0.31,P= 0.82), but more than five times as much corn was eaten during
the second test (219± 30 g) as there was during the first test (48± 10 g,F1,49=
22.38,P = 0.0001). Maize consumption for days 4–13 of each test did not vary
with smell either (F3,51= 0.36,P= 0.78), but did vary with the test (again more
maize was eaten in the second test,F3,51= 7.48,P= 0.009) and with the location
(F6,51= 9.78,P= 0.0001). The amount of maize consumed on days 4–13 varied
from an average of 120 g at Pouakani Scenic Reserve to 519 g at Walter Scott
Scenic Reserve.

The number of rodents visiting feeders on night 1 of a test did not vary
according to the semiochemical that was attached to the feeder (means ranged
from 4.0 to 7.1 visits per feeder,F3,55= 0.81,P= 0.49), but at some locations rat
activity was generally higher (means ranged from 0.6 to 19.3 visits per location;
F6,55 = 7.64,P= 0.0001). The number of brushtail possums visiting on the first
night of a test did not vary according to odor either (range of means 0.6–2.1 visits
per feeders,F3,55 = 1.72,P= 0.18), but there was also more possum activity at
some locations (means ranged from 0.1 to 2.4 visits per location,F6,55= 2.49,P
= 0.03). More possum visits were recorded during the first night of the second
test (mean= 2.0 visits) than on the first night of the first test (mean= 0.6 visits;
F1.55= 7.35,P= 0.01).

The number of rat and mouse visits over the three-day test did not vary
according to odor (range of mean values= 20.1–25.0;F3,45 = 0.21,P = 0.89),
but did vary according to location (range of mean values= 1.0–60.9 visits;F6,45

= 9.64,P = 0.0001). The same was true for possums (range of mean values=
4.1–5.8;F3,45 = 0.32,P = 0.81 for odor, and range of mean values= 0.4–12.3
visits; F6,45 = 7.49,P = 0.0001 for location). The amount of time spent at each
feeder by rats and mice on night one was not dependent on the odor attached to
the feeder (means ranged between 948 sec and 1578 sec;F3,55= 0.17,P= 0.92),
although it did vary with location (range of means= 146–4030 sec,F6,55= 3.46,
P = 0.007). Possums spent more time at feeders on the first night of the second
test than they did on the first night of the first test (mean= 110 sec for test 1, mean
= 1130 sec for test 2;F1,55 = 10.61,P = 0.002). The amount of time spent at
feeders by possums on the first night of the second test did not vary according to
smell (F3,55= 2.12,P= 0.11).
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When we considered the total amount of time spent at a feeder during the
three nights of video recording, location was the only significant predictor for
rodents (mean values between 69 sec and 10279 sec;F6,45= 3.72,P= 0.006) and
for possums (mean values between 77 sec and 8468 sec;F6,45= 3.59,P= 0.008).

The total maize consumption at each feeder was correlated with the number
of possums that we recorded visiting the feeders (r = 0.57,P= 0.0001) but only
weakly correlated with the number of rodents (r = 0.20,P = 0.17). The maize
consumption on days 1–3 was weakly correlated with the amount of time rats and
mice spent at a feeder (r = 0.27,P = 0.08), but moderately correlated with the
amount of time possums spent there (r = 0.57,P= 0.0001). The number of rodent
visits and possum visits was unrelated (r = 0.03,P= 0.83), but the length of time
spent at feeders by rodents was correlated with the length of time spent there by
possums (r = 0.332,P= 0.02).

DISCUSSION

It might be expected that rats would be more likely to avoid the odors of
predators that they encounter most frequently (Dickman, 1992) or those that pose
the most significant threat (Jedrzejewski et al., 1993). We included both familiar
and unfamiliar predators of ship rats in our laboratory experiment, yet neither
species showed avoidance of any of the odors at the concentrations we used. It
appears from both the field and laboratory experiments that semiochemicals would
not be effective rat repellents in the sense that we envisaged. Not only do ship rats
and kiore visit areas tainted with carnivore odors as often as they visit control areas
(tainted with herbivore odors) in laboratory trials, they also spent similar amounts
of time and consumed similar amounts of food in treatment and control areas in
field trials.

Interestingly, the two species of rat we studied did not appear to be attracted
to the predator odors, as predicted by Mason et al. (1994), either. This may be
because they cannot tell the odors apart. However, ship rats appeared to be able
to discriminate at least some of the odors, since they spent more time in arms
containing odors from real predators or herbivores than they did in arms containing
synthesized semiochemicals. Since the synthesized chemicals smelled stronger to
the human nose than the real ones, it may be that this difference in behavior is due
to strength or pungency of the odor stimulus rather than the odor itself. Kemble and
Bolwahnn (1997) reported that pungency alone could explain mouse aversion of
novel chemicals, although this has not been tested for the species of rat we studied.
The laboratory tests conducted by Burwash et al. (1998) used only one (familiar)
real odor; the other eight were synthesized. Burwash et al. (1998) do not report
any dilution of their chemicals, and although they used small amounts (0.01 ml),
the avoidance behavior they report may be a response to strong novel odors, rather
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than avoidance of predator odorsper se. The odors we used in our field trials were
stronger than those we used in the laboratory trial, although they were familiar,
and there was no effect on rat behavior. Thus, pungency alone cannot explain the
different results reported by Burwash et al. (1998) and this study. Kiore showed
no differences in their responses to odors, and it remains unknown whether they
can discriminate among the odors we tested or not.

Discrimination tests for both species of rat would be useful because they
could help to interpret their lack of avoidance behavior. It seems likely that ship
rats and kiore can distinguish the odors, because rats are generally well endowed
with olfactory neurons (Nef, 1998). Furthermore, olfaction is considered to be one
of the most important means of communication (Brown, 1985) and orientation
(Lavenex and Schenk, 1998) for rats. Olfaction has been well-documented as a
way of detecting predators for laboratory rodents (Kats and Dill, 1998). In order
to observe odor discrimination in the absence of an avoidance response, it may
be necessary to determine whether rats can be trained to recognize the odor as
significant by operant conditioning (e.g., Terry and Johanson, 1996). If the rats are
able to discriminate predator odors from others, then it remains to be explained why,
in the context of our experiments, they ignore the information these semiochemicals
can potentially convey, and what methods they employ to detect and avoid predators
in the wild.

Cocke and Thiessen (1986) and Ward et al. (1996) both reported changes in
the level of physiological arousal of animals [gerbils (Meriones unguiculatus) and
hedgehogs (Erinaceous europaeus)] in laboratory trials that were not manifested
in behavioral changes. It is possible that the rats we studied were showing changes
to their metabolism that we could not measure.

Both the ship rats and the kiore we tested in laboratory trials showed a high
degree of individual variation. Burwash et al. (1998) suggested that it is the high
level of individual variability that has allowed ship rats to become such a globally
successful species. We have previously found (Bramley et al., 2000) that, despite
high individual variation, individual Norway rats from a predator-na¨ıve population
avoided predator odors, while individuals that had presumably come in contact
with predators showed no such aversion. We suggested that avoidance might be
an innate behavior for Norway rats but that it might be modified by experience,
with experienced rats being more accurate at assessing risk. This may also be true
for ship rats, since the ship rats we studied had presumably encountered predators
or their odors in the past. Because we used odors from only one donor animal at a
time, differences in quality of the individual odors may partially explain the high
individual variation in our results.

The kiore that we studied were from predator-free islands. They showed no
innate aversion to odors. In order to make sense of these observations and under-
stand the development of odor-mediated avoidance, experiments are necessary that
manipulate the individual experience of the rats being tested. Only by knowing
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the experience of each individual being tested will experimenters be able to draw
sensible conclusions about how responses to predator odors might vary with age
or experience. The role individual experience plays in discriminating odors and
responding to them has usually been studied by changing the background odor in
the weaning period (e.g., Terry and Johanson, 1996) or by cross-fostering (e.g.,
Wuensch, 1992). Neither approach is suitable for studying predator avoidance.
In order to mimic the experience of encountering a predator in the wild and to
allow meaningful ecological interpretations, it will be necessary to pair the pre-
sentation of a semiochemical with a negative stimulus. Measuring the number
of presentations necessary to engender avoidance and the length of time individ-
uals maintain avoidance responses after experience would be useful in helping
workers determine whether chemicals provide meaningful ecological information
or not.

Laboratory studies have shown, usually with laboratory strains of Norway rat
or house mouse, that odors are important for individual recognition (Gheusi et al.,
1997), social interactions (Hurst et al., 1994; Hurst and Barnard, 1995), orientation
in the home range (Lavenex and Schenk, 1998), feeding (Galef, 1993), and mate
selection (Kavaliers and Colwell, 1995). Laboratory studies have also shown that
laboratory rats and mice recognize and avoid predator odors (see Kats and Dill,
1998, for a review). This reductionist laboratory approach has allowed significant
progress in our understanding of rodent social systems. However, little is known
about how wild populations of rat respond to either conspecific or heterospecific
odors, and whether wild rats and mice use odors when exploring their home range.
The few studies that have been conducted in the wild (Dickman, 1992; Stapp
and Van Horne, 1996; Bramley, 1999) have produced contradictory results. Large
enclosures represent a kind of middle ground between these two approaches and
have allowed successful manipulation of the presence, density, and encounters of
wild animals (e.g., Drickamer, 1997).

We detected no preference for either side of the maze by ship rats or kiore, but
the behavior of ship rats appeared to change according to the experimental block
they were assigned to. This change was unexpected but should have had only a
minimal effect on our results since smells were positioned in blocks throughout
the trial and rats were randomly assigned to blocks. Thus, five randomly chosen
rats received one randomly chosen smell each on any given day, and any smell
tested on a day when the rats were inactive would also have been presented to
other rats on other days.

In the field trials we conducted, the one consistently significant predictor of
maize consumption and visitation rate was the location of the test. This is probably
because rodent and possum density varied at the different sites, and feeders in
areas with more animals received more visits. It appears from our field trials that
possums were unaffected by predator odors. This result contrasts with data reported
by Woolhouse and Morgan (1995), who applied semiochemicals (one of which
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was PT) to pine (Pinus radiata) seedlings and recorded a decrease in consumption
by possums. It may be that propylthietane has an aversive taste.

The strong correlation between maize consumption and possum visits implies
that possums were eating most of our maize. Nonetheless, rodents also visited
the feeders often, and since rodent and possum visits were not correlated (either
positively or negatively), it appears possums did not exclude rats and mice from
visiting. The positive correlation we observed between the amount of time spent
at feeders for rats and possums is further support that neither species adversely
affects the behavior of the other.

Rats and possums consumed more maize during the second test in an area than
they had in the first test. This result is to be expected since resident animals have
had longer to locate feeders, overcome neophobia, and assess food palatability by
the time the second trial began.

It is apparent from this study and that of Bramley et al. (2000) that all rodents,
even congeneric species, do not respond to predator odors in the same way. Studies
of the type outlined above looking at the development of aversion and manipu-
lating experimental conditions such as cover and risk are needed to help clarify
how heterospecific odors are used by different species, and under what conditions
avoidance evolves and is maintained by a population. Future research should also
focus on the effect of age on avoidance responses and what other antipredator
strategies might operate under different conditions.
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Abstract—The response of phenolic compounds as a result of long-term low
open-field ozone exposure was studied in ozone-sensitive and ozone-tolerant
clones of European silver birch (Betula pendulaRoth). The saplings were ex-
posed to 1.5–1.6 times the ambient (elevated) ozone and ambient air (as con-
trol) over three growing seasons from May 1996 until August 1998. Quantifi-
cation by modified Folin-Ciocalteau assay showed a 16.2% increase in total
phenolics in elevated ozone plants as compared to that in controls and a corre-
sponding 9.9% increase of 10 phenolic compounds quantified by HPLC. Five
nonflavonoids and five flavonoids showed 8.4% and 11.4% increases, respec-
tively. The phenolic results indicated slightly higher ozone sensitivity of clone
5 as compared to clone 2. The most ozone-responsive phenolic compounds
in clone 2 and clone 5 were (+)-catechin (CT), chlorogenic acid (CGA), 5-
p-coumaroylquinic acid (5CQA), 3-p-coumaroylquinic acid (3CQA), myricetin
galactopyranoside (MG), quercetin-3-O-glucuronopyranoside (QGR), and quer-
cetin-3-O-arabinofuranoside (QA). Increased phenolic content in ozone-exposed
plants was related to impaired growth and accelerated leaf senescence, indicated
by enhanced autumn leaf yellowing and lower chlorophyll and Mg content. The
change in carbon allocation towards defensive phenolics at the expense of growth
was greater in the ozone-sensitive clone as compared to tolerant clone.

Key Words—Betula pendulaRoth, silver birch, ozone, phenolics.
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INTRODUCTION

Increasing tropospheric ozone levels impose one of the greatest risk factors to
the stability of European forest trees and forest ecosystems in the 21st century
(Matyssek and Innes, 1999). Although vast literature is available on the effects
of ozone on plants, knowledge about the long-term mechanisms of ozone impact
on forest trees under natural environmental conditions is still insufficient. This
open-field ozone experiment was established in 1996 aiming to highlight current
knowledge caps in empirical data (such as carryover mechanisms of ozone) and to
provide realistic information about the impact of slightly elevated ozone exposure
on European silver birch (Betula pendulaRoth), the most important deciduous
pulpwood species in Finland. In this first step, exposed saplings were harvested
and analyzed for chemical and biochemical changes in relation to different growth
responses determined for tolerant and sensitive clones. The emphasis was on the
variation of relative contents of phenolics in ozone-tolerant and -sensitive birch
clones grown over three growing seasons under low open-field ozone exposure
and under ambient air (serving as control). Another part of plants in this extensive
multiyear experiment will be used in actual quantitative ozone risk assessment
after long lasting chronic exposure.

Plants contain a wide variety of phenolic compounds, such as simple phe-
nols, flavonoids, stilbenes, tannins, lignans, and lignin. These substances function
as cell-wall constituents providing mechanical stability and forming water and gas
impermeable cell wall layers. Phenolics also function as natural pesticides, fungi-
cides, antiherbivore factor, pigments, antibiotics, signal substances, attractants for
pollinators, protective agents against UV radiation, excessive light, and air pollu-
tants; as well as taking part in senescence, regeneration, and degradation processes
due to cell damage. Pollutant-stress-induced changes in phenolics have been pro-
posed to be connected with higher energy demand and consequent increase in
respiration of stressed plants, with oxidation of these substances to quinones, with
lignin production separating healthy and damaged (necrotic) leaf tissues, and with
accelerated senescence (e.g., Bennett and Wallsgrove, 1994; Giertych et al., 1999).
Ozone-caused increases have been reported especially in phenolic acid, tannin and
terpenoid concentrations in several tree species (Rosemann et al., 1991; Jordan
et al., 1991; Lavola et al., 1994; Wellburn and Wellburn, 1996), providing protec-
tion against oxidative damage (Langenheim et al., 1994; Foy et al., 1995; Ormrod
et al., 1995). It has been suggested that ozone-induced accumulation of phenolics
specifically concerns those compounds that are needed for defense (Richter and
Wild, 1988; Foy et al., 1995; Lavola, 1998).

The phenolics of birch species, especially those of European silver birch
leaves, have been well documented by Ossipov et al. (1995, 1996) and Kein¨anen
and Julkunen-Tiitto (1998). In our previous study, (Oksanen and Saleem, 1999), hy-
droxycinnamic acid derivatives, e.g., neochlorogenic acid (NCGA); caffeoylquinic
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acid derivatives (CQA); chlorogenic acid (CGA); hydroxybenzoic acid deriva-
tives, e.g., (GPS); 1-(4′′-hydroxyphenyl)-3′-oxopropyl-β-D-glucopyranose and
flavonol glycosides, e.g., myricetin glycosides (MG), quercetin glycosides (QG),
and kaempferol glycosides (KG) were tentatively identified and quantified on
the basis of study by Ossipov et al. (1996). In the present study, more efficient
extraction and chromatographic conditions were used to improve separation, iden-
tification and quantification of phenolic compounds.

METHODS AND MATERIALS

Plant Material. Forty saplings of ozone-sensitiveBetula pendulaclone 2
and ozone-tolerant clone 5, determined previously in P¨aäkkönen et al. (1993),
were randomly placed in two replicate open-air elevated-ozone exposure fields
and two replicate ambient-ozone control fields in May 1996. These fast-growing,
commercially used clones originated from southern (Valkeakoski, clone 2) and
central (Ristiina, clone 5) Finland. The plants were grown in 20-dm3 pots, filled
with a mixture of prefertilizedSphagnumpeat and quartz sand (2 : 1). The saplings
were irrigated as needed and fertilized with 0.2% Superex-9 solution (19 : 5 : 20,
N-P-K) once a week until July. During the growing seasons, the positions of plants
were randomized by rotation within each field throughout the experiment. Each
year in October, the pots were protected with excised conifer branches and plants
were overwintered at the experimental site covered with snow.

Open-Field Ozone Exposure. The experiment was carried out by using the
open-field exposure system at Kuopio University experimental area in central
Finland, described in detail by Wulff et al. (1992). Ozone was produced from pure
oxygen with a Fisher OZ 500 generator, and dispensed from the upwind vertical
tubes. Ozone concentrations were continuously monitored at the center of each
exposure field with a Dasibi 1008-RS ozone analyzer. Ozone was administered
during the day and night throughout the growing seasons according to the 1.5-
to 1.6-Fold ambient ozone profile. During inappropriate weather conditions (rain,
fog, dew, and strong wind) ozone fumigation was automatically stopped. The cu-
mulative ozone exposures AOT0, AOT30, and AOT40 (accumulated over thres-
hold 0, 30, and 40 ppb, respectively), and the 7-hr (11:00–18:00) and 24-hr mean
values for ozone concentrations are given in Table 1.

Sampling and Extraction. Ten green, mature sun-leaves from five plants per
clone and treatment from the middle of the canopy were frozen in liquid nitrogen
on August 27, 1998. Freeze-dried leaf material (500 mg) was homogenized for
40 sec with Ultra-Turrax T25 (Janke & Kunkel, IKA-Labortechink, Germany) in
20 ml of 80% methanol at room temperature. The homogenate was subjected to
continuous stirring for 1 hr followed by centrifugation at 1500g for 10 min. The
pellet was extracted twice, and the combined extract was evaporated to dryness
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TABLE 1. OZONE DATA FROM MAY 20, 1996TO AUGUST31, 1998.

1996 1997 1998

Ozone A E A E A E

AOT0 (ppm hr) 71.2 107.0 67.6 107.1 70.3 104.9
AOT30 (ppm hr) 5.5 33.4 4.7 30.1 3.1 24.7
AOT40 (ppm hr) 1.0 17.3 0.8 13.9 0.3 10.2
7-h mean (ppb) 30.2 45.8 27.5 42.0 26.1 34.0
24-h mean (ppb) 24.1 36.3 22.4 35.5 21.8 31.0

aAOT exposures have been calculated for each growing season (May–September) and for each
24 hr/day. Values are means for the two ambient-ozone (control,A) and / elevated-ozone blocks (E).

under low pressure. Dried extracts were redissolved in HPLC water to a final
weight:volume ratio of 0.04 g/ml and stored at−18◦C. All chemicals and eluents
for HPLC analysis as well as Folin reagent for total phenolics concentration assay
were purchased from Fluka BioChemica (Buchi, Switzerland).

Total Phenolics Concentration (TPC). The Folin-Ciocalteau method for
quantification of total phenolics, was chosen on the basis of its high sensitivity,
lower interference, and speed as compared to other competitive assays (Waterman
and Mole, 1994). The assay (Waterman and Mole, 1994) was slightly modified
for this study by homogenizing the contents at 1500g for 10 min and measuring
the absorbance at 730 nm instead of usual 765 nm. Extract (0.1 ml) was mixed
with 5.9 ml water and of the diluted extract 1.0 ml was mixed with 1.0 ml of
Folin reagent. The mixture was allowed to stand for 2–5 min and 2 ml of 20%
Na2CO3 was added. The mixture was stirred and incubated for 10 min at room
temperature, homogenized at 1500g for 8 min, and its absorbance was measured
at 730 nm on a Perkin-Elmer Spectrophotometer 550. A standard curve was drawn
with known concentrations of gallic acid. The results were calculated according
to the mathematical procedure of Segal (1975).

HPLC Analysis. Each extract was filtered through a Millex-HV13 filter,
0.45 mm (Millipore, Bedford, Massachusetts) before HPLC injection. Separations
were performed on a Spherisorb 5 ODS-2 column (250× 4.6 mm ID, 5µm, Phase
Separations Ltd.). The HPLC system consisted of an Hitachi L-6200 Intelli-
gent Pump connected to a L-4250 UV-VIS Detector (Merck, Tokyo, Japan) and
Chrompac C-R6A Integrator (Shimadzu, Kyoto, Japan). Two solvents were used
for elution: A, acetonitrile; B, 5% formic acid. The elution profile was 0–5 min.,
100% B (isocratic); 5–60 min, 0–30% A in B (linear gradient); 60–70 min, 30–
70% A in B (linear gradient). The flow rate was maintained at 1.0 ml/min and
the column back pressure at 70–136 bar. The detection wavelength was fixed at
280 nm. The injection volume of the sample was 20µl.

HPLC-ESI-MS Analysis. HPLC-ESI-MS analysis was performed with a
Perkin Elmer Sciex API-365 triple quadrupole mass spectrometer (Sciex, Toronto,
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Canada). The instrument was equipped with a pneumatically assisted ion spray
interface and Macintosh data system. The HPLC system consisted of Perkin-Elmer
Series 200 HPLC system with a UV-VIS detector. Samples were introduced into
the system by a Perkin-Elmer Series 200 Autosampler (Perkin-Elmer, Norwalk,
Connecticut). All chromatographic conditions were kept similar to the HPLC-
DAD analyses except the use of 0.4% instead of 5% formic acid as eluent B.
Before MS, the main part of the flow was split off and only 20% was introduced
into the mass spectrometer. The mass spectrometer was operated in negative ion
mode with a scan range ofm/z100–1100 in 0.30 amu steps. The needle voltage was
set at−4000 V, the orifice voltage at−35 V and the ring voltage at−220 V. The
nebulizer gas flow was set at 9 and for N2 curtain gas at 12. The heated nitrogen
gas temperature was set at 300◦C and the gas flow rate was 7000 cm3/min.

Growth Measurements. On May 28, 1998, 10 plants per clone per treatment
were measured for dry mass of shoot (stem+ leaves) and roots. Leaf area growth
for another 10 plants per clone per treatment was followed from May 8 to June
5, 1998. On August 31, 1998, 10 plants per clone per treatment were measured
for stem height, base diameter, and proportion of yellowed leaves (Percent of all
leaves).

Quantitative Analyses. Leaf samples for Rubisco, soluble protein, chloro-
phyll, and carotenoid concentration determination were collected on August 31,
1998, from mature sun-leaves from 10 saplings per clone per treatment at
10:00–13:00 hr. Frozen leaf disks (2.05 cm2) were weighed, and a crude ex-
tract was prepared for Rubisco concentration using 2 ml of the extraction buffer
(Gezelius and Hallen, 1980). The amount of total Rubisco protein was assayed
by PAGE as described by Rintam¨aki et al. (1988), using purified Rubisco protein
(Sigma Chemical Co.) as a standard. Rubisco was quantified on a dry weight basis
by scanning the areas and intensities of bands in Coomassie-stained gels (Adobe
Photoshop Program, version 5.0). An aliquot for soluble proteins was quantified
by using Bradford reagent with BSA as standard. Samples for chlorophyll and
total carotenoid quantification were taken from the crude extract before centrifu-
gation. Chlorophyll concentrations were determined with a UV-1201 Shimadzu
spectrophotometer using buffered 80% acetone as solvent and calculated with cor-
rected equations (wavelengths 646.6 and 663.6 nm) as described by Porra et al.
(1989). Total leaf carotenoids were analyzed spectrophotometrically according to
Wellburn and Lichtenthaler (1984), measuring absorbance at 470 nm. Bulk samples
for starch determination, collected from 10 plants per treatment per clone, were
freeze-dried, milled, and analyzed by standard enzymatic techniques (Boehringer
kit for food analysis).

Nutrient Analysis. Nutrients were analyzed from dried and ground bulk sam-
ples collected from green middle canopy leaves on August 31, 1998. Atomic ab-
sorption spectrophotometry (AAS) was used for Ca, K, Mg, and P quantification,
and nitrogen concentration was determined by the Kjeldahl method.
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TABLE 2. HPLC-DAD (TR and HPLC-ESI-MSλmax) and (M/Z) data of phenolics of
B. pendula Rothleaf extract

Peak TR(min) λa
max (nm) m/z Compoundb

1 17.1 280 305(M-H), 611(2M-H) (+)-Catechin(CT)
2 21.0 251, 300 sh, 330 353(M-H), 707(2M-H) Chlorogenic acid (CGA)
3 21.9 315 337(M-H) 5-p-Coumaroylquinic acid (5CQA)
4 22.5 285 327(M-H), 655(2M-H) (GPS)
5 23.3 315 337(M-H), 675(2M-H) 3-p-Coumaroylquinic acid(3CQA)
6 25.5 250, 300 sh, 335 353(M-H), 707(2M-H) Neochlorogenic acid (NCGA)
7 35.8 260, 300 sh, 361 479(M-H), 959(2M-H) Myricetin galactopyranoside(MG)
8 40.5 261, 302 sh, 360 463(M-H), 927(2M-H) Quercetin-3-O-galactopyranoside

(QGL)
9 41.0 265, 299 sh, 350 477(M-H), 955(2M-H), Quercetin-3-O-glucuronopyranoside

301(M-glucuronic acid) (QGR)
10 43.5 260, 300 sh, 361 433(M-H), 867(2M-H) Quercetin-3-O-arabinofuranoside

(QA)

ash= shoulder;bGPS= 1-(4′′-hydroxyphenyl)-3′-oxopropyl-β-D-glucopyranose.

Statistical Analysis. Due to the randomized location and rotation of plants
throughout the experiments, no significant field effects were revealed in any pa-
rameter by ANOVA with a SPSS/PC package (version 8.0). Two-way ANOVA
using plot (field) means (±standard errors) was used to test differences between
treatments. Differences were considered significant atP< 0.05.

RESULTS

Phenolic Determination. Extraction was carried out with 50%, 60%, 70%,
and 80% acetone, methanol, and ethanol to get higher yields of phenolics. Results
on the basis of peak areas from HPLC analyses indicated that 80% methanol was
the most efficient solvent for extracting phenolics. The Folin-Cioaclteau assay was
slightly modified for the determination of total phenolics. The homogenization of
the contents immediately before measuring the absorption noticeably reduced the
turbidity, and 730 nm proved to be a more suitable absorbance wavelength and
gave higher total phenolic concentration than 765 nm. These minor changes pro-
vided better reproducibility in triplicate measurements under our test conditions.
HPLC-DAD was supported with HPLC-ESI-MS for quick recognition of pheno-
lic compounds of interest in birch leaf extracts. HPLC identification with diode
array detection at 280 nm was used to get characteristic UV spectra of individual
compounds. The shapes of spectra and UV maximum maxima of each compound
were then compared with standard compounds. Ten phenolic compounds were
identified and quantified on the basis of results from HPLC-DAD and HPLC-ESI-
MS. Them/zvalues (Table 2) from HPLC-ESI-MS confirmed the identification of
each compound corresponding to a particular peak (Figure 1).
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FIG. 1. HPLC chromatogram ofBetula pendulaRoth leaf extract. Numbers in chro-
matogram correspond to compounds in Table 2.

Phenolics in Different Treatments. The ozone-induced increase in total phe-
nolic contents was determined for pooled data (two clones together) in order to
compare TPC and HPLC methods (Figure 2). TPC results showed a 16.2% increase
in total phenolics in ozone treatment, while 10 identified phenolics (HPLC) showed
a 9.9% increase (Figure 2). The latter rise in 10 selected compounds provided more
compact information of the trend due to the nonspecificity of TPC assay (Figure 2).
In addition, there was a 2.9% higher ozone response of nonflavonoids as compared
to flavonoids in pooled data (Figure 2). Based on 10 identified phenolics, the results
showed an 11.4% increase in phenolic contents in clone 5 as compared to clone 2,
indicating a greater responsiveness of the sensitive clone 5 (Figure 2 and 3a). The
ozone-induced increase in the concentration of 10 phenolics for clone 2 and clone 5
is shown in Figure 3. The highest increases in clone 2 were found in 3CQA (31.5%),
CGA (31.2%), MG (30.6%), QA (26%), and QGR (25.3%) and in clone in 5, 5CQA
(53.3%), QGR (38.4%), CT (33.7%), CGA (31%), and 3CGA (28.2%) (Figure 3).

Growth Responses and Leaf Yellowing. Mean leaf size in emerging new fo-
liage was significantly smaller in both clones from May 8 to June 5, 1998, in
elevated-ozone plants (Figure 4). The difference between treatments was greater
in ozone sensitive clone 5 (Figure 4). Stem and root dry weight was unaff-
ected in the tolerant clone 2, whereas in clone 5 lower dry weights in ozone
plants were observed on May 31, 1998, accompanied by increased shoot/root
ratio (Table 3). Stem height and base diameter growth were unaffected in both
clones, when determined on August 31, 1998 (Table 3), indicating ozone-induced
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FIG. 2. Overall increase of phenolic concentration inB. pendulaleaf extracts in elevated
ozone plants as compared with controls (data were pooled for two clones). Results are
average values of three measurements.

FIG. 3. Response of (a) total phenolic content and 10 phenolics (b–f) ofB. pendulaleaf
extracts in elevated ozone plants as compared with control plants in clone 2 and clone 5.
Values are means of± SE,N= 3. See Table 2 for names of compounds.
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TABLE 3. LONG-TERM GROWTH RESPONSES OFB. pendulaCLONES2 (TOLERANT) AND

5 (SENSITIVE), DETERMINED DURING THE THIRD GROWING SEASONAFTERSTART OF

OZONE EXPOSUREa

Response Clone Control Elevated ozone p

May 31, 1998.
DWT of shoot (g) 2 44.3± 16.2 46.0± 21. 9 0.961

5 60.7± 5.6 42.5± 3.5 0.045
DWT of roots (g) 2 129.2± 18.9 86.0± 16.5 0.826

5 189.0± 5.6 49.0± 2.0 0.018
Shoot/root ratio 2 0.34± 0.08 0.53± 0.08 0.549

5 0.32± 0.05 0.87± 0.03 0. 041
August 31, 1998.

Stem height (cm) 2 214.8± 18.5 201.0± 6.9 0.889
5 184.7± 7.6 185.0± 12.1 0.976

Base diameter (mm) 2 19.8± 1.3 20.1± 0.7 0.872
5 18.5± 0.8 18.5± 12.1 0.999

Yellowed leaves(% 2 7.8± 1.1 12.9± 2.3 0.564
of all leaves) 5 9.5± 1.7 23.8± 3.4 0.038

aValues are means± SE. Two-way ANOVA (P-values are bold, when≤ 0.05),N= 2.

FIG. 4. Effects of elevated ozone on leaf size of new emerging foliage inB. pendula,
determined between May 8 and June 5, 1998. Symbols: (¥) control, clone 2; (¤) control,
clone 5; (•) elevated ozone, clone 2; (◦) elevated ozone, clone 5. Two-way ANOVA (pvalues
for clone 2 are 0.023 on May 8, 0.027 on May 28, and 0.039 on June 5. CorrespondingP
values for clone 5 are 0.06, 0.048, and 0.012, respectively).N= 2.
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TABLE 4. EFFECTS OFLONG-TERM OZONE EXPOSURE ONSTARCH, RUBISCO,
SOLUBLE PROTEIN, CHLOROPHYLL AND CAROTENOID CONCENTRATIONS INB. Pendula

CLONES2 AND 5a

Response Clone Control Elevated ozone P

Total Rubisco concentration 2 77.02± 1.99 78.88± 6.43 0.808
(mg/g DWT) 5 85.72± 3.94 89.12± 4.91 0.643

Total soluble protein conc. 2 161.44± 38.67 157.97± 11.50 0.939
(mg/g DWT) 5 155.61± 14.31 174.70± 1.78 0.317

Total chlorophyll (a+ b), 2 2.19± 0.04 1.45± 0.75 0.433
(mg/g DWT) 5 2.30± 0.16 1.03± 0.02 0.016

Total carotenoids, 2 268.31± 32.10 163.61± 34.51 0.157
(µg/g DWT) 5 261.88± 42.03 229.32± 6.62 0.524

Starch 2 81.18± 5.33 78.01± 9.5 0.605
(mg/g DWT) 5 99.41± 9.59 79.59± 4.15 0.245

Nutrient concentrations,
(mg/g DWT)

N 2 10.98± 0.31 11.06± 0.56 0.591
5 13.68± 1.51 12.84± 0.50 0.699

P 2 3.07± 0.24 3.24± 0.19 0.622
5 3.40± 0.41 3.18± 0.23 0.713

Ca 2 6.10± 0.57 7.09± 0.41 0.403
5 7.91± 1.30 7.97± 0.78 0.834

Mg 2 10.66± 5.22 2.23± 0.08 0.052
5 16.65± 9.15 2.34± 0.15 0.031

K 2 7.45± 0.49 7.49± 0.43 0.763
5 5.58± 0.58 6.27± 0.86 0.725

aLeaf samples collected on August 31, 1998. Two-way (P-values are bold, when≤ 0.05), N= 2
Values are means± SE.

reduction in resource allocation to leaves rather than to stem growth. In addition,
yellowing of leaves was (14.3%) enhanced in ozone plants of clone 5 (Table 3).

Quantitative Analysis. Rubisco and soluble protein concentration were not
affected by elevated ozone in either clone (Table 4). Total chlorophyll concentration
was lower in clone 5 ozone-exposed plants, accompanied by reduced content of
Mg. In clone 2, the reduction in chlorophyll and Mg was not significant. Total
carotenoid and starch tended to decrease in elevated-ozone plants of both clones
but were not significant (Table 4). Foliar N, P, Ca, and K concentrations were also
unaffected by ozone (Table 4).

DISCUSSION

The results provide good evidence that elevated atmospheric ozone levels
have detrimental effects on the well being of European silver birch (evidenced by
elevated phenolic levels) leading to reduced growth and increased leaf senescence.
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Changes in Shoot–Root Balance. High ozone sensitivity of clone 5 was con-
firmed by significantly lower shoot and root growth, a higher proportion of yello-
wed leaves, as well as lower chlorophyll and Mg concentrations in ozone-exposed
plants. In both clones, increased shoot–root ratio in ozone plants indicated shifts
in assimilate transport at the expense of roots, leading to altered crown and root
architecture, followed by predisposition to other stress factors, such as water and
nutrient deficiency and pathogens, and impaired competitiveness in the long term.
In recent reviews, changes in resource allocation and disturbed shoot and root
balance have been considered as crucial factors underlying the deleterious ozone
impact on European forest trees, long-term stand development, and forest ecosys-
tem structure (Sk¨arby et al., 1998; Matyssek and Innes, 1999).

Ozone-Induced Increase in Phenolics. The results of this experiment were
consistent with earlier findings, although ozone-induced increases in phenolics
were generally higher in our previous study (Oksanen and Saleem, 1999). In our
previous work, quantitative comparisons focused on GPS and CGA, which are
known to be one among the most abundant nonflavonoid phenolic compounds
in Betula pendulaandBetula pubescens(Keinänen and Julkunen-Tiitto, 1998).
The ozone-induced increase in phenolics was over two times higher in the sen-
sitive clone 5 as compared to tolerant clone 2 (Oksanen and Saleem, 1999).
GPS was less important in the present experiment. The reasons for different re-
sponses may be explained by annual variation in ozone concentrations and by
seasonal changes in phenolics, relating to phenology of trees, i.e., the samples
in the first study were collected in June during a high ozone episode and fast
growth period of leaves, whereas in the present study the samples were collected
at the end of growing season. Previously, ozone-induced increases in contents
of papyriferic acid and flavonoids were also reported in stem samples after low,
short-term field ozone exposure in these same silver birch clones (Lavola et al.,
1994).

Role of Phenolics in Ozone Stress. Changes in phenolic compounds can
be regarded as a phytochemical adaptation to the biotic and abiotic environment
(Dixon and Paiva, 1995; Lavola, 1998). Our results support the earlier findings
in deciduous trees (Bryant et al., 1987; Julkunen-Tiitto and Meier, 1992; Lavola,
1998) that in birch, a high degree of variation in the production of phenolic com-
pounds is due to phenotypic plasticity, enabling the adaptation to spatial and tem-
poral variation in environmental stress factors like ozone. The accumulation of
cell wall phenolics and flavonoids has been shown to prevent water loss and in-
crease the general stress tolerance of the plant (Elstner et al., 1994; Dixon and
Paiva, 1995). Induction of antioxidative phenolics such as quercetin and chloro-
genic acid may further increase resistance against ozone damage by scaveng-
ing free oxygen and hydroxyl radicals and hydrogen peroxide (Appel, 1993;
Foy et al., 1995). The increase of chlorogenic acid in ozone-exposed plants in
this experiment may indicate an increase in antioxidant activity (e.g., Larson,
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1988; Elstner et al., 1994; Rice-Evans et al., 1997), as reported inMahonia
repens, where chlorogenic acid was found to be a highly efficient scavenger of
free oxygen radicals ameliorating the oxidative stress responses in plants (Grace
et al., 1998). In addition, accumulation of triterpenoids on the plant surfaces
may contribute ozone resistance by reflectance and ozonolysis of terpenoids
(Langenheim, 1994). Recently, inPinus nigraneedles collected in a polluted area
in Poland, an increase of phenolic levels was concluded to indicate an activation
of senescence processes, correlating negatively with the main nutrients (Giertych
et al., 1999). Similar relations were observed also in our study with lower Mg
and chlorophyll concentrations in the sensitive clone, indicating accelerated leaf
senescence.

Growth Versus Phenolic Allocation. The present results are in accord with
various carbon nutrient balance (CNB) models (Bryant et al., 1983; reviewed
in Herms and Mattson, 1992), which explain that, due to metabolic costs, in-
creased allocation of carbon resources to chemical defense and repair processes
under stressful situations results in lower biomass production and growth. The
increase in total phenolics and concomitant reduction in growth is also in agree-
ment with the protein competition model (PCM) of plant phenolic allocation of
Jones and Hartley (1998). This model assumes that impaired growth and reduced
demand for protein synthesis is accompanied by increased investment in carbon-
based phenolics in fast-growing species because both processes use the same
amino acid precursor—phenylalanine (Jones and Hartley, 1998). The present re-
sults indicate that a change in carbon allocation towards defensive phenolics at
the expense of growth was greater in the ozone-sensitive clone 5 as compared
to tolerant clone 2. Previously, a higher content of flavonol glycoside was de-
tected in ozone-tolerant cultivars of soybean than in sensitive ones (Foy et al.,
1995).

Ecological Implications and Conclusions. Because several phenolic biosyn-
thesis-affecting environmental stress factors, such as increased ozone concentra-
tion, oxides of nitrogen, UV-B radiation, and elevated CO2 levels together with
increasing temperature and changing precipitation, affect forest trees simultane-
ously, the amounts of carbon-based phenolic compounds have been predicted to
change in forest ecosystems (Jones and Hartley, 1998). Integrating the highly vari-
able effects of single environmental factors to estimate the net effect of global
change is a complex task. However, the present results suggest that increasing
ozone levels tend to increase phenolic concentrations in birch trees, as proposed
by Jones and Hartley (1998) and Lavola (1998). The results indicate an overall
ozone-induced increase in foliar CT, CGA, 5CQA, 3CQA, MG, QGR, and QA.
This was regarded as a source of concern, because altered resource allocation to-
wards phenolics was accompanied by growth reductions and disturbed shoot/root
balance, especially in the sensitive birch clone.
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Abstract—The host ranges of phytophagous insects are determined to a large
degree by plant chemistry. Specialist insects are often closely associated with
plants that produce characteristic chemicals, which may act as attractants or
stimulants to aid in finding or recognizing a host. Generalist insects are generally
believed to rely on the presence of repellents or deterrents to ensure avoidance
of unsuitable plants. However, the chemistry of any plant can be highly variable,
as a result of growth characteristics, genetic variation, or environmental factors.
Such variable chemistry may provide windows of opportunity for nonadapted
insects to utilize a plant or for a plant to become resistant to a normally adapted
herbivore. Differences in insect responses to plant constituents may also result
from genetic variation or environmental factors. In particular, dietary experience
has been found to influence the ability of insects to taste plant chemicals that may
serve as signals of suitability or unsuitability. Certain dietary constituents appear
to suppress the development of taste sensitivity to deterrents in an insect, whereas
the presence of specific stimulants in the diet may result in the development of
dependence on these compounds. These findings further emphasize the fact that
the dynamics of plant biochemistry along with plasticity in the sensory system
of insects might be expected to play a major role in the evolution of new plant–
insect relationships.

Key Words—Host selection, taste, feeding stimulants, feeding deterrents, diet,
Manduca sexta, Pieris rapae, sensory plasticity.

INTRODUCTION

The vast majority of phytophagous insects are known to be specialists on a limited
number of closely related plants. The evolution of such plant–insect associations
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FIG. 1. Schematic representation of the value of plant chemistry to adapted insects.

is believed to be driven in part by the insects’ need to avoid competition and to
escape from enemies (Bernays and Chapman, 1994; Schoonhoven et al., 1998).
This process has involved adaptation to the physical and chemical defenses that
plants have developed against generalist herbivores and pathogens. By specializing,
these insects may take advantage of unique architecture or characteristic chemistry
of their host plants in a variety of ways (Figure 1).

Plant chemicals may be useful to the insect as a basic source of information
about the plant, or they may be utilized more directly for defense or communication
purposes. Chemicals for defense might be ingested and sequestered in various
body parts to discourage potential predators (Brower, 1984). Alternatively, they
are often regurgitated directly from the crop, or they may be stored in special glands
for secretion when threatened by a potential enemy (Rowell-Rahier and Pasteels,
1993). Some host plant chemicals also are used as precursors for semiochemicals,
including pheromones (Hughes, 1974).

The information afforded by plant chemistry is critical in guiding the process
of host selection by specialist insects. Chemicals emanating from a plant may have
a negative or positive effect on an approaching insect. The presence or absence of
specific volatiles can promote landing, and key compounds at the surface may then
signal the suitability of a plant, resulting in acceptance for oviposition or feeding
(Renwick and Huang, 1994). The presence of repellents or deterrents usually
signals unsuitability of a plant, and the resulting rejection behavior allows the insect
to avoid contact with, or ingestion of, toxins that are likely to be encountered in the
plant. For the Lepidoptera, host finding and acceptance is largely the responsibility
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of the female adult, which must select a site for oviposition that is optimal for
the hatching larvae. However, larvae must also be capable of recognizing new
host plants after completely defoliating a plant or after falling from their first
host plant (del Campo, 1999). It is clear, therefore, that discrimination among
plants and recognition of specific hosts by adults and larvae are highly dependent
on the insect’s ability to perceive and respond to specific cues. Although many
plant–insect systems have now been studied to elucidate the chemical basis for
specialization, the significance of variability in plant chemistry and variability in
the insect responses to plant constituents has seldom been addressed. Here we
examine the results of experiments with two model systems to illustrate how such
variations might play a role in the evolution of host range expansion and/or plant
escape from herbivory.

Pieris–CRUCIFER MODEL SYSTEM

The specialization of many insects on members of the Cruciferae
(=Brassicaceae) has long been linked to the presence of glucosinolates in these
plants (Feltwell, 1982). This chemical association was first demonstrated by
Verschaffelt (1910) forPieris species, and the observation has served as a basis
for several classical studies on the role of these compounds in host selection. The
involvement of glucosinolates in stimulating feeding by larvae and oviposition by
adults has since been confirmed forP. brassicaeandP. rapae(Thorsteinson, 1953;
David and Gardiner, 1966; Renwick et al., 1992). More recent studies have shown
that ovipositingP. rapaeadults respond most strongly to indole glucosinolates,
such as glucobrassicin, and less strongly to aliphatic glucosinolates, especially
those with sulfur in the side chain, such as glucocheirolin (Huang and Renwick,
1994). Larval preferences for different glucosinolates have received less attention,
but feeding stimulation clearly occurs in response to any one of many aromatic or
aliphatic glucosinolates (Renwick and Lopez, 1999).

P. rapae recently has served as a model insect for studying the chemi-
cal basis for restricted host ranges. Despite the strong association of this insect
with glucosinolate-containing plants (including members of the Tropaeolaceae,
Capparaceae, and Resedaceae, as well as most of the Cruciferae), some crucifers
are avoided. Work on two of the unacceptable crucifers has shown that these plants
contain strong oviposition deterrents. The deterrents inErysimum cheiranthoides
have been identified as cardenolides (Sachdev-Gupta et al., 1990), and deterrents
that explain rejection ofIberis amarawere identified as cucurbitacin glycosides
(Huang et al., 1993). The fact that these unacceptable plants contain reasonably
high concentrations of stimulatory glucosinolates indicates that the deterrent effect
must outweigh the effects of the stimulants. These results have reinforced the idea
that acceptance or rejection of a plant may depend to a large extent on a balance
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of stimulants and deterrents perceived by the insect (Miller and Strickler, 1984;
Renwick and Huang, 1994; Renwick, 1996). This idea has been tested by grow-
ing the normally unacceptableE. cheiranthoidesin nutrient solutions containing
increasing concentrations of nitrogen. At higher levels of nitrogen, the glucosi-
nolate/cardenolide ratio in foliage increased substantially, and the plants became
acceptable for oviposition (Hugentobler and Renwick, 1995).

Comparative studies withPieris napi oleraceaandP. rapaehave shown that
these related species have different thresholds for response to the various stim-
ulants and deterrents. Oviposition byP. napi was more strongly stimulated by
the aliphatic, sulfinyl, and sulfonyl glucosinolates than by the indole represen-
tatives of the group (Huang and Renwick, 1994). Furthermore, this species was
less deterred by concentrations of cardenolides and cucurbitacin glycosides that
effectively blocked oviposition byP. rapae. Similar differences were found in the
responses of larvae to feeding deterrents inE. cheiranthoidesandI. amara. Both
cardenolides and cucurbitacin glucosides deterred feeding byP. rapae, but had
little or no effect onP. napi (Chew and Renwick, 1995). The cardenolides that
were most effective as oviposition deterrents were not the most active feeding
deterrents. In general, the strophanthidin-based cardenolides were the most active
oviposition deterrents, whereas the digitoxigenin glycosides were more effective
against larval feeding (Renwick, 1996).

SENSORY PERCEPTION OF CONTACT STIMULI

Recognition of host plants by phytophagous insects clearly depends on a
series of behavioral responses to visual, olfactory, and/or gustatory cues. In the
case ofPieris rapaebutterflies, visual cues are important for locating potential
hosts, and, after landing, contact with nonvolatile cues at the leaf surface results in
acceptance or rejection of the plant (Chew and Renwick, 1995). Taste receptors on
the tarsi are responsible for perception of the glucosinolates and possible deterrents
such as cardenolides at the leaf surface. Electrophysiological recordings from these
receptors have been used to explain observed variation in behavioral responses to
individual compounds. In particular, comparisons betweenP. napiandP. rapae
have shown that differences in responses of the tarsal receptors to compounds
could be related to differences in behavioral responses of the butterflies (Du et al.,
1995; Städler et al., 1995).

In the case of larvae, host recognition depends almost entirely on the use of
taste receptors that are present on the mouthparts. The most important chemorecep-
tors appear to be the medial and lateral sensilla styloconica located on the maxillary
galea of the caterpillars. These sensilla are innervated by neurons that respond to
glucosinolates and others that respond to deterrents (Schoonhoven, 1987). Re-
cent studies have shown thatPieriscaterpillars have specialist deterrent receptors
that are particularly sensitive to cardenolides, as well as more general deterrent
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receptors that respond to a wide range of compounds (van Loon and Schoonhoven,
1999). As in the case of adults, larvae of the differentPieris species are likely to
have different sensitivities to both stimulants and deterrents, and electrophysio-
logical responses can be correlated with the observed behavioral responses.

EFFECTS OF DIETARY EXPERIENCE

The responses of insect larvae to chemical cues from potential host plants
may often be influenced by dietary experience. Feeding behavior may be affected
by various forms of learning, including habituation, sensitization, and imprinting
(induction of preference) (Szentesi and Jermy, 1989). Early work onPieris bras-
sicaeshowed that when late-instar larvae were given a choice of food plants, they
generally preferred the plant on which they were reared (Johansson, 1951). Larvae
reared to fifth instars onTropaeolum majusalso developed a preference for this
plant. Thus, induced preference was clearly indicated, although some feeding also
occurred on the less preferred plants. However, Ma (1972) found thatP. brassicae
that had fed onBrassica oleracearefused to feed onT. majus, and the mecha-
nism of this rejection behavior was never explained. Subsequent work withPieris
rapaehas shown that cabbage-reared larvae of this species also will starve to death
rather than feed on nasturtium (Tropaeolum majus) (Renwick and Huang, 1995).
However, adults from the same colony readily oviposited on nasturtium, and the
hatching larvae fed and developed normally. Likewise, when neonate larvae were
transferred from a Parafilm substrate to nasturtium, they fed normally. In exper-
iments with different instars, the development of refusal behavior was found to
occur in first instars, within 24 hr of inititiation of feeding on cabbage.

Subsequent experiments with other host plants, including noncrucifers,
showed that larvae transferred from cabbage toBrassica juncea(Cruciferae),
Sinapis alba(Cruciferae),Cleome spinosa(Capparidaceae), andReseda luteola
(Resedaceae) all fed readily on their new hosts. These results suggested that nas-
turtium has some unique deterrent property that is absent in other hosts. The
possibility of imprinting as a mechanism for rejection of a new host was tested by
making the reverse switch. However, those larvae transferred from nasturtium to
cabbage fed almost immediately on the new plants (Renwick and Huang, 1995).

The presence of a feeding deterrent in nasturtium has subsequently been
demonstrated, and the major active compound has been identified as chlorogenic
acid (Huang and Renwick, 1995a). Additional experiments were performed with
larvae reared on a variety of host plants to determine whether some unique factor in
cabbage was responsible for triggering sensitivity to the deterrents in nasturtium.
However, larvae reared from egg hatch to third instar onBrassica juncea, Sinapis
alba, Cleome spinosa, andReseda luteolaall refused to feed on nasturtium. These
results suggested that many host plants have the qualities necessary forP. rapae
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FIG. 2. Effect of dietary experience on acceptance or rejection of new diets by larvae of
Pieris rapae.

larvae to develop sensitivity to the deterrents. However, when larvae were reared on
wheat germ diet, and third instars were transferred to nasturtium, they accepted the
plant and fed normally (Figure 2). This means that the wheat germ diet either lacks
an inducer or contains chemicals that suppress development of larval sensitivity to
the deterrent in nasturtium. Larvae reared on nasturtium from the time of hatching
had limited sensitivity, whereas larvae that were reared exclusively on the wheat
germ diet remained almost completely insensitive to the deterrents (Renwick and
Huang, 1995).

We have suggested that the development of sensitivity to deterrents in plants
is suppressed by continuous exposure ofP. rapaelarvae to these compounds. How-
ever, it was not clear whether exposure to one deterrent would suppress sensitivity
to other unrelated deterrents. Experiments to answer this question were performed
by rearing larvae on cabbage leaves that were treated with individual deterrent
compounds and then testing the response of these larvae to other deterrents. The
results showed that dietary experience can, in fact, affect sensitivity to compounds
that are not present in the diet. Thus, a type of cross-habituation exists (Huang and
Renwick, 1995b).
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FIG. 3. Bioassay for toxicity of an unacceptable plant toPieris rapaeand for monitoring
isolation of toxin from plant extracts.

Detailed studies on the development of larval sensitivity to feeding deterrents
suggested that the sensory system of second instars is most plastic, but a gradual
increase in sensitivity of larvae at any stage occurs after their transfer from artificial
diet to cabbage. The evidence suggests thatP. rapaecould serve as an excellent
model for analysis of the physiological and biochemical processes involved in
sensory development. In addition, suppression of taste sensitivity allows us to
test the effects of feeding on a plant that would not normally be eaten. WhenP.
rapae larvae are reared on wheat germ diet and then transferred to a normally
unacceptable plant, some feeding is likely to occur. This approach has been used
to examine possible effects ofP. rapaefeeding onErysimum cheiranthoides. Diet-
reared fifth instars consumed considerable amounts ofE. cheiranthoidesfoliage but
became sick within 48 hr and died soon after (Renwick et al., unpublished results).
This provided a clear indication thatE. cheiranthoidescontains compounds that
are toxic toP. rapae(Figure 3). Solvent extracts ofE. cheiranthoidesapplied to
cabbage foliage were also toxic to the diet-reared larvae, and preliminary HPLC
has resulted in the isolation of several cardenolides that could explain the toxic
activity (Renwick, unpublished results).

Recent work has shown that the source of suspected suppressing compounds
in artificial diet is the wheat germ itself. Exhaustive extraction and partitioning of
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wheat germ, using feeding deterrent assays to monitor for activity, resulted in the
isolation of a highly deterrent methanol-soluble fraction. Subsequent separation by
HPLC yielded active compounds that have been characterized as apigenin-based
flavones (Huang and Renwick, 1997).

Manduca sextaAS A COMPARATIVE MODEL

The discovery of diet-dependent sensitivity to deterrents inPieris rapae
prompted additional studies to determine whether other insects exhibit the same
phenomenon.Manduca sextaappeared to be an ideal candidate, since St¨adler and
Hanson (1978) had already found that plant-reared larvae of this species were
deterred by extracts of artificial diet. These authors were the first to suggest that
diet-induced changes in food selection behavior ofM. sextacould be related to
changes in sensory responses. Experiments in our laboratory were designed to
determine whether diet-dependent acceptance of a nonhost plant (cowpea) by this
species could be the result of differences in sensitivity to deterrents. The results
clearly indicated that dietary modification of food acceptance was due, not to differ-
ences in response to a deterrent, but to the development of dependence on host plant
constituents (del Campo, 1999; del Campo and Renwick, 1999). Larvae reared on

FIG. 4. Effects of selective removal of lateral (L) and medial (M) sensilla styloconica from
Manduca sextalarvae on acceptance of cowpea leaf discs as food. Test larvae were reared
on potato foliage to become dependent on the presence of a specific stimulant for feeding.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301370 May 29, 2001 11:34 Style file version Nov. 19th, 1999

PLANT–INSECT RELATIONSHIPS 1071

a wheat germ diet will feed on the nonhost cowpea, whereas potato-reared larvae
require a specific feeding stimulant for acceptance of cowpea as food. A single
compound was isolated from potato foliage to explain this effect (del Campo and
Renwick, 2000), and the development of dependence on this compound could be
related to changes in the responses of a particular chemoreceptor on the mouth-
parts of the larvae (del Campo, 1999). Since feeding discrimination in caterpillars
has been linked to the responses of two maxillary hairs, the medial and lateral
sensilla styloconica, to stimulants and deterrents (Schoonhoven, 1987), ablation
experiments were performed to determine which of these receptors are involved
in the development of this chemical dependence. Discrimination was measured
by testing the acceptance of cowpea leaf disks by potato-rearedM. sextalarvae.
The intact larvae refused to feed on the cowpea disks, but after bilateral removal
of either the medial or lateral sensilla, the larvae fed on the disks. However, after
unilateral removal of both medial and lateral sensilla, the larvae still refused to
feed (del Campo, 1999) (Figure 4). Thus, discrimination appears to require in-
put from both sensilla. However, electrophysiological recordings indicated that
dietary experience affected the responses of only the lateral sensilla to the potato
compound. As a result of these studies, del Campo et al. (2001) have concluded
that specialization by this insect involves a peripheral neural mechanism.

DEPENDENCE OFPieris rapaeON A HOST STIMULANT

The possible development ofP. rapaedependence on specific host compounds
was examined by using the same approach as forM. sexta. Cowpea disks were
generally accepted as food by neonate larvae, but larvae that had fed on cabbage
refused the cowpea. The development of this refusal behavior was related to the
length of time spent feeding on cabbage. However, when extracts of various host
plants were applied to cowpea leaf disks, crucifer-fed larvae were stimulated to
feed at rates that were little affected by the plant on which they had been reared. A
general addiction to glucosinolates was suggested, and a single glucosinolate was
found to be sufficient to elicit feeding by cabbage-reared larvae. Since bioassays of
cowpea extracts failed to show any deterrent activity, the conclusion was reached
that addiction to glucosinolates is responsible for the fixation ofP. rapaelarvae on
their host plants (Renwick and Lopez, 1999).

DEPENDENCY AND SENSITIVITY OFP. napi oleracea

Comparative studies onP. n. oleraceahave revealed the existence of a some-
what different dependence mechanism. Neonate larvae of this species will not feed
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on untreated cowpea leaf disks. However, when glucosinolates are applied to the
disks, feeding occurs (W. Q. Zhang, unpublished results). Since the na¨ıve neonates
require glucosinolates for initiation of feeding, prior experience is not necessary
for the development of dependence. Instead, it appears thatP. napilarvae have an
innate craving for glucosinolates upon hatching from the egg.

In the case of feeding deterrents, the development of sensitivity in
P. n. oleraceamay be more similar to that inP. rapae. This indigenous North
American species will often lay eggs on introduced crucifers that are not suitable
for larval growth and development, and deterrents are likely to be involved in
restriction of larval feeding. One such plant is garlic mustard,Alliaria petiolata,
which has become extremely invasive in eastern North America, largely because
of a lack of herbivory. Feeding byP. n. oleraceais blocked primarily by the pres-
ence of two compounds. One of these (compound 1) inhibits feeding by neonates,
whereas the other (compound 2) deters feeding by later instars (Renwick et al.,
unpublished results). Recent experiments have examined the effect of diet on larval
responses to these compounds, and two distinct mechanisms have emerged. The
responses of larvae that were reared on either wheat germ diet or cabbage plants
were measured at each larval stage. For the cabbage-reared larvae, a steady decline
in sensitivity to compound 1 was observed as the larvae progressed from first to
third instars. On the other hand, sensitivity to compound 2 increased steadily to
reach a maximum in fourth and fifth instars. Larvae that fed on a wheat germ
diet followed the same pattern of responses to compound 1, but never became
sensitive to compound 2. From these results, along with behavioral observations,
we concluded that two distinct mechanisms are involved in blocking feeding by
the larvae at different stages. Compound 1 appears to be a postingestive feeding
inhibitor, whereas compound 2 is a feeding deterrent that is perceived by taste.
This conclusion would suggest, therefore, that dietary experience affects the ability
of the insects to taste or respond to deterrents, but has no effect on postingestive
inhibitory responses. This may mean that rearing larvae on different diets can be
used to determine the mechanism involved in rejection of certain foods. From an
ecological point of view, this also means that discrimination between potential
host plants on the basis of taste may depend on the previous diet of the insect.

VARIATION IN PLANT CHEMISTRY

The compounds inA. petiolata responsible for blocking feeding byP. n
oleraceahave now been identified. Compound 1, alliarinoside, is a unique cyano-
glycoside (Haribal et al., unpublished data) and compound 2 is a flavone glycoside
(Haribal and Renwick, 1998). These compounds can be readily detected in aque-
ous extracts of foliage after preliminary solvent partitioning and chromatography,
and analyses of samples from different sources have revealed considerable quan-
titative variability. Field observations have indicated that some populations of
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P. n. oleraceacan survive on isolated populations ofA. petiolata(Courant et al.,
1994). A detailed study of variation in plant chemistry throughout the year has
now been conducted for different populations ofA. petiolatain New York State.
The analyses revealed substantial seasonal as well as population variation in the
content of these active compounds (Haribal and Renwick, unpublished data). Such
variation may well be sufficient to account for observed differences in growth and
survival of larvae on the plants. A general dip in concentrations of both compounds
1 and 2 from June to July might suggest that a window of opportunity exists forP. n.
olearaceato adapt to the variable resistance of garlic mustard (Haribal and
Renwick, unpublished data).

CONCLUSIONS

The importance of plant chemistry in the evolution and maintenance of spe-
cialist insect–plant associations has been well documented in the past. Here we
have focused on the role of plant chemistry in providing information about a plant
and the ability of the insect to respond to this information. Chemical messages
that signal suitability of a plant are perceived by the insect through a variety of
chemoreceptors. For lepidopterous larvae, critical information is most often ob-
tained by the use of taste receptors, although limited ingestion may also be needed
for confirmation of suitability. Specialization usually depends on recognition of
specific chemicals or classes of chemicals that stimulate feeding. At the same
time, negative information allows the insect to avoid plants that may be toxic or
unsuitable for continued growth and development.

We now know that variation in plant chemistry may provide opportunities
for an insect to feed on plants that are usually considered to be unsuitable. Such
variation may be genetically controlled, or it may result from seasonal, climatic,
or other environmental factors. Similarly, differences in responses of insects to
plant chemicals may be genetically or environmentally based. However, it is now
clear that changes in sensory physiology may also play an important role. Diet-
dependent sensitivity of the insect to negative signals may affect its ability to avoid
plants that are likely to be toxic. The response of larvae to genus-specific feeding
stimulants can play a key role in host selection by specialists, and we have now
shown that some species become dependent on such stimulants for host recognition
and continued feeding. This dependence may be manifested as an innate craving,
or it may develop as a result of experience, like a type of addiction. Furthermore,
experiments withM. sextaindicate that the development of dependence involves
changes in the peripheral receptors that are responsible for tasting plant compounds
at the leaf surface.

The observed variation in both plant chemistry and insect responses to specific
chemicals might suggest that adaptation of a native insect to an introduced plant
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FIG. 5. The possible role of physiological variation, based on dietary experience,
on the evolution of new insect–plant associations.

could occur relatively rapidly. Results of our research support the idea that the evo-
lution of host ranges involves physiological as well as genetic and environmental
factors (Figure 5). Plasticity in perception of deterrents and the development of de-
pendence on specific chemicals undoubtedly play important roles. Future research
in this area will benefit from collaborative efforts that combine experimental input
from studies in sensory physiology, behavior, and phytochemistry to provide an
integrated view of the processes involved.
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DOES EXCRETION OF SECONDARY METABOLITES
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Abstract—Salicin was administered orally to six brushtail possums by incor-
poration in food for six days at three dose levels (0.05, 0.5, and 1.5% wet weight),
giving mean± SD daily intakes of 0.31± 0.09, 2.76± 0.75, and 6.04± 1.12
mmol salicin. Metabolites were identified by mass spectrometry and assayed by
HPLC. Salicyl alcohol glucuronide accounted for 56–64% of urinary metabo-
lites over the three doses, salicyluric acid 15–26%, salicin 10–18%, and there
were smaller amounts of free (2–4%) and conjugated (0–6%) salicylic acid.
β,2-Dihydroxyphenylpropionic acid was a minor metabolite. The hydrolysis of
dietary salicin enabled reconjugation of its aglycone, salicyl alcohol, with a more
polar sugar, glucuronic acid, thus enhancing its renal excretion and resulting in
little net loss of substrates for conjugation and a low measurable metabolic cost
of excretion.

Key Words—Salicin, metabolism, glucose conjugate, plant secondary metabo-
lite, common brushtail possum, detoxication, costs.

INTRODUCTION

Although there is clear evidence that some plant secondary metabolites (PSMs)
influence foraging of herbivores (Foley et al., 1999), the mechanisms by which
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these effects are exerted remain unclear. Some compounds exert clear antifeedant
effects (Lawler et al., 1998) or have a demonstrable impact on the metabolism of
the animal. Yet most mammalian herbivores ingest large concentrations of many
PSMs that do not appear to have major effects on their choices of foods (Palo
and Robbins, 1991). Most syntheses of mammal–plant interactions place some
importance on the cost of neutralizing and excreting any PSMs that are ingested
(Freeland and Janzen, 1974; Foley and McArthur, 1994; Foley et al., 1999). The
difficulty with assigning costs to the neutralization and excretion of PSMs is that
only rarely are the pathways of metabolism known with any certainty (Freeland,
1991). Available information is generally restricted to laboratory species, and it is
hard to place these studies in an ecological context. Costs that might be important
in an ecological context could include the cost of maintaining enzyme systems,
the cost of conjugates for excretion and the opportunity costs of lost foraging
time because of the pharmacokinetic constraints of neutralizing and disposing of
metabolites (Foley et al., 1999).

Although all these avenues could potentially be important, only the cost of
excreted conjugates has been quantified. For example, Cork (1981) showed that
glucuronic acid excretion comprised up to 25% of the fasting glucose entry rate
of koalas (Phascolarctos cinereus). Lowry et al. (1993) showed that sheep fed
diets rich in organic acids excreted 17% of their digestible N intake as benzoyl
glycine (hippuric acid). Nonetheless, we think that some compounds, in particular
phenolic glycosides, could be excreted with very little cost either because they are
excreted unconjugated (Scheline, 1991) or because the glycoside is used as a source
of metabolizable energy to compensate for the excretion of a carbohydrate-based
conjugate such as a glucuronide.

We evaluated this possibility by studying the metabolism of salicin in common
brushtail possums. Salicin [salicyl alcohol glucoside; 2-(hydroxymethyl)-phenyl-
β-D-glucopyranoside] is a bitter-tasting phenolic glycoside found in the bark and
leaves of various species ofSalixandPopulus(Trease and Evans, 1972). Earlier
studies had implicated salicin as a cause of selective feeding onSalixandPopulus
by common brushtail possums (Markham, 1970; Edwards, 1978) and mountain
hares (Lepus timidus) (Tahvanainen et al., 1985), but little was known of how such
an antifeedant effect could occur. Pass and Foley (2000) examined the effect of
isolated salicin on feeding in common brushtails but could find no evidence of
postingestive effects and attributed the antifeedant effects of high concentrations
of salicin to preingestive effects such as taste. Therefore, we undertook this study
of the metabolic disposition of salicin to provide further evidence of the nature of
any postingestive effects.

In the only detailed study of the metabolism of salicin, Fotsch et al. (1989a)
found that rats excreted oral doses of salicin mostly as free salicylic acid and un-
changed salicin. However, after a subcutaneous dose, salicin was excreted virtually
unchanged (Fotsch and Pfeifer 1989). In vitro experiments showed that salicin was
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hydrolyzed by bacteria in the cecum and colon of rats, indicating that salicin is
extensively hydrolyzed in the rat gastrointestinal tract.

METHODS AND MATERIALS

Materials. Salicin (min. 99% purity) was purchased from Sigma. All other
chemicals were of good commercial quality. Reference metabolites (salicyl alco-
hol, salicylic acid, salicyluric acid) were chromatographically pure. Methanol and
acetonitrile were HPLC grade (Waters Associates, Sydney, Australia) and acetone
was an analytical reagent grade (May & Baker).

Animals and Urine Collection. Animal work was carried out at James Cook
University, Townsville, and was approved by that university’s ethics commit-
tee (Pass and Foley, 2000). Six common brushtail possums were trapped in the
wild and kept in an air-conditioned animal house maintained at 22± 2◦C and
a 12-hr light–dark cycle. The animals were adult males weighing 1.97–2.50 kg
(mean= 2.27 kg). They had been living in a mangrove forest and had not been
previously exposed to willows or poplars. The animals were fed on a diet of fruit
and cereals (Pass and Foley, 2000). In feeding experiments, salicin was added to
the dry ingredients of this diet and mixed to give a final uniform distribution of
salicin 0.05, 0.5, or 1.5% wet weight of feed. Animals were housed individually
and fed each of the three salicin diets for eight days, using a balanced Latin-square
design. During each eight-day diet period, 24-hr urine samples were taken on day 6
for metabolite analyses. Urine was collected into bottles immersed in solid carbon
dioxide and stored frozen until analyzed. Food intake was measured, by weight, on
day 5.

Identification of Metabolites. Most metabolites were identified by mass spec-
trometry (MS) after separation by gas chromatography (GC). After hydrolysis of
conjugates withβ-glucuronidase/arylsulfatase (see below), urine samples were
acidified to pH 1 with 5 M HCl and extracted three times with ethyl acetate.
An aliquot of the extract was then placed into an ice bath in a fume hood, ethe-
real diazomethane added, and the reaction allowed to stand for 30 min. Excess
diazomethane was removed with a gentle stream of nitrogen. The methylated
metabolites were dissolved in ethyl acetate and analyzed by GC. The instru-
ment was a Hewlett-Packard 5890 gas chromatograph with 5970B mass-selective
detector using HP 59970A Chemstation software (Hewlett-Packard, Melbourne,
Australia). GC conditions were: Hewlett-Packard HP1 capillary column (0.52µm
methylpolysiloxane), 25 m× 0.32 mm ID; oven 100–190◦C at 5◦C/min, then
190–200◦C at 20◦C/min; carrier He at 12 psi; injector 250◦C; detector 300◦C.

Salicyl alcohol glucuronide was isolated by liquid chromatography to enable
its identification by high-resolution MS. Salicin and salicyl alcohol glucuronide
were separated from urine on a column of Amberlite XAD-4 resin (Serva) using
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a method adapted from that of White and Schwartz (1980). The resin (10 g) was
washed successively with methanol, water, acetone, acetone–water, methanol, and
water. An aliquot of urine (50µl) was diluted in 75 ml water and passed through
the column at 3 ml/min. The column was then washed with 80 ml water followed
by successive 30 ml volumes of acetone–water (1:1). Eluted fractions were con-
centrated to approximately 1–2 ml by rotary evaporation at 40◦C and analyzed by
HPLC. Salicyl glucuronide eluted with the aqueous wash and gave no HPLC peak
for salicin or salicyl alcohol, but after enzyme hydrolysis, produced salicyl alco-
hol. Salicin eluted with the acetone–water fractions, and enzyme hydrolysis gave
salicyl alcohol. The structures of urinary salicyl glucuronide and salicin were con-
firmed by solid probe mass spectrometry. The instrument (Kratos Concept ISQ,
Manchester, UK) used a Cs ion gun at 10 kV for FAB mass spectrometry in a
glycerol matrix.

Structures of conjugates were confirmed by liquid chromatography–mass
spectrometry (LC-MS) with a Waters Alliance HPLC and Finnegan LCQ mass
spectrometer using LCQ Navigator software. Diluted urine samples were chro-
matographed on a reverse-phase C-18 Nova-Pak column (3.9 mm× 150 mm;
Waters Associates) with a mobile phase starting with 90% water–10% methanol
containing 2% acetic acid in each and programmed to 100% methanol after
40 min at 0.8 ml/min. Peaks were detected by negative electrospray ionization
(ESI). MS-MS analysis confirmed the origin of daughter ions. Retention times
were: salicyl alcohol glucuronide, 4.89 min; salicylic acid glucuronide, 6.49 min;
and salicyluric acid, 9.93 min. Salicin does not produce a negatively charged ion
under the conditions used and was not detected.

Quantification of Metabolites by HPLC. A Varian 9010 solvent delivery sys-
tem with Rheodyne injector model 7161 was connected to a Varian 9050 UV-
VIS absorbance detector and Star workstation (Varian Instruments, Melbourne,
Australia). The column was a reverse-phase C-18 Nova-Pak (3.9 mm× 150 mm;
Waters Associates) and solvents were pumped at 0.9 ml/min. The injection volume
was 10µl.

Salicin and salicyl alcohol were analyzed with methanol–water (25:75) at a
wavelength of 213 nm (HPLC system 1). Calibration curves were prepared using
400µl predose urine, to which were added known amounts of salicin and sali-
cyl alcohol in methanol (0–500µl), internal standard (1.32 mg benzyl alcohol in
1 ml 25% aqueous methanol), and water to 5 ml. Elution times were: salicin,
2.34 min; salicyl alcohol, 3.59 min; and benzyl alcohol, 6.49 min. Calibration
curves were constructed using the concentration of the final solution and peak ar-
eas and were linear for salicin (0–1.76µmole/ml;r 2 = 0.998) and salicyl alcohol
(0–4.12µmol/ml; r 2 = 1.000). Urinary concentrations were calculated using di-
lution factors to account for the varying volumes of urinary aliquots (200–500µl)
that were required to accommodate the large range of metabolite concentrations
found at the different doses.
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Salicylic acid and salicyluric acid were analyzed with acetonitrile (27%)–
acetic acid (2%) in water (73%) at a wavelength of 313 nm (HPLC system 2).
Calibration curves were prepared as before using predose urine spiked with stan-
dards. The internal standard waso-anisic acid (600µg in 100µl 25% aqueous
methanol), urine volumes were 100–900µl, and the final volume was made to
1 ml with water. Elution times were: salicyluric acid, 2.30 min;o-anisic acid,
2.85 min; and salicylic acid, 4.29 min. Calibration curves were linear for salicylic
acid (0–3.62µmoles/ml;r 2 = 1.000) and salicyluric acid (0–2.56µmoles/ml;
r 2 = 0.999), using the final concentration as above.

Hydrolysis of Conjugates. To analyze for conjugates of salicyl alcohol, a
500-µl aliquot of urine was mixed with 250µl water, 200µl acetate buffer
(1.1 M, pH 5.2), and 50µl of Helix pomatiaextract (5.5 unitsβ-glucuronidase and
2.6 units arylsulfatase in 1 ml) (Boehringer Mannheim, Germany). After overnight
incubation at 37◦C, an aliquot was transferred to a vial, 500µl of internal standard
solution (benzyl alcohol, as above) added, and the volume made to 2.5 ml with
water before analysis by HPLC system 1. To analyze for conjugates of salicylic
acid, 200–600µl of urine hydrolysate was transferred to a vial with 100µl internal
standard solution (o-anisic acid, as above) and made to 1.0 ml with water before
analysis by HPLC system 2.

RESULTS

Identification of Metabolites. Metabolites were identified by their chromato-
graphic behavior and comparison with standards. Their structures were confirmed
by mass spectrometry. Initial analysis of unhydrolyzed urine using HPLC system 1
showed a small peak for salicin, but no salicyl alcohol. Acid hydrolysis (pH 1, boil-
ing water bath, 30 min) converted the salicin into an equivalent amount of salicyl
alcohol. However, after enzymatic hydrolysis, the salicin disappeared, and there
was a very large amount of salicyl alcohol, more than could be accounted for by
the hydrolysis of salicin alone. This indicated that there was another conjugate of
salicyl alcohol that was not detected by HPLC analysis. A glucuronide conjugate
subsequently was isolated from urine using a column of XAD-4 resin (see Methods
and Materials for details). FAB MS showed a protonated molecular ion (MH+) at
301.0 and several adducts with Na+ and K+ whose structures were supported by
high-resolution data, confirming the formula C13H16O8 that corresponds to salicyl
glucuronide (Table 1). Salicin, which was found in later fractions eluting from the
XAD-4 column, did not give a molecular ion, but high-resolution analysis of ions
with masses corresponding to the mono- and di- Na+ adducts agreed closely with
expected values, confirming the formula of C13H18O7.

Salicyl alcohol, salicylic acid, and salicyluric acid were identified in urine
by GC-MS analysis of their methylated derivatives (Table 1). Some urine samples
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also showed traces of gentisic acid by GC-MS. All urine samples contained small
amounts ofβ,2-dihydroxyphenylpropionic acid, which gave a mass spectrum
similar to that ofβ-hydroxyphenylpropionic acid but with ions 16 amu heavier.
β-Hydroxyphenylpropionic acid is a urinary metabolite of benzoic acid (Marsh
et al., 1982; Awaluddin and McLean, 1985) andβ,2-dihydroxyphenylpropionic
acid is the analogous metabolite of salicylic acid, containing one extra oxygen
atom.β,2-Dihydroxyphenylpropionic acid was not quantified because of its small
amount and interference from the hippuric acid peak.

Conjugates were confirmed by LC-MS. Salicyl alcohol glucuronide formed a
dimer atm/z599 (a feature of negative ESI) and showed a deprotonated molecular
ion [M-H]− at 299. MS-MS showed significant daughter ions atm/z 175 and
113 (characteristic of glucuronic acid) and 123 (the anion from salicyl alcohol).
Salicylic acid glucuronide showed an [M-H]− ion atm/z313, glucuronic acid ions
atm/z175 and 113 and a salicylic acid anion atm/z137. Salicyluric acid gave ions
atm/z194 [M-H]− and 150 [M-H-CO2]−.

Quantification of Metabolites.Predose urine gave no interfering HPLC peaks.
The 24-hr recovery of urinary metabolites of salicin for the three consumption lev-
els of salicin is shown in Table 2. The dose of salicin was calculated from the food
intake on day 5 and the percentage salicin in the food. Only two thirds of the esti-
mated dose of salicin was recovered in urine as salicin and its metabolites, except
at the lowest intake of salicin when recovery was complete. Excretion of individual
metabolites is expressed as the percentage of total recovered metabolites in order
to enable direct comparisons between animals and doses. The proportion found as
unchanged salicin varied from 10% to 18% of total recovered metabolites, while
the major metabolites were salicyl alcohol glucuronide (56–64%) and salicyluric
acid (15–26%). There were only traces of free salicyl alcohol and small amounts
of free and conjugated salicylic acid. There was a significantly greater proportion
of salicin excreted as salicyluric acid at the lowest consumption rate compared to
the higher doses, but no other significant dose-related differences were found.

DISCUSSION

The major urinary metabolite of salicin in the common brushtail possum was
the glucuronide of its aglycone, salicyl alcohol, while very little unchanged salicin
was excreted. Thus after an oral dose the glucoside of salicyl alcohol is excreted
largely as its glucuronide. The metabolic pathways are shown in Figure 1.

This suggests that there is little measurable metabolic cost in the excretion of
metabolites of salicin because, although the compound has been transformed, there
is little net loss of substrate in the conjugation reactions. We recognize that the
enzyme systems and intermediate reactions leading to the hydrolysis of salicin and
the formation of the glucuronide require energy to initiate and maintain. Similarly,
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FIG. 1. Metabolic pathways of salicin in the brushtail possum.

there may be unmeasured cell damage or other metabolic disruptions that could
constitute a cost, but this seems unlikely in view of the findings of Pass and Foley
(2000) that ingestion of salicin did not cause measurable postingestive effects on
possums. In an ecological context, the net result is that the phenolic moeity is
ingested with a simple sugar derivative and excreted with a simple sugar derivative
and the net cost is minimal.

The only other study of the metabolic fate of salicin used rats that were given
repeated oral doses (1000µmol/kg daily) (Fotsch et al., 1989a). Only about half
(0.52) of the dose was recovered in urine, somewhat less than found in the present
study after comparable doses (Table 2). The major urinary metabolites in the rat
were free salicylic acid (57% of total urinary metabolites) and salicin (27%), with
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smaller amounts of conjugated salicylic acid (10%), gentisic acid (4%), salicyluric
acid (0.2%), and salicyl alcohol (0.2%). Apart from salicin, no urinary conjugates
of salicyl alcohol were found. Thus, the metabolic fate of salicin appears to be
quite different in the two species, with large amounts of salicyl alcohol glucuronide
and salicyluric acid being excreted in the possum whereas salicylic acid was the
major rat urinary metabolite. However, this comparison must be treated cautiously
because other factors, such as diet, can influence the extent of metabolism (Mulder
et al., 1990; Hutt and Caldwell, 1990).

The absorption and excretion of intact salicin may seem surprising, since it
is well known that substances must be lipophilic to cross cell membranes, except
where specific transport systems exist (Pratt, 1990). Salicin does not appear to
interact with rabbit Na+/glucose cotransporters (Lostao et al., 1994), whereas
some other phenylglycosides (e.g., arbutin) are transported. However, Matsumoto
et al. (1993) showed that salicin and other monosaccharides are able to permeate
the cell membranes of human erythrocytes, although they do so more slowly than
the more lipophilic aglycones. Whether this occurs by a paracellular pathway is
not known.

After subcutaneous administration of salicin to rats, most of the dose was
recovered unchanged in urine, indicating that the hydrolysis of oral doses occurs
in the gut (Fotsch and Pfeifer, 1989). In vitro experiments by these authors showed
that salicin was hydrolysed by rat caecum or colon contents, but not by liver
homogenates.

A broad-specificityβ-glucosidase has been found in guinea pig liver that
is capable of hydrolyzing various plant glucosides including salicin (LaMarco
and Glew, 1986; Gopalan et al., 1992). These authors postulated that the hepatic
glucosidase may have evolved as a response of herbivores to the presence of toxic
plant glucosides, such as the cyanogenic glycosides amygdalin and prunasin, and
vicine, which can cause hemolytic anemia. Gopalan et al. (1992) showed that
these three plant glucosides were able to cross segments of guinea pig jejunum
in vitro without hydrolysis. Since lipid-soluble substances are reabsorbed from
the renal tubules (Pratt, 1990), glucosides with sufficient hydrophobic character to
be absorbed from the gut are also liable to be reabsorbed from the renal tubules,
resulting in a low renal clearance. However, after hydrolysis, the aglycone can
be conjugated with a more polar sugar, glucuronic acid, enabling more efficient
renal excretion. Although cecal microorganisms can hydrolyze glucosides, any
that are absorbed from the small intestine will escape microbial hydrolysis (unless
secreted in the bile). The hepatic glucosidase would be in position to hydrolyze
absorbed glucosides, enabling their reconjugation with glucuronic acid. Our data
showing the hydrolysis of salicin and reconjugation of its aglycone to salicyl
alcohol glucuronide are consistent with this proposed mechanism.

A simple oxidation reaction could convert salicin directly to the correspond-
ing glucuronide, but there is no evidence that this reaction occurs. The glucuronic
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acid in conjugates is formed by a specific enzymatic oxidation of UDP-glucose
(Mulder et al., 1990), indicating that other glucosides would not be suitable
substrates. It is also unlikely that salicyl alcohol is reconjugated with glucose,
asβ-glucoside formation is very uncommon in mammals, although an unusual
α-glucoside formation has been reported in rat liver (Kamimura et al., 1992).
When 1-naphthol-β-glucuronide was administered orally to mice, no glucoside
was excreted, but administration of 1-naphthol-β-glucoside resulted in the excre-
tion of both the glucoside and glucuronide (Chern and Dauterman, 1983).

Although little has been published on the fate of salicyl alcohol or salicin,
there is a vast literature on the metabolism of salicylic acid, the oxidation product
of salicyl alcohol (Scheline, 1991). There is considerable variability between and
within species in the urinary metabolites of salicylic acid (Scheline, 1991). In the
brushtail possum, only traces of free salicyl alcohol appeared in the urine, with
small amounts of free and conjugated salicylic acid (presumably the glucuronide),
while the major salicylate was the glycine conjugate, salicyluric acid (Table 2).
There was relatively less salicyluric acid excreted after the higher doses of salicin,
suggesting that the glycine conjugation pathway may be readily saturable in the
brushtail possum, as in other species (Hutt and Caldwell, 1990). Other factors
including diet and gut microorganisms also can be important determinants of
glycine conjugation (Phipps et al., 1998).

This is the first report of the formation ofβ,2-dihydroxyphenylpro-
pionic acid as a salicylate metabolite. It was presumably formed from the acyl-
CoA of salicylic acid, in an analogous fashion to the postulated formation of
β-hydroxyphenylpropionic acid from benzoic acid (Marsh et al., 1982). This may
represent a general reaction of acyl-CoAs, as it has now been seen for benzoic acid
in the horse and rabbit (Marsh et al., 1982), as well as in rats, seven marsupials
(including the brushtail possum), and the echidna (a monotreme) (Awaluddin and
McLean, 1985). Acyl-CoAs are intermediates in the formation of amino acid con-
jugates (Hutt and Caldwell, 1990), and theβ-hydroxy metabolite has always been
seen in animals that form acylglycine conjugates.

Although alcohols and phenols can form sulfate conjugates, there was no
evidence of this occurring. Sulfate conjugates have not been reported for salicylic
acid, and the brushtail possum is considered to have a low capacity for sulfatation
(Baudinette et al., 1980).

Both Fotsch et al. (1989a) and we, in the present study, could recover only
part of the salicin consumed. In the present study, some errors may be due to
uncertainty in estimating the dose consumed and loss of some of the urine. Some
metabolites may have been excreted in bile and eliminated in the feces. There is
also the possibility of the formation of unknown metabolites. Chern and Dauterman
(1983), using a14C label, found that oral administration of 1-naphthol-β-glucoside
to mice resulted in the urinary excretion of a considerable amount (15–33% dose)
of unidentifiable polar material, suggesting the formation of unknown metabolites.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301371 May 28, 2001 14:10 Style file version Nov. 19th, 1999

1088 MCLEAN ET AL.

This was not seen after administration of 1-naphthol or its glucuronide. As in the
present study, they also found an inverse relationship between the dose of glucoside
and both the fraction of dose recovered, and the proportion excreted unchanged in
the urine.

Acknowledgments—We thank Mr Robert Gegg for assistance with maintenance of captive
animals.
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BEHAVIORAL AND ELECTROPHYSIOLOGICAL
RESPONSES OFArhopalus tristisTO BURNT PINE

AND OTHER STIMULI
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Abstract—The exotic longhorn beetleArhopalus tristisis a pest of pines, par-
ticularly those damaged by fire, and a major export quarantine issue in New
Zealand. Actinograph recordings of caged individuals showed that males and
females were most active from dusk to midnight. Olfactometer experiments in-
dicated that females moved upwind toward odors from burnt pine (80%,N =
75), compared to unburnt pine (20%). Oviposition choice tests showed that eggs
were predominantly laid on burnt logs (79%,N= 20), compared to unburnt logs.
Beetles were trapped by funnel traps baited with burnt (mean catch per trap 7.8)
and unburnt (mean catch 4.1 per trap) pine bark from inside a screen cage
(4× 3 m), while unbaited traps had a mean catch 0.1 beetles (N = 8 replicates).
The treatment of burnt pine bark with a 1:1:2 mixture of green leaf volatiles
(E)-2-hexen-1-ol and (E)-2-hexenal) in mineral oil as a repellent reduced trap
catch by fivefold in a similar experiment (mean catches of 1.2 beetles per trap
to burnt pine bark plus repellent treatment and 6.2 beetles per trap to burnt pine
bark alone). The treatment of burnt pine bark with this solution also reduced
oviposition by 98.5% (mean eggs per log of 11.1 on burnt pine and 0.3 on burnt
pine plus repellent), indicating that oviposition cues have the potential to be sig-
nificantly disrupted. The electrophysiological responses of adult beetles were
recorded to a range of odorants. Normalized responses to monoterpenes known
to occur inPinus radiataranged from about 20 to about 150, withα-terpineol
giving the greatest responses in both sexes. Green leaf volatiles also gave high
responses. The potential exists to improve the management of this insect using
chemical cues in various ways.

Key Words—Attractant,Pinus radiata, Arhopalus tristis, fire, smoke, trap,
Cerambycidae, oviposition, bark, repellent.
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The burnt pine longhorn beetle,Arhopalus tristis(F.) (Coleoptera: Cerambyci-
dae), is native to Europe, Asia, and North Africa (Villiers, 1978). This species
was accidentally introduced to New Zealand, probably in the 1950s, and it has
since spread throughout the country (Hosking and Bain, 1977). Most references
from New Zealand refer toA. ferus(Mulsant), but this is an older synonym of
A. tristis.

Arhopalus tristishas been recorded to attack logs, stumps, and standing dead
or damaged trees of pine species (Pinusspp.) and, less commonly, Norway spruce
[Picea abies(L.) Karst] (Freude et al., 1966; Brockerhoff and Hosking, 2001).
However,A. tristisis best known for its spectacular attacks of scorched trees within
a few days to weeks of a forest fire (Hosking and Bain, 1977; Bradbury, 1998),
a habit that is shared with other Palaearctic and Nearctic species ofArhopalus
(e.g., Eaton, 1959; Wickman, 1964; Ehnstr¨om et al., 1995). The life cycle of
A. tristisand the damage caused in New Zealand were described by Hosking and
Bain (1977), Brockerhoff and Hosking (2001), and Bradbury (1998). Eggs are
usually laid in bark crevices and the larvae feed first in the phloem area but later
tunnel up to 10 cm deep into the wood. The risk of timber damage resulting from
tunneling byA. tristisgreatly reduces the salvage time for fire-damaged trees. In
addition,A. tristis is a major vector of sapstain fungi such asOphiostomasp.,
Sporothrixsp., andGraphiumsp. (Bradbury, 1998; Suckling et al., 1999), which
further reduce the value of salvaged wood. Aside from this direct damage,A. tristis
is frequently reported as sheltering in sawn timber at sawmills and in ports. Sawn
timber destined for export is fumigated to meet quarantine regulations (Brockerhoff
and Hosking, 2001; Cross, 1991). However, the fumigant currently in use (methyl
bromide) (Cross, 1991), is being phased out. Alternative treatments or other pest
management methods are therefore urgently needed to support timber exports.

The management of other forest and timber pests, for example, bark and
ambrosia beetles, often involves the use of attractants such as pheromones and
host plant volatiles (e.g., Borden, 1995; Jones, 1998). A strong attraction to odors
emanating from forest fires or burnt trees has been documented for some ceramby-
cids and buprestids specializing in the exploitation of postfire habitats (Gardiner,
1957; Parmelee, 1941; Ross, 1960; Evans, 1972, 1973). Circumstantial evidence
thatA. tristis is attracted by odors emitted by burnt pine, peeled bark, and sawn
timber suggests that odorants could possibly be used for monitoring and managing
populations of this beetle in ports, sawmills, and after forest fires. This could be
achieved with an attractant forA. tristis, which could also be used in novel pest
management tactics such as lure and kill (Suckling and Karg, 2000). Recently
it has been established that antennae of a beetle attracted to postfire habitats are
specifically tuned to perceive fire-associated volatile compounds (Sch¨utz et al.,
1999). Thus, we hypothesize thatA. tristis also shows an olfactory response to
fire-associated compounds and that the olfactory system is tuned to these. Here,
we report results of a study investigating behavioral responses fromA. tristis to
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burnt pine odors. We also report results of electroantennogram (EAG) studies in-
vestigating responses to individual compounds typically emitted by pines, along
with a range of other odorants. In addition, results on the daily activity pattern and
local abundance within sawmills are reported.

METHODS AND MATERIALS

Insects. A preliminary experiment was conducted to determine relative beetle
density at pine forest and sawmill locations, in order to focus future efforts at
beetle collection. Passive funnel traps, consisting of two clear plastic cross vanes
mounted above a plastic funnel held above a collecting jar were placed at three
sawmills and two sites inP. radiatastands at Ashley forest (three replicates per site)
near Christchurch, New Zealand. Traps were checked weekly. Based on the greater
abundance of beetles at the sawmills, collections for experiments were made at two
sawmills. Beetles were collected using passive funnel traps and manual collection
after dark (20:00–22:00 hr, see below). To establish the relative abundance of
beetles within sawmill sites, the location of collected beetles was recorded from
the following areas: old and new sawn timber stacks, around a freshly peeled bark
stack, and around drying kilns. The number of beetles present was recorded in the
following abundance classes:<5, 6–20, 21–50, 51–80 (hence standard errors are
not presented with these data). Beetles were placed individually in plastic Petri
dishes (60 mm diam.) with a damp cotton wad to provide sufficient humidity,
and kept outdoors under a shelter until used in bioassays. The use of individual
containers avoided damage due to fighting, especially among males. Only fit beetles
showing normal responses to disturbance were used for bioassays.

Diurnal Activity. The aim of this experiment was to determine the natural
period of activity and therefore the best time for conducting behavioral assays
with beetles and making field collections. An activity recorder was constructed
from a rectangular stainless steel gauze mesh cage 80× 70× 60 mm mounted
over a sensor window (60× 40 mm and shielding an infrared movement detector)
as the floor of the cage. The size of the cage was determined by the need to keep the
beetles within range of the detector. The apparatus was maintained outdoors under
a lean-to roof with natural light. The detector was linked to a data logger (model
CR10, Campbell, Logan, Utah), which recorded the number of movement events
large enough to trigger the sensor, in successive 1-min periods. Male (N= 12) or
female (N= 12) beetles were placed individually in the cage in the afternoon and
records obtained over the following 24 hr.

Olfactometer. An apparatus was constructed from a 20-liter food-grade inert
plastic cylinder, 400 mm long× 300 mm diam., with a plastic funnel attached to
each end. Each funnel led to a plastic pipe (35 mm diam.) with a right angle bend
ending in the middle of a trap jar with a gauze base and smooth sides, designed



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] pp170-301372 May 28, 2001 14:30 Style file version Nov. 19th, 1999

1094 SUCKLING ET AL.

as a one-way system (Figure 2 below). Air was drawn from the geometric center
of the cylinder at around 12 liters/min, and the olfactometer inlets passed either
over strips of freshly peeled bark or over freshly peeled burnt bark before entering
via the two opposing traps. Beetles were unable to touch the bark before making
an irreversible choice of trap. The orientation of the apparatus was reversed after
each run to control for any potential biases. Groups of 15 quiescent female beetles
were placed in the center of the barrel at 16:00 hr (before activity commenced
with scotophase) and the pump was programmed with a time switch to run for
the first 4 hr of darkness (20:00–24:00 hr), based on the activity cycle determined
earlier. The pump was therefore switched on 1 hr before significant beetle activity
began. The following morning, the number of beetles in each trap was counted.
This approach minimized the duration of pump operation, while operating during
the period of most beetle activity. All beetles able to do so made a choice. The
exceptions were three beetles that died in the center of the barrel, and two that
were trapped there.

Oviposition Choice. A choice test for oviposition site preference was per-
formed using a covered cylindrical arena made from metal gauze (190 mm diam.×
160 mm high), placed over a base of moist sand. Two short sections ofP. radiata
branch (ca. 15 cm long× 5 cm diam.) were placed vertically on the sand on oppo-
site sides of each arena, touching the mesh on the outside of the arena. One branch
(treatment), was freshly burnt with a gas torch on the side adjacent to the arena
until the outside bark surface was scorched and one (control), was left unburnt.
Branch sections were cut from livingP. radiataand were used within two days.
Adjacent sections were used for paired treatments in each arena so that differences
in bark roughness or other characteristics were minimized. Two field-collected
beetles were placed in the arena, and the top of each arena was covered with
a Perspex sheet. Branch positions were alternated between adjacent arenas and
also between successive replicates with the same arena. The minimum distance
between adjacent arenas was 20 cm.

The arenas were set up in a darkroom with an exhaust fan, expelling air
through a 30-cm-diameter duct at 1.8 m/sec, ensuring regular slow clean air re-
placement. Arenas were set up between 16:00 and 18:00 hr, and eggs were counted
the following morning. The room was kept in darkness once the assays were set up,
until the following morning when the number of eggs laid on or adjacent to burnt
and unburntPinussections was counted under a binocular stereo microscope. Eggs
laid at the base of each log, between the log and the sand surface (ca. 20% of total
eggs laid) were counted, along with those laid on the bark of the log itself. Between
replicates, the sand surface was scraped clean to remove any eggs and was moist-
ened again if necessary. The gauze cylinders were brushed clean of any attached
eggs and rotated, to present different sectors adjacent to logs in successive trials.

Oviposition Repellency. The above oviposition choice test was repeated in an
exploratory experiment on repellency, except that both logs in the choice test were
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burnt, and a repellent was applied to one of the logs, before the experiment. The
choice of two green leaf volatile compounds tested as a repellent was based on
the knowledge that such green leaf volatiles have been found acting as repellents
in other species (Dickens et al., 1992; Wilson et al., 1996), in conjunction with
the observation that these particular compounds were active in the EAG tests.
The repellent mixture was made up of 25 ml each of (E)-2-hexen-1-ol and (E)-
2-hexenal and 50 ml of mineral oil (1:1:2), applied as a liquid at about 35 ml of
green leaf volatiles per square meter of log surface (N = 7 replicates). The use
of mineral oil would have considerably reduced the release rate (Brockerhoff and
Grant, 1999).

Field Cage Experiments. These experiments were designed to determine the
relative attractiveness of burnt compared to unburnt bark as a lure in a trap, using
a known and confined population of beetles. Cylindrical Perspex funnel traps
(300 mm× 120 mm diam., with a screen funnel at each end) were used. Burnt
(a) and unburnt (b) bark strips were used as lures and catches were compared
with unbaited controls containing no bark (c and d). A screened field cage (3×
4 m) with a roof and floor was used for the trials. Trap cylinders were lined with
Mylar sheets, which were replaced after each trial to reduce the possibility of odor
contamination of the traps. The four traps (a–d) were placed on the ground, one
in each corner of the cage (ca. 300 mm from the wall). Beetles (N = 20) were
placed on the floor in the center of the field cage at 16:00 hr. Beetles could enter
the trap through holes at the apex of each cone but were then unable to leave the
trap. Beetles were not able to touch the bark lure inside the trap until after they
had entered. The location of trapped beetles was recorded the following morning.
The array of four traps was rotated 90◦ between trials to control for any inherent
directional biases, such as sources of light or external odors. The bark strips were
replaced after two days. Each bark lure consisted of three strips, each 100×
40 mm, and the burnt strips were burned as described above. Bark strips were cut
from smooth bark on the surface of logs less than 150 mm diam. within 14 days
of the trees being felled.

Repellency Test. The trapping test described above was repeated in another
exploratory test of repellency, except that the repellent [1 : 1 : 2 of (E)-2-hexen-1-ol
and (E)-2-hexenal in mineral oil as above] was applied to the bark strips in one of
the treatments, before the traps were baited (N = 6 replicates).

Electroantennograms. EAGs were recorded using excised antennae. These
were stimulated with a range of monoterpenes known to be constituents of
P. radiatabark headspace (Zabkiewicz and Allan, 1975) or oleoresin (Burdon et al.,
1992) as well as several other widely available compounds, included to broaden
the range screened. Filter papers (5× 20 mm) were loaded with 10µl of 10%
solutions of each compound in hexane. Antennae were stimulated three times with
each substance at 30-sec intervals. The reference standard (α-pinene) was tested
at the beginning and end of each series and after every two test substances. The
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sequence of substances was changed for each antenna (N = 10 for males and 10 for
females). Electroantennogram recordings were made using an INR-02 recording
unit with amplifier and computer board (Syntech, Hilversum, The Netherlands)
and stored on hard disk. Responses were normalized to the reference standard
by dividing sample responses by the mean of temporally adjacent responses
to the reference standards. Preliminary tests indicated EAG responses to the
odors from burnt wood, but no pure chemicals derived from this source were
available.

Chemicals. The source and listed purity of the compounds used are shown be-
low. Sigma: farnesol (96%),n-decyl alcohol (99%), phytol (97%), (E)-2-hexenal
(98%), nerol (97%),γ -terpinene (97%),α-humulene (>90%), (−)-(E)-caryophy-
llene (>90%), eugenol (>90%), nerolidol (>90%), (+)-limonene (97%), ben-
zaldehyde (>90%), (±)-2-octanol (>90%), 1-hexanol (98%), 1-heptanol (99%),
1-octanol (98%), 1-nonanol (98%),β-myrcene (90%),α-terpinene (85%), cit-
ral (95%), (±)-linalool (95–97%), geraniol (98%), citronellal (85–90%), butanol
(99%), (Z )-3-hexen-1-ol (>90%); Aldrich Chemical Co.: 3-carene (90%), (1S)-
(−)-β-pinene (99%), (1R)-(+)-α-pinene (98%), terpineol (mixed isomers, approx.
95%α-terpineol); (Z )-3-hexyl acetate (99%), amyl acetate (99%), amyl alcohol
(99%), benzyl alcohol (98%), (E )-2-hexen-1-ol (96%); Merck:α-phellandrene
(>80%).

Statistics. Trap catch data were analyzed byt test. Olfactometer, repellency,
and oviposition choice data were analyzed by pairedt test. ANOVA was conducted
on beetle catches in the field cage tests, followed by a Tukey test to separate
treatments. The relationship of male and female EAG responses was examined by
correlation analysis. Vertical bars show standard errors of means throughout. Data
were analyzed using Minitab or SYSTAT 9.

RESULTS AND DISCUSSION

Diel Periodicity. Both sexes were most active from 21:00 to 24:00 hr, al-
though females showed a broader activity period, including parts of the photophase
(Figure 1). There was also some evidence of a secondary peak in male activity
around dawn. This primary activity pattern during the early scotophase was con-
firmed by video analysis of beetle behavior in larger cages, which indicated long
periods of continuous movement over this diel period (unpublished data). Bioas-
says were carried out in the early scotophase, based on these findings.

Field Occurrence. Passive traps used to assess the occurrence ofA. tristis
populations at several locations revealed that mean catches were much higher near
sawmills [85.7± 29.3 beetles (SEM)] than in pine forests (4.5± 3.5 beetles;
t test on log transformed data:t= 3.95,P= 0.02;df= 3). This led to the focus on
sawmills for subsequent beetle collections. It is not known whetherA. tristiswere
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FIG. 1. Diel periodicity of male (A) and female (B)Arhopalus tristismovement activity
outdoors under natural light as determined by a motion sensor.

brought with logs from the forest to the sawmills and accumulated there or whether
they were attracted to the sawmills from surrounding forest areas, independently
of log movements. It has also been observed thatA. tristis breeds in reject logs
and other suitable material on site (G. Hosking, personal communication). Most
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beetles collected manually during the scotophase at the sawmill were either walking
around on the ground or resting on vertical surfaces of timber stacks or wooden
structures in the yard. Only three beetles were observed flying, out of a total of
nearly 1000 collected individually. Most beetles were collected either near the
drying kilns (36 beetles per night) or piles of freshly peeled bark (36 beetles per
night), with few collected near sawn timber stacks (5 beetles per night). The first
two areas were both concentrated sources of pine volatiles, clearly perceptible to
the authors. These results suggest that olfaction might be playing an important role
in the beetle behavior.

Olfactory Orientation. In olfactometer bioassays, female beetles showed a
very strong preference (80%) for odors associated with burnt over unburnt bark
(Figure 2) (pairedt test,t=2.57,P=0.0002,df=5). In the field cage experiments,
females clearly responded to odorants from both burnt and unburnt bark, and very
few beetles were found in the blank traps, which were then pooled (Figure 3;
F2,29 = 26.0, P< 0.0001). In this case, the choice of burnt over unburnt bark was
only marginally significant (pairedt test, burnt versus unburntt= 2.01,P= 0.07,
df = 11). The bark strips used for the field cage trapping experiment had been
freshly peeled from recently cut logs, suggesting the release of volatiles from the
torn cambium may have been high from both burnt and unburnt strips. However,
the composition of volatiles emitted from burnt bark will undoubtedly be different
from that of fresh bark (Lomax et al., 1991). A related North American species,

FIG. 2. Preference of femaleA. tristis in an olfactometer test (schematic) between burnt
and unburnt bark ofP. radiata(N = 5 replicates).
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FIG. 3. Number of femaleA. tristis trapped in cylinder traps (schematic) to burnt and
unburnt bark ofP. radiata (N = 8 replicates) in a field cage. Treatments with different
letters are significantly different according to a Tukey test.

A. asperatus(LeConte), is also known to be particularly attracted by freshly
scorched trees (Wickman, 1964).

Repellency Test. Because green leaf volatiles have been reported to disrupt
the attraction of beetles to odorants (Dickens et al., 1992; Wilson et al., 1996),
we examined whether they may act as repellents forA. tristis. The repellent sig-
nificantly reduced the proportion of beetles trapped in the field cage to treated
burnt bark (N = 88 beetles in total), compared to burnt bark without repellent
(t = −3.97, P = 0.0014,df= 14), by a factor of approximately five (Figure 4).
This result suggests that the repellent is active, and hence it may be possible to
reduce host location behaviors in the field. The rate used here was very high, and
further experiments would need to explore the dose response.

Oviposition Choice. In choice tests, female beetles laid the majority of their
eggs (87.6%) on burnt rather than unburnt pine bark (Figure 5) (N= 558 eggs laid
by 20 femaleArhopalus, summed over two nights per insect). This difference was
highly significant (pairedt test on log transformed data,t=−3.35,P= 0.002,df=
37). Because these assays were conducted as choice tests, differences in fecundity
among individual females could not have biased the results. Beetles were observed
to prefer to lay eggs in areas that were lightly rather than fully scorched, although
this was not specifically quantified. This suggests that the attraction ofA. tristis to
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FIG. 4. Effect of green leaf volatile-based repellent treatment applied in mineral oil to
strips of burntP. radiatabark on the number ofA. tristis trapped with strips of treated and
untreated burnt bark in field cage trials (N= 6 replicates).

FIG. 5. Preference of femaleA. tristis for oviposition in a choice test of burnt and unburnt
logs ofP. radiata(N= 5 tests).
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burnt trees may be related to such habitats representing the occurrence of a favored
oviposition substrate.

Oviposition Repellency. Green leaf volatiles were also used as potential repel-
lents in the oviposition bioassay. The oviposition test indicated a 98.5% reduction
in number of eggs laid on burnt logs treated with the repellent, compared to burnt
logs without the repellent (Figure 6). This result indicates that the repellent mix-
ture reduced the suitability of the bark surface for oviposition (pairedt test on log
transformed data,t= 4.82,P= 0.0001,df= 8). If the repellent was as effective in
the field at economically viable application rates, a reduction in egg laying of this
magnitude could be expected to have significant potential for pest management,
by reducing colonization and potentially vectoring of sapstain.

Electroantennograms. Males generally showed higher EAG responses than
females, although there was a high correlation between sexes in olfactory re-
sponse (r2 = 0.948,df= 35). This was despite the considerable differences in the
number of several types of olfactory sensillae on antennae of male and female
A. tristis(Hosking, 1982). Males have more sensillae chaetica, suggesting this re-
ceptor type may be most relevant to the perception of monoterpenes and green leaf
volatiles. Both sexes showed strong EAG responses to the monoterpenes recorded
from P. radiata, with the highest responses toα-terpineol and (1R)-(+)-α-pinene
(normalized values of 100.0± 0.0 and 102.1± 7.4 for females and 100.0± 0.0

FIG. 6. Effect of green leaf volatile-based repellent treatment applied in mineral oil to burnt
logs on the number ofA. tristis eggs laid on treated or untreated burntP. radiata logs in
field cage trials (N= 6 trials).
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and 149.8± 24.2 for males, for the compounds, respectively). Monoterpenes
were among the compounds found in volatiles from smoldering wood to which
Melanophila acuminataDeGeer (Buprestidae), a beetle also attracted to burnt
pines, showed high EAG responses (Sch¨utz et al., 1999). However, volatiles from
burnt pine wood contain additional, fire-specific compounds that appear to be
more important during habitat location byM. acuminata(Schütz et al., 1999). The
green leaf volatile (Z )-3-hexen-1-ol, which was in the repellent mixture tested in
reduced attraction and oviposition assays, elicited strong EAG responses (82.1±
12.2 and 108.0± 12.7 for females and males, respectively), indicating that anten-
nae have receptors for such compounds. Detection of such green leaf compounds
could have a functional role for the insect as an indicator of habitat quality, being
normally low in the atmosphere immediately after a fire (when host tree quality ap-
pears to be most suitable for colonization), but rising as the fire-damaged area was
colonized by other plants, indicating a probable decline in the beetles’ preferred
ecological niche. The least active compounds included phytol,n-decyl alcohol,
and farnesol (EAG values for both sexes in the range of 15–25% of the standard,
α-pinene).

These experiments have demonstrated that olfactory cues are involved in the
attraction ofA. tristis to areas of forest affected by fire or areas with high lev-
els of volatiles associated with burnt or unburnt logs and with sawmills. Numerous
ecological adaptations can be observed in insects occurring in forest ecosys-
tems that are naturally prone to regularly experience fires such as boreal forests
(McCullough et al., 1998). Our experiments provide further evidence of how
such insects are behaviorally and physiologically adapted to exist in such an en-
vironment and even exploit these conditions to their advantage. Prospects for
applying attractants in the management ofA. tristis in the forest, at ports, or
in sawmills are illustrated by the example of successful trapping of a North
American species,A. rusticus obsoletus(Rand.), using natural turpentine and
ethanol as a lure (Fatzinger et al., 1987). However, attempts to attractA. tristis
with a comparable blend have so far been unsuccessful (unpublished data). Bet-
ter traps could be devised if the active components in the blend of volatiles were
known (e.g., Sch¨utz et al., 1999), but more experimentation is needed to estab-
lish this for A. tristis. There are also prospects of using green leaf volatiles as
repellents forA. tristis. Our results suggest such compounds reduce the attrac-
tion of beetles to otherwise attractive host material, and they also reduce ovipo-
sition stimuli associated with burnt bark. The ecological significance of these
findings could be comparable to that suggested for bark beetles, which presum-
ably perceive green leaf volatiles as nonhost indicators (i.e., broadleaved tree
species) (Dickens et al., 1992; Wilson et al., 1996). This repellent could po-
tentially be used to avoid infestations after fires, by reducing postfire coloniza-
tion and oviposition, and may reduce quarantine problems with export timber
products.
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Attractants could be useful for pest management by helping forest managers
estimate field populations in order to determine the appropriate response to forest
fires, etc. Improved trapping systems could also aid in the quarantine risk manage-
ment of export logs destined for markets where this insect is not present.
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Abstract—Neurons from chemosensory hairs on the galeae of adult Colorado
potato beetle (CPB),Leptinotarsa decemlineata(Say), were investigated for
responses to glycoalkaloids of the family Solanaceae. While solanine and toma-
tine elicited irregular firing by multiple neurons and bursting activity at 1 mM
concentration in most sensory hairs, stimulation with leptine I resulted in consis-
tently high-frequency, slowly adapting responses with a dose-dependent effect
between 0.03 and 0.3 mM concentrations. Responses to a mixture of solanine
and leptine I suggested possible modification of the leptine I response by other
glycoalkaloids, resulting in reduced neural activity relative to leptine I alone.
These results establish a method for specifically evaluating leptine I and other
glycoalkaloids for effects on feeding behavior of CPB and provide a sensory
component for incorporating deterrent chemistry into biorational control meth-
ods for the CPB.

Key Words—Gustation, taste, feeding deterrent, leaf beetle, potato, receptor
neuron, glycoalkaloids, Colorado potato beetle, Chrysomelidae.

INTRODUCTION

The Colorado potato beetle (CPB),Leptinotarsa decemlineata(Say), is a major
pest of potato,Solanum tuberosum(L.), throughout the world. Adaptability of
the CPB and heavy use of synthetic pesticides for control has led to develop-
ment of insecticide resistance in the insect and a shifting focus towards alternative,
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multifaceted control options. For example, information on feeding deterrents
(Murray et al., 1996) and attractants (Dickens, 1999, 2000) could be incorporated
into attracticide bait formulations and “push-pull” strategies of control, where in-
sects are repelled by resistant or deterrent plants in combination with attracticide
baits. Glycoalkaloids in potato have long been implicated as resistance factors
against the CPB, specifically the leptines associated withSolanum chacoenseBitt.
(Stürckow and Löw, 1961; Tingey, 1984), and breeding efforts have attempted
to incorporate this natural resistance mechanism into control programs for CPB
(Lawson et al., 1993; Tingey and Yencho, 1994).

Evidence continues to accumulate associating resistance with leptines. Sig-
nificant differences between high- and low-leptineSolanum chacoenseBitt. clones
for five resistance parameters (adult counts, adult feeding damage in the field, adult
feeding on leaf disks, larval development, and larval survival) were directly related
to concentration of foliar leptines in a study by Sinden et al. (1986). Sikinyi et al.
(1997) showed reduced leaf area consumption and increased larval mortality on
S. chacoensevs. S. tuberosum. Larval growth and development were reduced in
a dose-dependent manner on artificial diets containing leptine I (Kowalski et al.,
1999), although overall purity of the compound was only 60%.

Although there is evidence for a relationship between foliar leptine levels
and resistance to CPB forS. chacoense, the mechanism or mode of action through
which resistance is imparted has remained an open question. St¨urckow and Löw
(1961) first observed reduced feeding on potato foliage infused with leptine I.
Tingey and Yencho (1994) labeled the leptines as potent antifeedants based on
reduced feeding rates of adults on potato leaf disks from susceptible (S. tuberosum
var. Kennebec) and resistant (S. chacoense) clones (from Sinden et al., 1986, 1988).
Behavioral effects for adults and larvae in the field have been related to leptine
levels alone among a number of glycoalkaloids (solanine, chaconine, leptinine
I, and leptinine II) analyzed, indicating a feeding deterrent effect (Yencho et al.,
2000). The relationship between the observed feeding effects and sensory detection
of glycoalkaloids, however, has remained unclear. Leptines have been implicated
as feeding deterrents and resistance has been attributed to the presence of these
compounds, but these conclusions are based upon partial analysis of whole leaf
chemistry. Since leptines of high purity have not been individually tested, the
observed effects could be due to synergism with unknown components or other
unidentified compounds in the foliage.

Harrison and Mitchell (1988) performed detailed behavioral observations on
sampling and first meal feeding behavior of adult CPB on various host plants
differing in glycoalkaloid content. Although they did not investigateS. chacoense,
they questioned the assumption that glycoalkaloids act directly on the sensory
system to inhibit feeding, raising the point that such conclusions have been based
upon long-term feeding experiments. The possibility of postingestive effects on
feeding behavior was discussed, as they found no inhibition of first meal feeding or
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altered sampling behavior associated with the glycoalkaloid tomatine, concluding
there was no evidence to indicate tomatine acted on the sensory system. The only
studies investigating the effect of glycoalkaloids on CPB chemosensory neurons
illustrated irregular firing by several neurons housed within sensilla on the tibia
and tarsus (St¨urckow, 1959) or the galea (Mitchell and Harrison, 1985; Mitchell,
1987). The firing pattern was often burstlike for glycoalkaloids, with the first
burst of activity delayed by several seconds after stimulation. They concluded
that there was no specialized chemoreceptor in CPB for the glycoalkaloids tested:
solanine, chaconine, and tomatine. A survey of responses to seven other alkaloids
(strychnine, caffeine, quinine, papaverine, sparteine, atropine, and arecoline) in
adult CPB galeal chemosensilla also revealed no specific deterrent receptor for
this class of compounds (Mitchell, 1987). There were no cases of phasic–tonic
responses for these alkaloids, and bursting activity was observed with strychnine
and quinine at concentrations of 5 and 10 mM. The specialized case of the leptines
was discussed by Mitchell (1994), who indicated that despite the fact that no
differential sensory effect among glycoalkaloids has been measured to date, the
leptines deserved further study, as they had yet to be tested in sensory physiological
assays.

Our objective here was to determine the nature of chemosensory responses to
purified (100%) leptine I. We demonstrate for the first time specific chemosensory
neural responses to a glycoalkaloid, leptine I, in adult CPB galeal taste hairs.

METHODS AND MATERIALS

Insects. Adult Colorado potato beetle (CPB),Leptinotarsa decemlineata
(Say), were obtained from a colony with all life stages reared onSolanum tubero-
sumvar. Kennebeck. Emerging adults were collected daily, sexed, and isolated in
Petri dishes with moistened filter paper and fresh potato foliage that was replen-
ished daily. Insects were kept in an environmental chamber (16L: 8D) at 25◦C
until use. Six-day-old insects were starved at least 4 hr prior to preparation for
electrophysiological recordings.

Chemicals. Glycoalkaloids used in this study are illustrated in Figure 1.
Tomatine (>98% purity) and solanine (ca. 95%) were obtained from Sigma Chem-
ical Co., St. Louis, Missouri. Leptine I was purified by using methodology modified
from Kowalski et al. (2000).

Partially purified leptine I was obtained by normal-phase and reverse-phase
chromatography from crudeSolanum chacoenseleaf extract. The sample was dis-
solved in methanol, and dissolution of the leptine I powder was aided by alternately
heating a capped tube in a water bath, sonicating, and vortexing for a few seconds.
A 1-ml aliquot of the sample was taken and transferred to a clean hydrolysis tube.
The original sample tube was dried and stored in the cold for future use. Further
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FIG. 1. Molecular structures of the glycoalkaloids used in this study: (A) tomatine,
(B) solanine, and (C) leptine I. Abbreviations for sugar groups: GLU= glucose,
GAL = galactose, XYL= xylose, RHA= rhamnose.
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purification involved high-pressure liquid chromatography (HPLC) with a Wa-
ters 510 pump, Lambda-Max 481 wavelength detector, Waters automated gradient
controller, Waters 745 data module, and a Waters 717 plus autosampler. A 20-µl
volume of the leptine I aliquot was injected into a 3.9× 300 mm Steel Resolve
5-µm spherical reverse-phase C18 column fitted with a Guard-pak C18 column
insert to determine leptine I elution time and conditions for the fraction collector.
HPLC condition was set at isocratic, with a mobile phase consisting of 1:1 acetoni-
trile (HPLC grade) –water supplemented with 5 ml 0.1 N phosphoric acid and 0.94 g
1-heptane sulfonic acid per liter. Flow rate was set at 0.7 ml/min and peak area
detection was at 205 nm. Based on this initial injection, leptine I elution occurred
about 8–9 min after sample injection. Thus, a Gilson FC 205 fraction collector
in line with the HPLC was programmed to collect leptine I fractions from 8 and
12 min after sample injection. Fractions were eluted at a rate of 0.28 min per col-
lection tube. Sample injections were done in 20-µl aliquots. Aliquots (5–10µl)
from these fractions were spotted on a Whatman flexible-backed polyester silica
plate. Leptine I was visualized by spraying the plate with 0.11 M potassium io-
dide and 0.6 mM bismuth subnitrate in 3.5 M acetic acid (Dragendorff’s spray
reagent). Fractions containing leptine I were individually transferred to a new and
clean test tube. The total volume in each tube was marked with a pen, and each
tube was dried down to half the volume by blowing off acetonitrile. Acetonitrile
was evaporated in the fume hood by gently heating the tubes in a beaker containing
water set on a hot plate and by applying air into each tube while heating. The re-
maining solution from each tube was subjected to a final solid-phase extraction by
using a vacuum manifold and classic C18 Sep-pak cartridges. This process involved
conditioning the cartridges with 3 ml methanol followed by 5 ml of the aqueous
heptane sulfonic acid extraction reagent. The fractions were loaded on to each con-
ditioned Sep-pak cartridge, followed by a 5-ml acetonitrile: water (20:80) rinse.
Leptine I was eluted with 2 ml methanol. Quantification and purity of leptine I
was determined by analytical HPLC.α-Solanine (0.1 mg/ml methanol) served as a
standard.

Solutions of glycoalkaloids were prepared for electrophysiology with 0.01 M
NaCl as reference. Glycoalkaloids were solubilized in 0.01 M NaCl with lowered
pH (∼2–3) with HCl, then brought to pH 5.2–6.3 with NaOH. Reference electrolyte
(0.01 M NaCl) was treated similarly.

Electrophysiology. Responses of galeal chemosensilla were obtained by using
a standard tip-recording technique (Hodgson et al., 1955). A whole body prepa-
ration was used with adult CPB affixed inverted on cork with tape, and the head
was immobilized with a tungsten collar. The head was pulled to a prognathous
position with a tungsten post pressed into the cork that hooked and immobi-
lized the mandibles. A galea was then pulled laterally with a fine nylon thread
roped around the maxillary palp and immobilized by pinning between two fine
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tungsten needles inserted into the cork. Use of a whole-body preparation and re-
striction of insect movement allowed us to identify individual sensilla and record
from most, if not all∼16 chemosensory sensilla present on individual galea. A
sharpened tungsten electrode inserted into the abdomen of the insect served as a
reference electrode. Silver wire inserted into a glass capillary, pulled and sized to
fit over the tip of one galeal chemosensory hair and filled with treatment chemi-
cals in 0.01M NaCl, served as a stimulating/recording electrode. Both electrodes
were connected to a Grass P15D AC amplifier. Chemosensory responses were
viewed on an oscilloscope, monitored with a loudspeaker, and digitized for stor-
age and analysis on a computer with Sapid (Smith et al., 1990) and AutoSpike
(Syntech, Hilversum, The Netherlands) software. Numbers of nerve impulses
within the first 500msec following the onset of stimulation were counted for
analyses.

Experimental Protocol. In the first experiment, individual glycoalkaloids and
0.01 M NaCl reference stimulus treatments were tested successively on 5–16 hairs
per galea. At least 3 min were allowed between stimulation of individual hairs.
Concentrations of glycoalkaloids tested were 0.01, 0.1, and 1 mM for both male
and female CPB. Leptine I concentrations tested also included 0.03 and 0.3 mM
for construction of an expanded dose–response curve for female CPB. All leptine
I concentrations were tested on at least 18 hairs from two to four female CPB
galea, with the exception of 0.03 mM (10 hairs from one female CPB). For 1 mM
solanine, 70 hairs from five females and three males were recorded; for 1 mM
tomatine, 60 hairs from four females and two males were sampled. Contact with
sensory hairs was maintained for at least 30 seconds to detect any glycoalkaloid-
induced bursting of sensory neurons. Time to first burst was noted, and stimulation
ended after a 60-sec period.

The second experiment investigated the effect of solanine on responses to
leptine I. Treatments for this experiment were tested in the following order: 0.01
M NaCl, 0.3 mM leptine I (peak of dose–response curve), 1 mM solanine, 0.3 mM
leptine I+ 1 mM solanine, 0.3 mM leptine I. Records were obtained from nine
hairs for one female CPB.

One-way analysis of variance was performed on log (x + 1) transformed data
to test for treatment effects on nerve impulse frequency. Duncan’s multiple range
test at 5% confidence level was used to test for differences between treatment
means (Snedecor and Cochran, 1967).

RESULTS

Of the three solanaceous glycoalkaloids tested, only leptine I elicited a normal
chemoreceptor response from a single neuron (Figure 2B). Responses increased
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FIG. 2. Neural responses from chemosensory hairs on adult CPB maxillary galea to gly-
coalkaloids. Traces represent 1 sec after stimulation of sensory hair with: (A) 0.01 M NaCl
reference solution, and (B) 1 mM leptine I, (C) 1 mM solanine, and (D) 1 mM tomatine, all
in 0.01 M NaCl.
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FIG. 3. (A) Representative neural responses to increasing concentration of leptine I. Traces
represent 1 sec after stimulation of sensory hair with leptine I. (B) Dose-response curve for
adult female CPB galeal chemosensory neurons in response to increasing concentrations of
leptine I in 0.01 M NaCl. Action potentials were counted for the initial 500 msec following
stimulation.N = 10–44 replicates/dose.

in a dose-dependent manner (Figure 3A and B), with a threshold at or above
0.03 mM and maximal response at 0.3 mM concentration. Leptine I did not elicit
bursting activity below 1 mM concentration; at 1 mM weak bursting activity was
observed in 9% (3/35) of hairs recorded. Percent of hairs stimulated respond-
ing to the leptine I concentrations were 12% (3/25) at 0.01 mM, 50% (5/10) at
0.03 mM, 88% (22/25) at 0.1 mM, 100% (18/18) and 83% (29/35) for 0.3 mM and
1 mM leptine I, respectively.

Two glycoalkaloids closely related to leptine I, solanine and tomatine, did
not elicit responses greater than the control (Figure 2C and D), with bursting of
multiple neurons (spikes of two or three amplitudes) observed only with the 1 mM
treatments (Figure 4A and B). Bursting did occur within 60 sec in 53% (42/79)
of hairs tested with 1 mM solanine, with an average delay of 13 sec. For 1 mM
tomatine, bursting occurred in 32% (19/60) of hairs, with an average delay of
29 sec.

Although solanine has no stimulatory effect on this chemoreceptor neuron, it
does have a depressive effect on this neuron’s response to leptine I that lasts for at
least 3 min (Figure 5).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301373 May 29, 2001 17:14 Style file version Nov. 19th, 1999

COLORADO POTATO BEETLE RESPONSES TO GLYCOALKALOIDS 1113

FIG. 4. Bursting response of neurons within adult CPB galeal chemosensory hairs. (A)
Neural responses to 1 mM tomatine in 0.01 M NaCl and 1 mM solanine in 0.01 M NaCl
illustrating bursts of chemosensory neurons. (B) Plot showing delay times before bursting
activity for solanine and tomatine stimuli.
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FIG. 5. Mean neural responses from adult female CPB galeal chemosensory hairs to sequen-
tial stimuli. Treatments were applied to individual hairs in the following order with three
minutes between treatments: (A) 0.01 M NaCl, (B) 0.3 mM leptine I, (C) 1 mM solanine,
(D) 0.3 mM leptine I+ 1 mM solanine, and (E) 0.3 mM leptine I.N = 9 hairs/treatment.
Different letters above the bars indicate significant differences between treatment means at
theα = 0.05 level.

DISCUSSION

We report here the first recordings of a specific chemosensory neural re-
sponse to a glycoalkaloid in CPB. This slowly adapting response to leptine I is
largely of a single neuron and contrasts with the lack of response to two other
host plant glycoalkaloids, solanine and tomatine, on adult CPB chemosensory
hairs.

The main differences in the three molecules tested here lie in the acetyl group
at C-23 of the glycoalkaloid carbon skeleton in leptine I, as well as in the sugar
group (Figure 1). Perhaps the differential effect observed is a function of different
solubilities of individual glycoalkaloid molecules, with leptine I more readily
solubilized and available at the receptor site. The more amphipathic tomatine
and solanine may dissolve into and disrupt the dendritic membrane and thereby
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elicit sporadic firing of several neurons and bursts of nerve impulse activity in
adult CPB galeal taste hairs.

Specialist deterrent chemoreceptors identified for several species of larval
Lepidoptera (Schoonhoven, 1982) respond to the alkaloids quinine and strych-
nine, as well as azadirachtin. InPieris spp., receptors sensitive to cardenolides
(threshold of 0.1–0.3µM) occur in both adults (Stadler et al., 1995) and larvae
(van Loon and Schoonhoven, 1999). These compounds are present in cruciferous
plants and deter both feeding and oviposition. Such deterrent receptor neurons
have only recently been reported for beetles in the family Chrysomelidae. Chyb
et al. (1995) showed chemosensory responses in adult western corn rootworm
(Diabrotica virgiferaLeConte) to the feeding deterrentsβ-hydrastine and strych-
nine. They also found chemosensory responses to cucurbitacin B isolated from
host plants in the family Cucurbitaceae. Cucurbitacins, strong feeding deterrents
for most insects, act as potent arrestants and feeding stimulants for western corn
rootworm and a small group of closely related species. Messchendorp et al. (1998)
reported a deterrent receptor in CPB larvae in epipharyngeal sensilla that respond
to the glucosinolate, sinigrin, and a synthetic sesquiterpene analogue, drimane,
with threshold concentrations of 0.01 and 0.1 mM, respectively. Maximal num-
bers of action potentials to drimane were in response to 1 mM. Our observations
of the first deterrent receptor neuron in adult CPB reveal a similar response range
between 0.03 and 0.3 mM for leptine I. Both sinigrin and the drimane analog are
feeding deterrents, but are isolated from non host plant species from the families
Cruciferae and Polygonaceae, respectively. Adult CPB response to leptine I is
similar to thePierisspp. response to cardenolide in one respect, namely, both are
deterrent receptor neuron responses to particular compounds from unacceptable
plants in their own host-plant families.

Glycoalkaloids and other deterrents reduce neuronal responses to chemicals
that stimulate feeding in CPB. Response to 10 mMγ -aminobutyric acid (GABA)
was completely abolished following stimulation of the same hair with 0.5 mM sola-
nine for 20 sec (Mitchell and Harrison, 1984); 1 mM tomatine, papaverine, and
sparteine also significantly reduced this response (Mitchell, 1987). Response to
10 mM sucrose was similarly inhibited by 1 mM quinine and papaverine (Mitchell,
1987). Solanine and tomatine suppress neuronal response to (E)-2-hexenol, which
Mitchell and McCashin (1994) suggest stimulates the same cell as sucrose, alanine,
and GABA in some adult CPB galeal chemosensilla. Messchendorp et al. (1998)
conclude that drimane inhibits the response of a sucrose cell in larval CPB epipha-
ryngeal sensilla. Schoonhoven (1982) discussed the perception of antifeedants at
the sensory level and identifies at least two possible mechanisms: (1) stimulation
of specialized receptors by feeding deterrents, or (2) modification of the activity of
receptors responding to feeding stimulants. Previous reports provide evidence for
the latter mechanism of feeding deterrence. Our observation of sensory neurons
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responsive to leptine I provides evidence for both mechanisms. Interestingly, here
we also show suppression of a deterrent sensory neuron responsive to submillimo-
lar levels of leptine I by millimolar levels of another glycoalkaloid, solanine, for
which no specific taste receptor was identified. Thus, glycoalkaloid effects may
be modulated by related compounds, and such interaction effects among the com-
plex mixture of chemicals in host plant foliage must be considered when drawing
conclusions about behavioral effects and mechanisms of host-plant selection.

Responses to solanine and tomatine were consistent with those described
by Mitchell and Harrison (1985) and Mitchell (1987) for chemosensory neurons
within galeal sensilla and by St¨urckow (1959) for neurons within sensilla on the
palps and tarsi. In both cases, the responses consisted of irregular firing of several
neurons and bursting activity after a delay of several seconds. Discovery by us
of an identifiable sensory neuron for leptine I provides a mechanism by which
glycoalkaloids of the Solanaceae are detected by CPB. Our results not only estab-
lish a neural pathway for detection of leptine I but also provide a mechanism of
feeding deterrence and resistance to CPB feeding attributed to this glycoalkaloid
(Stürckow and Lüw, 1961; Tingey, 1984; Sinden et al., 1986). Previous experi-
ments to determine the effects of leptines on feeding by CPB have either involved
correlation of reduced consumption of foliage with levels of leptine, or feeding
tests with leptine of partial (60%) purity. Feeding bioassays with purified leptine
I coupled with electrophysiological observations will establish input–output re-
lationships to more conclusively relate behavioral effects of leptine I to neural
responses of identified chemoreceptor neurons.
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Abstract—Seven electrophysiologically active compounds were detected in
air-entrained headspace samples of live flowers ofTagetes erectaanalyzed by
gas chromatography (GC) linked to a femaleHelicoverpa armigeraelectroan-
tennograph (EAG) using polar and nonpolar capillary columns. These com-
pounds were subsequently identified using GC linked to mass spectrometry
as benzaldehyde, (S)-(−)-limonene, (R,S)-(±)-linalool, (E)-myroxide, (Z)-β-
ocimene, phenylacetaldehyde, and (R)-(−)-piperitone. Electrophysiological ac-
tivity was confirmed by EAG with a 1-µg dose of each compound on filter paper
eliciting EAG responses that were significantly greater than the solvent control
response from female moths. Wind-tunnel bioassays withT. erectaheadspace
samples, equivalent to 0.4 flower/hr emission from a live flower, elicited a sig-
nificant increase in the number of upwind approaches from femaleH. armigera
relative to a solvent control. Similarly, a seven-component synthetic blend of
EAG-active compounds identified fromT. erectapresented in the same ratio
(1.0 : 1.6 : 0.7 : 1.4 : 0.4 : 5.0 : 2.7, respectively) and concentration (7.2µg) as
found in the natural sample elicited a significant increase in the number of
upwind approaches relative to a solvent control during a 12-min bioassay that
was equivalent to that elicited by the naturalT. erectafloral volatiles.

Key Words—Helicoverpa armigera,Tagetes erecta, floral attractant, kairomone.

INTRODUCTION

The cotton bollworm,Helicoverpa armigeraHübner (Lepidoptera: Noctuidae), is
a serious insect pest throughout much of its distribution in tropical and subtropical
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regions of the Old World. Its economic importance has increased in recent years be-
cause of its propensity for developing resistance to insecticides. Additional means
of controllingH. armigeraare urgently needed because even well—organized re-
sistance management programs, such as the one developed in Australia, have only
reduced the rate at which insecticide resistance has evolved rather than stopping
it (Forrester et al., 1993).

Improved understanding ofH. armigera–host plant interactions could in-
crease options available for innovative pest management. One possibility is to
develop attractants for female moths that could be used in a lure-and-kill control
program, such as the one described by Landolt et al. (1991) for the cabbage looper
moth,Trichoplusia ni. FemaleH. armigeracan produce 1000–1500 individually
laid eggs during their lives (Fitt, 1989). To be effective, control strategies based on
lures developed from plant odors do not have to be as attractive as Lepidopterous
female sex pheromones because killing one female moth before she can oviposit
is equivalent to killing many larvae. However, for practical usage in population
suppression, floral baited traps would still have to capture or kill a sufficient pro-
portion of the female moths entering a control area to prevent the subsequent larval
population exceeding the economic threshold.

Night observations ofH. armigerahave shown that oviposition is interspersed
with nectar foraging (Roome, 1975) suggesting that female moths are attracted to
flowers while ovipositing. Traps attracting femaleH. armigeracould be used for
monitoring populations and, for this purpose, lower levels of attraction might be
sufficient provided that enough moths were captured to give a reliable indication
of the potential threat to the crop.

The role played by olfactory cues in host-plant location by polyphagous moth
species, such asH. armigera, is uncertain. Some authors (e.g., Ramaswamy, 1988)
have suggested that for flight, orientation, and landing no specific olfactory cues
are involved and that host location and acceptance are mostly a random process
in which phototaxis and anemotaxis play a greater role than chemoanemotaxis,
whereas others (e.g., Rembold et al., 1991) have hypothesized that polyphagous in-
sects utilize volatile olfactory cues for host recognition and location. The presence
of flowers has been shown to be important for host-plant selection byH. armigera
(Roome, 1975; Fitt, 1989), and oviposition has been shown to occur on flowering
nonhost plants in preference to nonflowering host plants (Firempong and Zalucki,
1990). Thus, if volatile olfactory cues are important in host location, flowers would
appear to be the most likely source of attractants.

African marigold, Tagetes erecta, is a favored host for oviposition by
H. armigeraand has been successfully used as a trap crop (Patel and Yadav, 1992;
Srinivasan et al., 1994). Given the apparent uncertainty about the role of plant
odors in host selection by femaleH. armigera, the present study was undertaken
to identify electrophysiologically active compounds from headspace samples of
T. erectaflowers and to elucidate their behavioral activity in a wind-tunnel bioassay.
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METHODS AND MATERIALS

Plant Material. An Indian strain ofT. erectawas grown from seed in glass-
houses at the Natural Resources Institute (NRI), Chatham Maritime, UK. Samples
of floral volatiles were collected by air entrainment of individual freshly cut flowers
or individual flowers still attached to growing plants, referred to here as a live
flower. Acetone-washed and air-dried three-necked Quickfit flange lids and flasks
(500 ml) were clamped together and a live flower inserted through a B52 neck. The
gap between the stem and the flask was packed with charcoal (ca. 20 g, 10–18 mesh,
from BDH) and held in place with aluminum foil. Incoming air was filtered through
a charcoal filter (20 g, 10–18 mesh) and drawn over the flower at 2 liters/min for
10–14 hr by a diaphragm pump (Charles Austin Pumps Ltd., Weybridge, UK)
connected to a Porapak Q filter (200 mg, 50–80 mesh, Phase Separations) that had
previously been conditioned by Soxhlet extraction with chloroform for 8 hr, then
air dried. Entrained volatiles were subsequently eluted from the Porapak Q filters
with dichloromethane (2 ml) and stored at−20◦C. A similar setup was used to
entrain volatiles from freshly cut flowers except that the flowers were held in fully
enclosed flasks.

Experimental Insects. A laboratory strain ofH. armigeraoriginating from the
International Center for Research in the Semi-Arid Tropics, India, was maintained
on a semisynthetic chickpea diet at NRI, by using rearing procedures similar to
those described by Armes et al. (1992). Groups of 12 male and 12 female moths
were kept in Perspex containers (20 cm diam.× 36 cm high) with metal gauze lids
and provided with a 10% sucrose solution with vitamin supplement. The culture
was maintained at 25◦C, 50% relative humidity, and 14L:10D photoperiod.

Electroantennography (EAG). EAG recordings were carried out using 1- to
3-day-old adult femaleH. armigera. Whole insects were used, held down on a plas-
ticine block by a strip of expanded polystyrene. A glass recording microelectrode
filled with saline (0.5 M NaCl in distilled water) was mounted on a micromanipu-
lator (Leitz) and inserted into the distal end of one antenna and a similar reference
microelectrode inserted into the proximal end of the other antenna. The micro-
electrodes were connected via Ag–AgCl junctions to a high-impedance AC/DC
amplifier (model UN06, Syntech). EAG data were recorded, stored, and pro-
cessed on a PC using Turbochrom 4.0 software (Perkin Elmer Ltd., Beaconsfield,
UK).

The EAG activity of entrained headspace samples was tested by placing
an aliquot of test solution (2–20µl) onto a Whatman No. 4 filter paper strip
(5×15 mm) placed inside a Pasteur pipet and nitrogen pulsed (100 ml/min) through
the pipet for 3 sec over the EAG preparation. The EAG preparation was exposed
to pulses at 1-min intervals as initial tests had shown that the EAG preparation had
fully recovered in that time. EAG responses were measured and compared with
those generated by the same volume of solvent on filter paper. When an entrainment
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sample was found to elicit an EAG response at least 30% greater than that of the
solvent alone, linked GC-EAG analyses were carried out.

The EAG activity of synthetic compounds was measured at a single dose
(1 µg on filter paper). Samples were prepared as above by using solutions in
dichloromethane (1 mg/ml). Each compound was tested five times on each of
nine 1- to 9-day-old femaleH. armigera. The order of exposure of compounds
to the EAG preparations was randomized, and only the last four of the five EAG
responses elicited per compound were used, because these were found to be more
reproducible. Control stimuli (1µl dichloromethane) were presented at the begin-
ning and end of each EAG analysis. EAG responses elicited by each compound
were averaged for each insect tested and compared with the averaged responses
for the solvent control with the Student’st test.

Gas Chromatography (GC) and Linked GC-EAG Analyses. Linked GC-EAG
analyses were conducted as described by Cork et al. (1990) using a modified Carlo
Erba 5300 Mega series gas chromatograph equipped with two fused silica capillary
columns coated with polar CP-Wax 52CB (30 m× 0.32 mm ID, Carbowax equiv-
alent, Chrompack) and nonpolar CP-Sil 5CB (25 m× 0.32 mm ID, methylsilicone
equivalent, Chrompack). The GC carrier gas was helium (40 kPa). Samples were
introduced onto a GC column in splitless mode using a Grob split/splitless injector
at 200◦C with the flame ionization detector (FID) at 250◦C. The GC oven was held
for 2 min at 50◦C, then temperature programmed at 20◦C/min to 80◦C and then
at 5◦C/min to 240◦C. GC column effluent was split 50 : 50 between the FID and
EAG outlets. GC column effluent to the EAG preparation was stored in a silanized
glass reservoir inside the GC oven and expelled over the EAG preparation for
3 sec at 17-sec intervals in a stream of nitrogen (250 ml/min).

Linked GC-EAG analyses of entrained flower volatiles were replicated four
times using different insects and carried out on four different headspace collections.
GC retention times of components associated with EAG activity were converted
into retention indices (RI) by comparison with the retention times of saturated,
straight-chain hydrocarbons; thus,n-tetradecane= 1400. The quantity of each
compound in an aliquot was calculated by comparison of peak area with that of a
known quantity of an external standard, 20 ng tetradecyl acetate, and not corrected
for FID response factor.

The enantiomeric composition of natural and synthetic compounds was deter-
mined by GC analysis on aβ-cyclodextrin column (50 m× 0.25 mm ID, Scientific
Glass Engineering Ltd., Milton Keynes, UK) in a Varian 3700 GC using split in-
jection with helium carrier gas (150 kPa) and oven temperature held at 90◦C for
2 min and then programmed at 2◦C/min to 190◦C.

Analysis by Linked Gas Chromatography–Mass Spectrometry (GC-MS).
Headspace collections were analyzed by GC-MS using a Carlo Erba 5160 Mega
Series GC linked directly to an Ion Trap Detector 700 mass spectrometer (70 eV,
200◦C) (Finnigan MAT, Hemel Hempstead, UK) in electron impact (EI) mode.
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GC conditions were as described above. Compounds were identified by comparing
their mass spectra with library spectra (Adams, 1995) and confirmed by comparing
GC RI and EI-MS with synthetic standards.

Synthetic Chemicals. Benzaldehyde, (S)-(−)-limonene [(S)-(−)-4-isoprope-
nyl-1-methylcyclohexene], (R)-(+)-limonene, (R,S)-(±)-linalool [(R,S)-3,7-
dimethyl-1,6-octadien-3-ol], (R)-(−)-linalool, and phenylacetaldehyde were pur-
chased from Sigma-Aldrich Chemical Company Ltd., Gillingham, UK. Myroxide
[2,2-dimethyl-3-(3-methylpenta-2,4-dienyl) oxirane] was provided by Quest In-
ternational, Ashford, UK, as a 50 : 50 mixture ofE- andZ-isomers. The isomers
were separated on a flash silica gel column (silica gel 60, 0.040- to 0.063-mm
particle size, Merck, Darmstadt, Germany) eluted with aliquots (100 ml) of 40–60
petroleum spirit in which 1%, 2%, 3%, and 5% diethyl ether was added sequen-
tially. The isomeric purity of collected fractions was subsequently determined
by GC analysis, and those containing>95% (E)-myroxide were combined and
used without further purification.β-Ocimene (3,7-dimethyl-1,3,6-octatriene), pur-
chased from Fluka (Gillingham, UK), contained 59% (Z)-β-ocimene, 1% (E)-
β-ocimene, and 40% limonene. (Z)-β-Ocimene was separated from this mixture
using flash silica gel column chromatography as described for isomers of my-
roxide. (R)-(−)-Piperitone (6-isopropyl-3-methyl-2-cyclohexen-1-one) was a gift
from H.E. Daniel Ltd., Cleveland, UK. In order to obtain GC RI and1H NMR
data on the (+)-enantiomer, an aliquot of the (−)-enantiomer was racemized in
methanolic potassium hydroxide at room temperature for 24 hr and analyzed both
by GC on theβ-cyclodextrin column and by1H NMR in the presence of a chiral
shift reagent, (R)-(−)-2,2,2-trifluoro-1-(9-anthryl)-ethanol.

Wind-Tunnel Bioassay. A wind tunnel without a moving floor, but other-
wise similar to that described by Miller and Roelofs (1978), was used to inves-
tigate the behavioral responses of femaleH. armigera to natural and synthetic
blends of the putative kairomone components. The wind tunnel was made from a
polyethylene sheet placed over a metal frame (225× 60× 60 cm). Airspeed, as
measured by a smoke test, was 50 cm/sec. All bioassays were carried out under
reduced lighting (0.8 lux) provided by a series of three bulbs (60 W) fitted with
red filters and a variable power output positioned at 40-cm intervals 1.0 m above
the wind tunnel and angled to provide even coverage over the whole apparatus.
Bioassays were conducted at 25◦C and 50% relative humidity during the first 2–
3 hr of the scotophase, which corresponded to the natural time of nectar foraging
and oviposition by femaleH. armigera(Roome, 1975).

Test samples (60µl) were applied to Whatman No. 1 filter papers (7 cm
diam.) from stock solutions. This was done in a separate room to avoid con-
tamination. Filter papers were immediately clipped to a vertical support (30 cm
height) positioned at the midpoint in the upwind end of the wind tunnel. Be-
havioral responses to solvent (dichloromethane) control, entrained floral volatiles
from live flowers of T. erecta, and blends of synthetic compounds identified
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from T. erecta in the same ratio and concentration as natural material were
investigated.

Individual test moths were carefully released into the odor plume (as con-
firmed by smoke tests) from a holding container placed 200 cm downwind of the
source immediately after introduction of a freshly prepared odor source. Each test
moth was used only once. Maximum distance flown upwind and number of ap-
proaches to within 20 cm of the odor source were scored during a 12-min bioassay
period. The control treatment was tested first to ensure there was no contamination
from previous sessions. Test treatments were then bioassayed in a randomized
order.

Wind-tunnel data on number of upwind approaches and furthest distance
flown upwind were analyzed by the Kruskal-Wallis test (Statistical Package for
Social Scientists for Windows Release 9.0.0) to determine if there was a significant
difference between treatments. If significant, then test treatment medians were
compared with control treatment medians using the Mann-Whitney U test.

RESULTS

GC-EAG Analyses. In GC analyses on a polar column with FID, 45 com-
pounds were detected in volatiles fromT. erectaflowers collected on Porapak Q.
Of these compounds, seven consistently elicited EAG responses above background
in linked GC-EAG analyses with femaleH. armigeraon both polar and nonpolar
columns. The EAG responses were typically−0.2 to−0.6 mV above a back-
ground of−0.8 mV. Retention indices of EAG-active compounds and abundance
expressed as the quantity, relative to an external standard, entrained from a live
flower per hour are given in Table 1. There was no apparent correlation between

TABLE 1. ELECTROPHYSIOLOGICALLYACTIVE COMPOUNDSIDENTIFIED IN VOLATILES

FROM LIVE T. erectaFLOWERSCOLLECTED ONPORAPAK Q

Retention index

Polar column Nonpolar column

Compound

Ratio with
respect to

benzaldehyde

Concentration
(µg/live

flower/hr) Natural Synthetic Natural Synthetic

(S)-(−)-Limonene 1.62 1.72 1200 1200 1017 1019
(Z)-β-Ocimene 0.36 0.38 1234 1232 1027 1028
(E)-Myroxide 1.39 1.47 1485 1483 1123 1126
Benzaldehyde 1.0 1.06 1522 1522 925 926
(R,S)-(±)-Linalool 0.68 0.72 1539 1541 1085 1088
Phenylacetaldehyde 4.36 4.61 1642 1642 1007 1011
(R)-(−)-Piperitone 2.7 2.86 1725 1723 1226 1225
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the EAG activity of natural compounds eluting from the GC and their relative
abundance.

GC-MS Analyses. Floral volatiles were analyzed by GC-MS to obtain EI-
MS of compounds that eluted at the RI where EAG activity was observed in
linked GC-EAG analyses. Tentative structural assignments were made on the ba-
sis of a comparison of EI-MS with library spectra (Adams, 1995). The assign-
ments were confirmed by comparison of EI-MS and GC RI on polar and nonpolar
columns of natural compounds with those of authentic synthetic compounds. Thus,
the EAG-active compounds were identified as benzaldehyde, limonene, linalool,
(E)-myroxide, (Z)-β-ocimene, phenylacetaldehyde, and piperitone. The config-
urations of the natural limonene, linalool, and piperitone were established by
comparison of GC retention times with those of authentic synthetic compounds
on aβ-cyclodextrin column. Synthetic (R)-(+)- and (S)-(−)-limonene, (R)-(−)-
and (S)-(+)-linalool, and (R)-(−)- and (S)-(+)-piperitone eluted at 18.25, 18.39,
27.83, 27.96, 40.22, and 40.37 min, respectively. Retention times of compounds in
the natural sample were 18.42, 27.87, 27.99, and 40.26 min confirming the presence
of (S)-(−)-limonene and (R)-(−)- and (S)-(+)-linalool (König et al., 1990) in a
1 : 2 ratio, and (R)-(−)-piperitone.

Comparison of Headspace Volatiles from Live and Cut Flowers. The relative
proportions of each of the seven EAG-active compounds in headspace entrainments
of individual live and cutT. erectaflowers were determined by GC analysis and
compared by Student’st test. The proportions of aromatic compounds, benzalde-
hyde (P = 0.035) and phenylacetaldehyde (P = 0.001), were found to be lower in
volatiles from cut flowers compared to those from live flowers while the proportion
of (Z)-β-ocimene was higher (P = 0.01) (Table 2).

TABLE 2. COMPARISON OFRATIOS OFCOMPOUNDSEMITTED FROM LIVE AND CUT

T. erectaFLOWERS

Cut flowers Live flowers
Chemical (%, mean± SE)a (%, mean± SE)a Pb

(S)-(−)-Limonene 28.0± 5.7 16.5± 4.6 0.12
(Z)-β-Ocimene 14.9± 3.5 3.8± 1.0 0.01
(E)-Myroxide 8.5± 1.2 5.0± 2.0 0.13
Benzaldehyde 5.3± 2.9 9.0± 2.2 0.04
(R,S)-(±)-Linalool 1.2± 0.3 2.0± 1.3 0.52
Phenylacetaldehyde 8.5± 5.9 48.2± 8.3 0.01
(R)-(−)-Piperitone 33.7± 8.2 15.4± 4.2 0.06

aAmounts are expressed as a percentage of the total area under the GC peaks for the seven compounds.
bUnpairedt test comparing percentage means from cut and live flowers,N = 5.
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TABLE 3. EAG RESPONSESELICITED FROM FEMALE H. armigeraBY SYNTHETIC

COMPOUNDSa

EAG responses (−mV,
Chemical mean± SE) Pb

1µl CH2Cl2 0.35± 0.05
(E)-Myroxide 0.69± 0.05 <0.001
Benzaldehyde 0.61± 0.07 0.001
(R,S)-(±)-Linalool 0.59± 0.11 0.032
Phenylacetaldehyde 0.75± 0.08 <0.001
(R)-(−)-Piperitone 0.85± 0.16 0.001
(Z)-β-Ocimene 0.51± 0.06 0.003
(S)-(−)-Limonene 0.39± 0.03 0.012

a(1µg in 1µl CH2Cl2, N = 9).
bPaired Student’st test between treatments and dichloromethane control means.

EAG Activity of Synthetic Compounds. At a 1-µg dose, each of the synthetic
compounds identified from linked GC-EAG analyses elicited an EAG response that
was significantly above that of the solvent control (Table 3). EAG responses ranged
from−0.39 mV for (S)-(−)-limonene to−0.85 mV for (R)-(−)-piperitone at the
1-µg dose. The highest EAG responses were elicited by (E)-myroxide, (R)-(−)-
piperitone, and phenylacetaldehyde, although differences in molecular weight and
volatility of the compounds tested meant that data were not strictly comparable.

Wind-Tunnel Bioassay. An aliquot of T. erectafloral headspace collection
from live flowers equivalent to 0.4 flower/hr was tested against a seven-component
blend of synthetic compounds containing the same ratio and concentration of EAG-
active compounds: 7.2µg of benzaldehyde, (S)-(−)-limonene, (R,S)-(±)-linalool,
(E)-myroxide, (Z)-β-ocimene, phenylacetaldehyde, and (R)-(−)-piperitone in a
1.0 : 1.6 : 0.7 : 1.4 : 0.4 : 5.0 : 2.7 ratio. An equivalent six-component blend in
which (E)-myroxide was omitted was also tested. Flight responses were compared
with those of insects tested when only the control treatment (dichloromethane) was
present.

The number of upwind approaches to within 20 cm of the lure increased sig-
nificantly when naturalT. erectafloral odors were presented to femaleH. armigera
compared to when moths were presented with a solvent control (Mann-Whitney
U test,P = 0.036) (Figure 1). The six- and seven-component synthetic blends of
EAG-active compounds elicited similar increases in number of upwind approaches
(Mann-Whitney U test,P = 0.015 andP = 0.006, respectively). In addition, there
was no significant difference between the number of upwind approaches elicited
by the natural floral collections and the six- and seven-component synthetic blends.
Mean furthest distances flown upwind to the natural floral volatile collection, six-
and seven-component blends (171, 171 and 173 cm, respectively) from that to the
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FIG. 1. Mean number of upwind approaches by femaleH. armigerato within 20 cm of
air-entrained natural and synthetic blends ofT. erectafloral odors in a wind tunnel (N = 30).

solvent control (143 cm), (Kruskal-Wallis test,P = 0.25) differences were not
significant.

Replacement of (E)-myroxide with a 50 : 50 mixture ofZ- and (E)-isomers
in the seven-component synthetic blend resulted in a reduction in the number of
upwind approaches to a point where it was not different from that of the solvent
control (Mann-Whitney U test,P = 0.70). However, a five-component blend,
omitting (E)-myroxide and (Z)-β-ocimene and in which (R)-(+)-limonene was
used instead of (S)-(−)-limonene, was found to elicit a increase in the number
of upwind approaches compared to the solvent control (Mann-Whitney U test,
P = 0.003).

DISCUSSION

The present findings demonstrate that the polyphagous moth,H. armigera,
can recognize and behaviorally respond to olfactory cues from a host plant in a no-
choice situation. Significant increases in the number of upwind flight approaches by
femaleH. armigerawere observed in a wind-tunnel bioassay in response to floral
volatiles collected fromT. erectaand to synthetic blends of electrophysiologically
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active compounds identified from that source (Figure 1). However, this does not
preclude the possibility that other cues are involved in host recognition and se-
lection by femaleH. armigera, such as the contrast of a flower silhouette or con-
tact chemoreception upon alighting on a plant, as suggested byKevan and Baker
(1983).

Linked GC-EAG analysis, as originally conceived by Moorhouse et al. (1969),
has proven to be of great utility in identifying components of insect sex pheromones
and kairomones (Cork et al., 1990) even though the magnitude of EAG responses
elicited by natural compounds was not necessarily related to their behavioral ac-
tivity (Suckling et al., 1996). In the current study, the amplitude of EAG responses
elicited by some compounds in linked GC-EAG analyses of floral volatiles, e.g.,
(S)-(−)-limonene, were difficult to discern above the high background responses
(on average−0.78 mV) recorded from mechano- and thermoreceptors stimulated
by the pulses of nitrogen-containing GC effluent. Nevertheless, the EAG activity
of the compounds identified inT. erectafloral headspace samples by this proce-
dure were subsequently confirmed by EAG tests using 1-µg doses of synthetic
compounds on filter papers (Table 3). EAG activity of floral extracts and com-
pounds identified in the extracts demonstrated that femaleH. armigerapossessed
chemoreceptors capable of detecting floral volatiles, and this was subsequently
confirmed by the wind-tunnel bioassay results.

Two synthetic blends of EAG-active compounds identified from floral head-
space samples ofT. erectaelicited similar levels of upwind flight activity to the
natural headspace samples collected from live flowers in the wind-tunnel bioassay.
The dose used was approximately equivalent to that emitted by two live flowers
over a 12-min period. Repeated upwind approaches observed in the wind-tunnel
bioassays to synthetic and natural odor sources were typical of the “seeking flight”
reported by Brantjes (1978) in a description of the sensory responses of night-flying
moths to flowers. This implied that the presence of volatile host plant cues can
induce upwind flight and sustained searching behavior inH. armigeraand is of par-
ticular relevance to our understanding of the mechanisms involved in host location.

Five of the seven EAG-active compounds characterized from the volatiles
produced byT. erectahave been implicated in the host location of related moth
species: phenylacetaldehyde as an attractant forH. armigera and other spp.
(Landolt et al., 1991); benzaldehyde, in blends containing phenylacetaldehyde, as a
floral kairomone for the cabbage looper moth,Trichoplusia ni(Haynes et al., 1991);
linalool (enantiomer unspecified) as an oviposition attractant for the light-brown
apple moth,Epiphyas postvittana(Suckling et al., 1996), limonene (enantiomer
unspecified) as an oviposition stimulant forH. armigera(Blaney and Simmonds,
1990), and piperitone (enantiomer unspecified) as an attractant of the European
grapevine moth,Lobesia botrana(Gabel et al., 1992). As far as we are aware, there
are no published reports of the electrophysiological or behavioral activity of ben-
zaldehyde, (R,S)-(±)-linalool, (E)-myroxide; and (R)-(−)-piperitone specifically
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to H. armigera, although Burgui`ere et al. (2001) found benzaldehyde and (R,S)-
(±)-linalool did elicit significant EAG responses from femaleH. armigera.

Linalool, myroxide, and piperitone are known constituents of the essential oil
prepared from steam distillates of air-driedT. erecta(Gupta and Bhandari, 1974),
but benzaldehyde and phenylacetaldehyde have not previously been described.
Benzaldehyde and phenylacetaldehyde are prone to oxidation and thus might not
occur in samples collected by steam distillation. Indeed, larger quantities of these
two compounds were collected from air entrainments with live flowers than in
entrainments with cut flowers. BecauseH. armigerais highly polyphagous, it is
of interest to note that the behaviorally active volatiles identified from flowers of
T. erectaalso occur in some of its other host plants, although this does not neces-
sarily mean that they have a significant role in the location of those plants. Thus,
limonene was the only monoterpene found by Flath et al. (1978) in maize silks, al-
though Buttery et al. (1980) subsequently found benzaldehyde and phenylacetalde-
hyde in maize silks and Buttery and Ling (1984) identified limonene and linalool
in maize leaf volatiles. Limonene, benzaldehyde, and phenylacetaldehyde were
identified in tobacco (Loughrin et al., 1990); benzaldehyde and (R)-(+)-limonene
were identified in chickpea seed volatiles (Rembold et al., 1989). Limonene has
been found in the flowers of sunflower (Eteviant et al., 1984) and as a tomato leaf
volatile (Buttery et al., 1987).

In preliminary field testing in Israel, traps baited with a four-component syn-
thetic blend of benzaldehyde, (S)-(−)-limonene, (R,S)-(±)-linalool, and phenylac-
etaldehyde caught more moths than unbaited control traps (P = 0.002), although
the actual numbers of moths captured were low (Bruce et al., 2001). It is anticipated
that by addition of other behaviorally active compounds and a better understanding
of the role of these chemicals in the behavior ofH. armigeraa useful floral bait
can be developed for use in monitoring female populations of this economically
damaging pest. Floral odors might also be worthy of consideration in breeding
programs where the objective is to breed out traits attractive toH. armigera.
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Abstract—Males of the green capsid bug,Lygocoris pabulinus, exhibit a spe-
cific courtship behavior, i.e., a vibration of the abdomen. When both live and
dead females were offered to males, this vibration behavior was elicited in most
of the males tested. When females were dissected into separate body parts, heads,
wings, and legs elicited equal responses, while thorax plus abdomen elicited a
much lower response. When separate body parts were extracted, the leg extracts
elicited significantly stronger responses than any other extract. This suggests that
femaleL. pabulinuslegs are either the source of a close-range sex pheromone or
that pheromone is accumulated on the legs due to grooming behavior. The leg
extracts contained several hydrocarbons such asn-alkenes,n-alkanes, and some
methylalkanes. Female extracts contained more (Z)-9-pentacosene and male
extracts contained more (Z)-9-heptacosene. Substrates on which females had
walked elicited similar responses as female legs, indicating that the pheromone
is deposited on the substrate. This enlarges the functional range of low-volatility
compounds, which are thought to function only when sexes are in close vicinity
or in contact.

Key Words—Heteroptera, Miridae, contact sex pheromone, male vibration,
(Z)-9-pentacosene, (Z)-9-heptacosene, cuticular hydrocarbons, close-range
pheromone, SPME.

INTRODUCTION

Sex pheromones are commonly used by insects to locate mates at long range
and to stimulate mating at close range (Carlson et al., 1971; Card´e et al., 1975;
Muhammed et al., 1975). Long-range sex pheromones were first described and
chemically identified in moths (Butenandt et al., 1959) and are now widely used for
∗To whom correspondence should be addressed. e-mail: Falko.Drijfhout@bio.oc.wau.nl
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monitoring of lepidopterous pests (e.g., Minks and Van Deventer, 1992; Card´e and
Minks, 1997). In recent years identification of nonlepidopteran sex pheromones
has received growing attention (Hardie and Minks, 1999). In mirids (Heteroptera:
Miridae), whose virgin females attract males, long-range sex pheromones have
been identified for three species so far (Smith et al., 1991; Millar et al., 1997;
Millar and Rice, 1998; McBrien and Millar, 1999).

Close-range sex pheromones initiate courtship behavior. Such pheromones
are usually less volatile than long-range pheromones (Blomquist et al., 1993).
Despite their low volatility, close-range pheromones may play an important role
in the decision of an insect to land at a certain spot (Carlson et al., 1971). Without
the addition of such pheromones, arriving males may not enter a trap (Card´e
et al., 1975; Kennedy, 1977). In mirids close-range sex pheromones have not yet
been reported. Major focus has been on attractive and alarm compounds from
the metathoracic and accessory scent glands (e.g., Carayon, 1971; Staddon, 1979;
Aldrich, 1988). Compounds identified from these glands have carbon chain lengths
of 2–15 and are most commonly acids, aldehydes, ketones, alcohols, and esters
(Staddon, 1979; Aldrich, 1988). Close-range pheromones may have carbon chain
lengths of 20–30 or even more (Blomquist et al., 1993). The source of long-
range pheromones in mirids has been suggested to be the metathoracic scent gland
(Aldrich, 1988), or at least the thoracic region (Millar et al., 1997), although
Graham (1988) identified the ovipositor region as source of attraction. Since the
chemical nature of close-range pheromones may differ completely from long-range
pheromones, their sources probably differ as well.

To identify close-range sex pheromones, a specific arousal or courtship be-
havior of one of the sexes should be distinguished. Males of the green capsid bug
[Lygocoris pabulinus(L.), Heteroptera: Miridae] exhibit a characteristic sex-
specific courtship behavior, a repeated vibration of the abdomen; only males vibrate
in the presence of females and only when they are sexually mature (Groot et al.,
1998). We used this vibration behavior of maleL. pabulinusto determine the
source of attraction in females at close range. Additionally, we attempted to iden-
tify compounds involved in this close-range attraction.

METHODS AND MATERIALS

Insects. Lygocoris pabulinuswas reared on potted potato plants, (cultivar
Bintje) in wooden cages in a greenhouse at 22± 2◦C, 65± 5 % relative humidity,
and 18L : 6D photoregime, following the procedure of Blommers et al. (1997). Ev-
ery two to three days newly emerged adults were collected from the rearing cages,
after which the sexes were isolated in separate rearing cages. In this way, virgin
males and females of known age were continuously available for the experiments
(Groot et al., 1998).
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Bioassays. One to two hours before each test, virgin males 6–9 days old were
collected from the separate rearing cages and isolated in small glass tubes. Glass
Petri dishes 5 cm diam. were cleaned with acetone, and the bottoms were covered
with white filter paper disks of the same diameter. The stimuli to be tested were
placed in the Petri dishes, after which one male per dish was introduced. Stimuli
consisted of one bug equivalent per Petri dish, and originated from bugs that were
virgin and 6–9 days old. All males were observed for 15 min. If a male in a dish
started to vibrate within this period, that dish was set aside and counted as a positive
response. The number of Petri dishes with positive responses was calculated as a
fraction of the total number of Petri dishes in which the stimulus had been applied.
Different stimuli were tested at the same time, and stimuli were tested on several
different days. All experiments were carried out at 19–23◦C between 10:00 and
14:00 hr C.E.T.

In a second experiment, a solid-phase microextraction (SPME) needle
(100µm polydimethylsiloxane coating from Supelco, Bellefonte, Pennsylvania)
was positioned on the bottom of the Petri dish through a hole in the side. A metal
strip was placed in a V-shape around the needle to reduce the amount of space the
bug had, thus increasing the chance of bug–needle contact. One or two bugs were
then placed in the Petri dish for 2–3 hr.

Stimuli Tested. First, a series of live females, dead females, live males, and
dead males were tested. Bugs were anesthetized with CO2, after which the heads
were clipped off. In a following series freshly anesthetized females were dissected
into heads, wings, legs, and thorax plus abdomen. Thorax and abdomen were
not subdivided, since clipping would mean cutting through several organs and
glands that run from thorax to abdomen, which may then release a variety of
chemicals. Third, extracts were made of the different body parts of females,i.e.,
heads, wings, legs, and thorax plus abdomen. After anesthetizing fresh females
with CO2, the body parts were dissected and placed in 1.8- or 4-ml vials. After
dissecting all available females, 15–50µl of either dichloromethane, pentane,
pentane–ether (2 : 1), or water per female was added, the amount of which was set
as one female equivalent of the particular extract. The extracts were stored in a
freezer (−20± 2◦C) until used. All extracts were used 1–14 days after the initial
dissections. In a fourth series, one female equivalent of a synthetic mixture (2.5µg
in total) was tested. The synthetic mixture consisted of 1-hexanol (40 ng), hexyl
butyrate (500 ng), (E)-2-hexenyl butyrate (25 ng), (Z)-9-tricosene (150 ng), (Z)-7-
pentacosene (200 ng), (Z)-9-pentacosene (1000 ng), (Z)-9-heptacosene (200 ng),
tricosane (80 ng), and pentacosane (80 ng) (Table 1 below).

Chemical Analysis. Extracts were analyzed with a dual-column GC (HP
6890) equipped with an apolar DB-1 column (J&W Scientific, Folsom, California;
60 m× 0.25 mm; 0.25-µm) and a polar Stabilwax column (Restek, Bellefonte,
Pennsylvania; 60 m× 0.25 mm; 0.25-µm) and two flame ionization detectors.
Oven program: 30◦C (2 min hold) to 238◦C (25 min hold) at 4◦C/min. Hydrogen
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TABLE 1. AVERAGE COMPOSITION(%) OF EXTRACTS OFLEGS FROMFEMALE AND

MALE L. pabulinus

Composition(%, mean± SD)

No.a Compound Females Males

1 Hexan-1-olb 1.7± 1.8 0.6± 0.4
2 Hexyl butyrateb 19.2± 13.7 22.3± 23.4
3 (E)-2-Hexenyl butyrateb 0.8± 0.5 0.8± 0.9
4 Tricosaneb 6.3± 1.9 0.4± 0.7
5 (Z)-9-Tricoseneb 3.1± 1.7 0.1± 0.1

(Z)-9-Tetracosene ≤0.2 ≤0.2
Tetracosane ≤0.2 ≤0.2

8 2-Methyltetracosane 3.3± 1.5 1.8± 0.2
9 Pentacosaneb 8.6± 2.8 10.6± 4.9

10 (Z)-9-Pentacoseneb 40.8± 9.2 3.4± 2.3
11 (Z)-7-Pentacoseneb 8.7± 1.9 20.5± 4.8

9-Hexacosene ≤0.2 ≤0.2
2-Methylhexacosane ≤0.2 ≤0.2

14 (Z)-9-Heptacoseneb 7.6± 4.6 39.6± 13.2
(Z)-7-Heptacosene ≤0.2 ≤0.2
Heptacosane ≤0.2 ≤0.2
(Z)-9-Nonacosene ≤0.2 ≤0.2

aNumbers according to Figures 3 and 4.
bCompounds used in the synthetic mixture.

was used as the carrier gas (constant flow of 2.4 ml/min, linear velocity: 48 cm/sec).
GC-MS analyses were carried out on Varian 3400 GC connected to a Finnigan
MAT95 mass spectrometer. The BP5 column (SGE; 25 m× 0.25 mm; 0.25-µm)
was programmed from 50◦C to 270◦C (4 min. hold) at 5◦C/min. The mass spec-
trometer was operated in EI mode (at 70 eV) and scanning was done from mass
24 to 500 at 0.7 sec/dec.1H NMR (200 MHz) spectra were recorded on a Bruker
AC200 spectrometer. FTIR spectra were recorded on a Perkin-Elmer 1725X spec-
trometer. Identification of compounds in extracts was carried out with GC-MS and
by comparison of retention times of reference compounds with GC. The position
of the double bond in the alkenes was determined by derivatization with DMDS
according to Carlson et al. (1989).

Chemicals. Hexanol, tricosane, pentacosane, 1-bromotetradecane, 1-bromo-
hexadecane, 1-bromooctadecane, triphenylphosphine, nonanal, heptanal,n-butyl-
lithium in hexane, DMDS, and urea were all purchased from Acros Organics (Geel,
Belgium) and hexyl butyrate from Roth (Karlsruhe, Germany). (E)-2-Hexenyl
butyrate was synthesized according to Drijfhout et al. (2000). (Z)-9-Tricosene,
(Z)-9-pentacosene, (Z)-7-pentacosene, and (Z)-9-heptacosene were all synthe-
sized as described below. All the chemicals used were>98% pure. All solvents
used were distilled twice before use.
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Synthesis of Alkyltriphenylphosphonium Bromide. A mixture of 0.3 mmol
of the alkylbromide (1-bromotetradecane, 1-bromohexadecane, or 1-bromoocta-
decane) and 0.3 mmol of triphenylphosphine was heated to 140◦C under a nitrogen
atmosphere for 5 hr. The reaction mixture formed a solid when cooled down. Dry
acetone (5 ml) and dry diethyl ether (12 ml) were added to the solid and cooled to
−20◦C (overnight). After filtration, the alkyltriphenylphosphonium bromide was
obtained as white crystals.

Synthesis of Alkenes. A slurry of 5 mmol of powdered alkyltriphenylphos-
phonium bromide in 10 ml of THF was prepared under nitrogen. The mixture
was cooled in an ice bath, 5 ml of DMSO was added after which 5 mmol of
n-butyllithium in hexane was injected. The butyllithium was added at such a rate
that the temperature of the mixture remained at 10–15◦C. After 5 min, 5 mmol
of the aldehyde (nonanal or heptanal) was injected, and the resulting mixture was
stirred for 30 min at ambient temperature. The mixture was diluted with water
and extracted with petroleum ether 40/60. The dried (MgSO4) extract was filtered
and concentrated to give a 90% yield of the alkene. The alkene was further purified
with column chromatography on silica gel and eluted with hexane to give a mixture
of Z andE isomers in a ratio of 85 : 15.

Separation of Z and E Isomers. The two isomers of the alkenes obtained
during the synthesis were separated making use of their different complexation
with urea (Leadbetter and Plimmer, 1979). One part of alkene and five parts of
urea were dissolved in 20 parts of methanol. This was left to crystallize at room
temperature. The white crystals were separated by filtration. The methanol fraction
was evaporated to obtain the (Z)-isomer in 97% purity. The procedure was repeated
to improve the purity of theZ isomer. If the alkene could not be dissolved in
methanol, isopropanol was added.
(Z)-9-Tricosene. 1H NMR δ (CDCl3) 0.83–0.89 (t, 6 H, CH3), 1.2–1.6 (m,
34 H, CH2CH2 ), 2.0 (m, 4 H, CH CH2), 5.3–5.35 (m, 2 H, CHCH). MS:
m/z= 322 (M+); Kovats indices: 2320 on Stabilwax and 2271 on DB-1. IR (film):
νHC CH(cis) 722 (m) cm−1

(Z)-7-Pentacosene. 1H NMR δ (CDCl3) 0.83–0.89 (t, 6 H, CH3), 1.2–1.4, (m,
38 H, CH2CH2 ), 1.9–2.0 (m, 4 H, CH CH2), 5.3, (m, 2 H, CH CH). MS:
m/z= 350 (M+); Kovats indices: 2526 on Stabilwax and 2477 on DB-1; IR (film):
νHC CH (cis) 722 cm−1

(Z)-9-Pentacosene. 1H NMR δ (CDCl3) 0.83–0.89 (t, 6 H, CH3), 1.2 (m, 38
H, CH2CH2 ), 1.9–2.2 (m, 4 H, CH CH2), 5.3–5.4 (m, 2 H, CHCH). MS:
m/z= 350 (M+); Kovats indices: 2519 on Stabilwax and 2470 on DB-1; IR (film):
νHC CH (cis) 722 cm−1

(Z)-9-Heptacosene. 1H NMR δ (CDCl3): 0.9 (t, 6 H, CH3), 1.1–1.5 (m, 40 H,
CH2CH2 ), 2.2 (m, 4 H, CH CH2), 5.3 (m, 2 H, CH CH). MS:m/z= 378

(M+); Kovats indices: 2721 on Stabilwax and 2671 on DB-1; IR (film):νHC CH (cis)

722 cm−1
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Statistical Analysis. If males responded to a source, differences in responses
towards the different sources were statistically analyzed by fitting a logit regres-
sion model with overdispersion to the daily observed counts of responses of a test
(McCullagh and Nelder, 1989), using the computer program Genstat 5 (release
4.1, PC/Windows NT, 1997). In the model, source was taken as the explanatory
variable and the variance was assumed to be proportional to the binomial vari-
ance. First, a chi-square test for the residual deviance was conducted to determine
overdispersion. The overall effect of treatments was determined by performing an
F test for the ratio of the mean deviance for treatment and the mean deviance of
the rest. If the overall test was significant (P < 0.05), pairwise comparisons byt
test between treatment means on the logit scale were conducted.

RESULTS

Live and dead females elicited similar responses, the fractions of males
vibrating being 0.88± 0.08 and 0.74± 0.09 (mean± SE), respectively
(Figure 1A). Live and dead males elicited vibration responses in few males. When
the bodies of females were dissected, the head, wings, and legs were equally attrac-
tive and as attractive as dead females, while the thorax plus abdomen of females
were significantly less attractive (Figure 1B). Responses to freshly dissected wings
and heads may be due to grooming, which spreads attractive compounds over the
body surface. For confirmation of presence of attractive compounds on the whole
body surface, small pieces of filter paper were rubbed over female bodies (after
anesthetizing and clipping off heads). When these pieces of paper were offered
in clean Petri dishes, almost half of the males tested (0.41± 0.07, mean± SE)
started vibrating (N = 46).

After extraction of the separate body parts of females, leg extracts elicited sig-
nificantly more vibrational response than all other extracts (Figure 1C). Extracts
from thorax plus abdomen did not elicit a response from males, which may be
due to defensive compounds in the metathoracic gland. Therefore, extracts were
also made of female thorax plus abdomen, from which the metathoracic gland
was removed by gently cutting the cuticle with two sharp tweezers, trying to de-
stroy as little tissue as possible. Few males responded to this extract (Figure 1C).
When differences in responses between freshly dissected body parts and their
corresponding extracts were statistically compared, male responses to the leg ex-
tracts were not different from responses to freshly dissected legs, while wing and
head extracts elicited lower responses (P < 0.05) than freshly dissected wings and
heads.

Organic solvent extracts stimulated significantly more males to vibrate than
water extracts (Figure 2). The graph indicates that “water extracts” caused only
minimal vibration in males. Legs from female bugs, used for these “water extracts,”
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FIG. 1. MaleL. pabulinusresponses (mean± SE) to different stimuli: (A) whole insects,
(B) body parts of females, (C) extracts of female body parts.1Total number of males tested;
2Metathoracic gland left in thorax;3Metathoracic gland removed from thorax. Significant
differences were determined between sources within one group (A, B, C). Different letters
above the bars indicate significant differences in each group at the 5% level. See text for
statistical methods used.∗Not included in the statistical analyses, as no males had responded.
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FIG. 2. Response of maleL. pabulinusto extracts of female legs prepared in different
solvents (mean± SE; n= number of males tested). Different letters above bars indicate
significant difference atP ≤ 0.05 (two-tailed).

still elicited vibratory behavior in males. No significant difference in male vibration
occurred using dichloromethane, pentane or the mixture of pentane and ether
(Figure 2).

In both male and female leg extracts, the major part of the compounds con-
sisted of hydrocarbons (Figure 3A). These hydrocarbons consisted of alkenes
(75%), alkanes (20%), and some monoalkanes (5%). (Z)-9-Pentacosene (10) was
the most abundant alkene in females, while (Z)-9-heptacosene (14) was the most
abundant in males. The ratio of (Z)-9-pentacosene to (Z)-7-pentacosene (11) was
opposite in males and females. Furthermore, sometimes the female extracts con-
tained more (Z)-9-tricosene than male extracts. (Figures 3B and C). Both male and
female extracts contained three oxygen containing compounds: hexyl butyrate (2)
and (E)-2-hexenyl butyrate (3) and sometimes 1-hexanol (1). Other minor com-
pounds identified in the leg extracts of male and femaleL. pabulinusare listed
in Table 1. Table 2 lists some characteristics used to identify the most abundant
alkenes present in the extracts.

The vibrational bioassays suggest that female legs are the source of close-
range sex pheromone. To determine whether the source of attraction could be
defined more precisely, female legs were subdivided into: (A) forelegs, middle
legs, and hind legs; or (B) coxae plus femorae, and tibiae plus tarsi. In series A,
one pair of forelegs, middle legs, or hind legs of three females was placed in one
Petri dish, so that six legs per dish were offered. In series B, the six coxae plus
femorae of one female were placed in one Petri dish, and the six tibiae plus tarsi
in another. Table 3 shows that all parts of the legs were equally attractive (no
significant differences were found between any pair). However, when the overall
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FIG. 3. Gas chromatograms ofL. pabulinusleg extracts: (A) female leg extract; enlargement
of the cuticular hydrocarbon part of female (B) and male (C) extracts. DB-Wax column;
FID detector. For explanation of the numbers see Table 1.

response to fore-, middle and hind legs was compared to the overall response to
coxae plus femorae and tibiae plus tarsi, responses to entire legs were significantly
stronger than to parts.

When legs contain attractive compounds, these compounds may be deposited
on the substrate on which femaleL. pabulinuswalk. To determine possible de-
position of attractive compounds, we tested three different substrates: a piece of
potato leaf (cultivar Bintje), a piece of green bean leaf (Phaseolus vulgaris, culti-
var Miracle), and the glass of an empty Petri dish. OneL. pabulinusfemale was
allowed to walk in each dish for 75–140 min. As a control, we tested pieces of
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TABLE 2. CHARACTERISTICSUSED IN IDENTIFICATION OF FOUR MAJORALKENES

PRESENT INLEG EXTRACTS OFL. pabulinus

Kovats indices MS characteristics

Compound DBI Stabilwax M+ m/z after DMDS derivatization

5 2271 2319 322 173 (C1–C9), 243 (C10–C23), 416 (M+)
10 2470 2518 350 173 (C1–C9), 271 (C10–C25), 444 (M+)
11 2477 2526 350 145 (C1–C7), 299 (C8–C25), 444 (M+)
14 2670 2719 378 173 (C1–C9), 299 (C10–C27), 472 (M+)

potato leaf or empty dishes on which males had walked for 60–120 min, as well
as pieces of potato leaves on which no bug had walked. Table 4 shows that males
responded to substrates on which females had walked, while no males showed
vibration behavior in any of the control dishes. During the 75–140 min that fe-
males walked around in the dishes, a characteristic pheromone-laying behavior
was not observed. In addition, desorption of the SPME needle (250◦C) revealed
the same hydrocarbon profile as found in the leg extracts of the concerning sex.
From Figure 4 it is clear that when females walked on or near the needle, a high
concentration of (Z)-9-pentacosene (10) was deposited on the needle. The volatile
compounds 1-hexanol (1), hexyl butyrate (2), and (E)-2-hexenyl butyrate (3) were
not always present.

When the synthetic mixture, containing compounds derived from female
leg extracts, was tested in the vibration bioassay, no males started to vibrate.
A few males showed vibratory behavior when male legs, loaded with 5µg (Z)-9-
pentacosene (instead of 1µg), were offered (Table 5). Adding (Z)-9-tricosene
to these legs did not result in more males vibrating. As no biological active
compound was found, the possibility of (Z)-9-heptacosene acting as a repel-
lent was investigated. Female legs were therefore loaded with a high dose of

TABLE 3. MALE VIBRATION RESPONSE TODIFFERENTPARTS OFFEMALE LEGS

Source Fraction of males responding (±SE) N

Female legs 0.70± 0.05 143 aa Ab

Forelegs 0.76± 0.14 17 a
Middle legs 0.71± 0.15 17 a A
Hind legs 0.88± 0.10 17 a
Coxae+ femorae 0.45± 0.14 22 a

B
Tibiae+ tarsi 0.41± 0.14 22 a

aDifferent letters indicate signifant differences between pairs (P < 0.05).
bDifferent letters indicate significant differences between groups (P < 0.05).
See text for statistical methods used.
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FIG. 4. Gas chromatographic analysis of an SPME needle on which a female bug had
walked. DB-Wax column; FID detector. For explanation of the numbers see Table 1.

(Z)-9-heptacosene (5–8µg). Yet, a similar amount of males showed vibration
behavior to these legs as when untreated female legs were offered (Table 5).

DISCUSSION

The legs ofL. pabulinusfemales most consistently elicited vibration behavior
in males, suggesting that legs are the source of close-range attraction in this species.
Legs have been recognized as the site of sex pheromone release in the aphid
Megoura viciae(Marsh, 1972), the mosquitoCuliseta inornata(Lang, 1977), the
tsetse flyGlossina morsitans morsitans(Carlson et al., 1978), the houseflyMusca
domestica(Schlein et al., 1980), and the parasitoid braconidAscogaster reticulatus
(Kainoh and Oishi, 1993). In some species, specific glands in the legs have been

TABLE 4. MALE VIBRATION RESPONSE TOSUBSTRATE ONWHICH FEMALES HAD

WALKED

Fraction of males
Source responding (±SE) N

Potato leaf on which female walked for 75–140 min 0.68± 0.10 39 aa

Bean leaf on which female walked for 75–140 min 0.64± 0.13 22 a
Empty Petri dish on which female walked for 75–140 min 0.37± 0.09 46 a
Potato leaf on which male walked for 60–120 min 0 15 b

Empty Petri dish on which male walked for 60–120 min 0 10 b

Potato leaf 0 10 b

aDifferent letters indicate signifant differences (P < 0.05). See text for statistical methods used.
bNot statistically analysed, as no male had responded.
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TABLE 5. MALE VIBRATORY RESPONSE TOFRESHLY DISSECTEDLEGSWITH OR

WITHOUT ALKENE ADDED

Fractions of males Males
Source responding (±SE) (N)

Synthetic mixture 0 32 aa

Male legs 0 5 a
Male legs+ 5µg (Z)-9-pentacosene 0.19± 0.11 29 a
Male legs+ 5µg (Z)-9-pentacosene+ 1µg (Z)-9-tricosene 0.05± 0.06 10 a
Female legs+ 5–8µg (Z)-9-heptacosene 0.76± 0.13 21 b
Female legs 0.70± 0.06 143 b

aDifferent letters indicate significant difference atP ≤ 0.05 (two-tailed).

identified as the site of sex pheromone excretion (Marsh, 1972; Schlein et al.,
1980). InL. pabulinus, response to fore-, middle, and hind legs was similarly
strong. The lower response to parts of the legs compared to entire legs may be due
to the lower amount of leg biomass per Petri dish in the latter group. From these
experiments no specific site of possible glands in legs became apparent.

Specific glands in the legs may not synthesize contact sex pheromones.
Cuticular hydrocarbons are probably synthesized by oenocytes, large cells that
are rich in smooth endoplasmatic reticulum and mitochondria, which appear to be
restricted to epidermal tissue in the thorax and abdomen (Gu et al., 1995; Schal
et al., 1998). After synthesis, attractive hydrocarbons may be deposited at specific
target sites, as in the German cockroachBlattella germanica, where the wings
accumulate large amounts of pheromone (Gu et al., 1995). The cuticle of the legs
may thus be the specific target deposition site of the attractive compounds.

The presence of a close-range sex pheromone on the legs may also be due
to grooming. Grooming may either accumulate pheromone from other body parts
on the legs (Howard and Blomquist, 1982), or it may spread the pheromone from
leg glands over the whole body surface, as in polistine wasps (Beani and Calloni,
1991), whose territorial marking pheromones from leg glands function as sex
attractants as well.L. pabulinusmales and females groom frequently (Groot et al.,
1998) and the attractive compounds are not only present on female legs, but also
on other body parts as demonstrated by the male response to female wings and
heads and to pieces of filter paper rubbed over female bodies. In short, the site
of sex pheromone production does not have to be the site of pheromone release,
specific glands are not necessarily involved, and grooming may enhance chemical
dispersion or accumulation at specific sites.

In mirids, close-range or contact pheromones have not yet been studied,
and to our knowledge this is the first study on cuticular hydrocarbons of a mirid
species. InL. pabulinusthe major part of the hydrocarbons consisted of alkenes,
followed by alkanes and some methyl alkanes. All compounds were C23–C29
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hydrocarbons. This is also the first time that a clear-cut difference was found in
L. pabulinusbetween male- and female-derived compounds, i.e., females produce
a high amount of (Z)-9-pentacosene, whereas males produce high amounts of
(Z)-9-heptacosene. Because of the low amount of (Z)-9-pentacosene present in
males, the ratio of (Z)-9-pentacosene and (Z)-7-pentacosene is opposite in males
and females. To our knowledge, there are only two other studies on cuticular
hydrocarbons in heteropteran species, the milkweed bug,Oncopeltus fasciatus
(Lygaeidae) (Jackson, 1983), andTriatoma infestansandT. mazzotti(Reduvidae)
(Juárez and Blomquist, 1993). In all these species mostlyn-alkanes, branched
monoalkanes, and dimethylalkanes were found. Furthermore hydrocarbons of up to
41–43 carbon atoms were found. More importantly, male and femaleO. fasciatus,
T. infestans, andT. mazzottihad similar profiles, whereasL. pabulinusmales and
females produce a different blend of hydrocarbons.

The hydrocarbons ofL. pabulinusfemales appear to elicit vibratory behav-
ior in males, as extracts in water (in which no hydrocarbons are present) were
not active. Furthermore, female legs used for water extraction remained active,
indicating that the compounds were still present on the legs. Fractionation of the
extracts on silica into two fractions (hydrocarbons and oxygenated compounds)
suggested that both fractions were needed to elicit vibration behavior in males.
The composition of the oxygenated compound fraction of males and females did
not show any difference. The similarity of this fraction between males and females
was supported by the finding that this fraction from males combined with the hy-
drocarbon fraction of females did cause vibratory behavior in males (unpublished
results).

In various species cuticular hydrocarbons have been identified as contact
pheromones (e.g., Muhammed et al., 1975; Carlson et al., 1978; Bolton et al.,
1980; Dillwith et al., 1981; Blomquist et al., 1993; Gu et al., 1995; Fukaya
et al., 1996; Doi et al., 1997). Alkenes seem to be involved in sexual communication
between sexes (Howard and Blomquist, 1982). More precisely, (Z)-9-pentacosene
is often the main hydrocarbon present in beetles (Baker et al., 1979), ants (Morgan
et al., 1992), and bees (Paulmier et al., 1999). InL. pabulinus, although (Z)-
9-pentacosene is the only compound obviously present in much lower amounts
in males than in females, the activity of this compound on its own could not be
proven in bioassays. Given that the synthetic mixture did not elicit vibration be-
havior in males, one cannot rule out the possibility of other compounds being part
of the contact pheromone. The most abundant male alkene, (Z)-9-heptacosene,
did not act as a repellent, because female legs sprayed with a high dose of this
alkene still elicited vibratory behavior in males (Table 5). More experiments are
needed to determine if there are other compounds present in the extracts that act
as a vibration elicitor.

The attractive compounds on female legs may be deposited on the substrate.
Male L. pabulinusshowed strong responses to substrates on which females had
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walked. The fraction of males responding to potato leaves was even similar to
responses to female legs. When females were allowed to walk on a SPME needle, a
similar chemical profile was found as in attractive female leg extracts. These results
support the hypothesis that these hydrocarbons are deposited on the substrate. As
a characteristic pheromone-laying behavior was not observed, we suspect that
deposition on the substrate occurs passively or that pheromone is adsorbed to
the substrate. Adsorption or deposition of attractive compounds on the substrate
increases the probability of sex encounters, as it elicits intensive search by males
in these areas (Colwell et al., 1978; Fauvergue et al., 1995). Depending on their
volatility, these pheromones are active at some distance, as inM. viciae (Pickett
et al., 1992), or they elicit response at close range or upon contact, as in the other
species mentioned. Adsorption of pheromone to a substrate also increases the
surface area from which pheromone evaporates, thereby increasing both the rate
of volatilization and the possible communication distance (Colwell et al., 1978).
Males may follow a gradient of intensity, created by the decay of the compounds
over time, to orient their movements towards females (Fauvergue et al., 1995). In
this way, the functional range of low-volatility cuticular hydrocarbons would be
greatly enlarged.

Identification of the sex pheromones of mirid species is a challenging task.
This study indicates that the sex-specific cuticular hydrocarbons, probably in addi-
tion to esters, may play a role in the sexual communication of these bugs. Evidence
is accumulating that such hydrocarbons not only function as contact pheromones,
but are also involved in attraction at a (short) distance. Uebel et al. (1978) demon-
strated that field catches of maleFannia canicularisandF. pusioincreased slightly
when alkenes were loaded on the lures. Connor et al. (1980) reported that the
pheromone of the arctiid mothUtetheisa ornatrix(Z,Z,Z-3,6,9-heneicosatriene
plus a small quantity of an unidentified C21 tetraene), perhaps serves as a close-
range orientation cue for locating the female. Recently, Schiestl et al. (1999, 2000)
reported that flowers ofOphrysorchids also mimic the odor profile of bees by
using this class of alkenes in order to attract these bees. Successful pheromone
trapping of mirids might also have to take these close-range cues into account.
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Abstract—Adult females ofMonochamus alternatusare known to use palpa-
tion to recognize oviposition scars that contain eggs and to be deterred from
oviposition. This study investigated the oviposition-deterring activity of a jel-
lylike secretion deposited by the females immediately after oviposition and
methanol extracts of female reproductive organs in the laboratory. When fe-
males searching for oviposition sites encountered artificial oviposition scars,
they stopped walking and drummed the surface and inside of the oviposition scars
with their maxillary and labial palpi. When the females encountered the artificial
scars plugged with the jellylike secretion, most of them left the scars after palpa-
tion. In contrast, when females encountered artificial scars not plugged with the
secretion, most of them deposited single eggs through the scars. In another ex-
periment, most females left artificial scars treated with methanol extracts of the
spermathecal gland or other reproductive organs after palpation, but most of them
oviposited through the scars treated with methanol alone. The results showed
that females’ recognition of egg-containing scars and departure from such scars
were mediated by the chemical(s) produced by their reproductive organs.

Key Words—Coleoptera, Cerambycidae, egg recognition, female reproductive
organs,Monochamus alternatus, oviposition behavior, oviposition-deterring
pheromone, oviposition scar, spermathecal gland.

INTRODUCTION

In many phytophagous insects where larval development is confined to a limited
food resource, ovipositing females recognize and avoid hosts already occupied
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by conspecific eggs (e.g., Prokopy, 1972, 1975; Prokopy et al., 1976, 1977, 1978).
In such cases, certain chemicals mediate these behavioral strategies. They are
called oviposition-deterring pheromones (ODPs) or host-marking pheromo-
nes (HMPs).

The cerambycid beetleMonochamus alternatusHope (Coleoptera: Ceramby-
cidae) is a primary vector of the pinewood nematode,Bursaphelenchus xylophilus
(Steiner et Buhrer) Nickle, the causative agent of pine wilt disease in Japan
(Mamiya and Enda, 1972; Morimoto and Iwasaki, 1972). They oviposit on dy-
ing and recently killed trees ofPinus densif lora Sieb. et Zucc. and
P. thunbergiiParl. The larvae feed on the phloem and pupate in xylem (Togashi,
1989).

Prior to oviposition, a femaleM. alternatussearches for a suitable site for
oviposition, walking slowly and touching the bark surface with her maxillary and
labial palpi and one or both antennae (Anbutsu and Togashi, 2000). On finding
a suitable site, the female stops walking and begins to gnaw at the bark surface
with her mandibles to make a wound. Then, the female turns 180◦ to position the
ovipositor over the wound, inserts the ovipositor through the center of the wound,
and deposits a single egg in the inner bark. Before withdrawing her ovipositor
from the wound, the female deposits a jellylike secretion at the bottom of the
central hole of the wound. Just after withdrawal, the female rubs the wound with
her abdominal tip and then leaves it (Anbutsu and Togashi, 2000). In this paper,
wounds with an obvious hole indicating the insertion of the ovipositor are called
oviposition scars.

The oviposition scars ofM. alternatusare distributed uniformly on the bark
surface of dead pine trees (Kobayashi, 1975; Shibata, 1984). The females are
deterred from ovipositing at all on pine bolts heavily infested with oviposition
scars (Anbutsu and Togashi, 1996). WhenM. alternatusfemales searching for
oviposition sites encounter oviposition scars containing eggs, they palpate the
scars with their maxillary and labial palpi and then leave the area (Anbutsu and
Togashi, 2000).

The deposition of a jellylike secretion and the rubbing of the oviposition
scars with the abdominal tip seem to be related to the marking of the oviposi-
tion scars. In most cases, however, the departure of females from egg-containing
oviposition scars occurs not after the drumming of the bark surface around the
oviposition scars rubbed with abdominal tips, but after they insert their maxil-
lary palpi into the central hole of the scars (Anbutsu and Togashi, 2000). Thus,
the jellylike secretion is more likely to be related to the female’s recognition
of the egg-containing oviposition scars and departure from them. Close obser-
vation suggests that this secretion comes from the ovipositor of the
female.

The objective of this study was to determine the oviposition-deterring activity
of the jellylike secretion and of an extract of female reproductive organs.
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METHODS AND MATERIALS

Insects. Laboratory cultures ofM. alternatuswere established from collec-
tions of dead, infestedP. densifloratrees at Tokuyama City, Yamaguchi Prefecture,
Japan in 1994.

Newly emerged adults were raised individually in plastic containers (9× 18
× 4.5 cm) on current year to 2-year-oldP. densifloratwigs at 25◦C and under a
12L:12D photoregime. Seven days after emergence, the females and males were
paired and provided withP. densiflorabolts (see below) for oviposition. Female
fertility was confirmed by larval hatching. All adult females used in this study
were allowed to oviposit prior to tests.

Pine Bolts. Healthy P. densiflora branches were collected in Higashi-
Hiroshima City, Hiroshima Prefecture, Japan, and cut into 7-cm-long branch sec-
tions referred to as bolts in this paper. The bolts, which were 1.5–2.5 cm in diameter
and 5–10 years old, were then placed into polyethylene bags filled with 60–70◦C
hot water to kill the cells of the inner bark. After cooling the bolts to room tem-
perature over 12–24 hr, they were washed with tap water. After surficial drying at
room temperature, both cut ends of each bolt were sealed with paraffin (melting
point: 56–58◦C) to retard desiccation. The bolts were then placed in polyethylene
bags and stored at 25◦C until use.

Artificial Oviposition Scars. Artificial oviposition scars were made on 7-cm-
long pine bolts. Each artificial scar consisted of one deep, small hole reaching the
inner bark and two shallow, smaller wounds running alongside the hole (Anbutsu
and Togashi, 2000). The deep hole, ca. 1.0 mm in diameter, was made with the tip
of a nail (2.8 mm in diameter) to imitate the trace left by ovipositor insertion. The
two shallow wounds were made with sharp-tipped tweezers and imitated marks
made with mandibles.

Response of Females to Artificial Scars Plugged with Jellylike Secretion
Deposited by Other Females (Experiment 1).Two treatments were designed to
test the effect of the secretion on the response of the females to artificial oviposi-
tion scars: (1) artificial scars plugged with the jellylike secretion, and (2) artificial
scars with no treatment.

To make artificial scars plugged with jellylike secretion, female beetles were
placed individually in plastic containers and provided with pine bolts for oviposi-
tion. Immediately after the females finished oviposition, an artificial oviposition
scar was made at the center of another 7-cm-long bolt and the fresh secretion that
was collected from the new, beetle-made oviposition scar was transferred into the
central hole of the artificial oviposition scar. The 7-cm-long bolts, each of which
contained an artificial scar either with or without the jellylike secretion, were used
for tests immediately after making the scars.

A single, 18- to 57-day-oldM. alternatusfemale was introduced into a plastic
container with a 7-cm-long bolt with one of the two types of the above scars.
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The behavior of the female was then recorded for 2–5 hr as she encountered the
artificial scar for the first time during her search for an oviposition site. As soon
as the beetle departed the scar, the bolt was removed from the container. The scar
was then examined, and the number of eggs deposited was determined. All tests
were conducted in the laboratory at 25–28◦C and under electric light (250–600 lx).
Tests for each type of scar were replicated 20 or 21 times. Each female was tested
once for each type of scar.

Response of Females to Artificial Scars Treated with Methanol Extract of
Female Reproductive Organs (Experiment 2).Since the jellylike secretion
deposited into the oviposition scar averaged 1× 1 × 1 mm, its physiological
reservoir was considered to be large and detectable. Dissection revealed that an
M. alternatusfemale has a long spermathecal gland (Figure 1). When living fe-
males were dissected, the gland contained an almost colorless or slightly yellowish,
transparent liquid. However, when females were dissected within a day of their
death, the gland was filled with an amber colored, transparent jellylike substance.
The substance was very similar in color and viscosity to the jellylike secretion
deposited into oviposition scars. Therefore, the spermathecal gland was thought
to be the reservoir of the jellylike secretion.

FIG. 1. Reproductive organs of theMonochamus alternatusfemale. Bcpx, bursa copu-
latrix; Odc, oviductus communis; Odl, oviductus lateralis; Ovl, ovariole; Ov, ovary; Spt,
spermatheca; SptGl, spermathecal gland. Scale bar= 1 mm.
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Living females anesthetized at 5◦C were dissected in a physiological saline
solution, the reproductive organs were removed, and the spermathecal gland was
separated from the others. The spermathecal gland and other reproductive organs
were placed separately in 99.8% methanol, sonicated for 1 min and then allowed
to stand at 4◦C for 12–24 hr. The methanol containing the spermathecal glands or
other reproductive organs was filtered using an injector with a piece of absorbent
cotton, the filtrate was then concentrated by evaporation at 25–28◦C. The equivalent
of four females was placed on a 1× 10 mm rectangular piece of filter paper
(Toyo Roshi Kaisha, Advantec 2) and dried for 30 min in the laboratory. After
removing the solvent by evaporation, the paper was cut into 10 square pieces
1× 1 mm, so that the amount of substances contained in each paper square was
0.4 equivalents of spermathecal glands or other reproductive organs. One microliter
of deionized water was put into the central hole of a newly made artificial scar
on a 7-cm-long pine bolt, and the filter paper square was then placed in the hole.
Immediately after the treatment, the bolt was subjected to testing.

Experiment 2 had three treatments: (1) artificial scars treated with extract
of spermathecal glands alone, (2) artificial scars treated with extract of female
reproductive organs except the spermathecal glands, and (3) artificial scars treated
with methanol alone (control).

The response of females to each type of scar was observed as described for
experiment 1. These tests were replicated 20–22 times. A 43- to 74-day-old female
was tested once for each type of scar.

Statistical Analyses. The Kolmogorov-Smirnov two-sample test was used to
compare the behavioral sequence ofM. alternatus between treatments. A
chi-square test in a contingency table was used to compare the proportion of
ovipositing females between treatments.

RESULTS

Response of Females to Artificial Scars Plugged with Jellylike Secretion
Deposited by Other Females (Experiment 1).WhenM. alternatusfemales search-
ing for oviposition sites reached the artificial oviposition scars, they exhibited the
same response to the artificial scars as they did to oviposition scars made by the
beetles (Anbutsu and Togashi, 2000). They stopped walking and then drummed
the surface and central holes of the scars with their maxillary and labial palpi,
frequently inserting the former alternately into the central holes. After about 5 sec
of palpation, they either left the scars or began to gnaw at them and deposited
single eggs.

When the females encountered artificial oviposition scars plugged with the
jellylike secretion, 80% left the scars after palpation (Figure 2A). In contrast, when
the females encountered artificial scars not plugged with the jellylike secretion,
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FIG. 2. Response ofMonochamus alternatusfemales to the artificial oviposition scars
plugged with the jellylike secretion deposited by other females (A); not plugged with the
secretion (B); treated with a methanol extract of the spermathecal gland (C); treated with
a methanol extract of other reproductive organs including ovariole, oviductus lateralis,
oviductus communis, bursa copulatrix, and spermatheca (D); and treated with methanol
alone (E). The abscissa shows the behavioral sequence: palpation of the scars (P), gnawing
at them (G), 180◦ body turn (T), insertion of ovipositor (I), and oviposition (O). The ordinate
shows the proportions of females exhibiting the particular behavior.N= number of females
used in the tests.

76% began to gnaw at the scars after palpation and 62% deposited a single egg
each (Figure 2B). The response of females was different between the artificial
scars with and without the jellylike secretion (Kolmogorov-Smirnov two sample
test,D= 0.56,P< 0.01) (Figure 2A and B); the proportion of ovipositing females
was lower for secretion-containing artificial scars (20%) than for scars without
secretion (62%) (contingency table,χ2 = 7.4,df= 1, P< 0.01) (Figure 3).

Response of Females to Artificial Scars Treated with Methanol Extract of
Female Reproductive Organs (Experiment 2).When females searching for ovipo-
sition sites encountered artificial scars treated with methanol extracts of female re-
productive organs or methanol alone, they stopped walking and palpated the scars.
After palpation, about 70% of the females left the scars treated with methanol
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extracts of spermathecal glands or other reproductive organs (Figure 2C and D).
In contrast, when the artificial scars were treated with methanol alone, all tested
females began to gnaw at the scars and 73% deposited single eggs (Figure 2E).
There was no difference in their response between the artificial scars treated with
methanol extracts of spermathecal gland and other reproductive organs
(Kolmogorov-Smirnov two sample test,D = 0.14, P = 0.98) (Figure 2C and
D). However, the response to artificial scars treated with methanol alone differ-
ed from responses to the scars treated with methanol extract of spermathecal gland
(Kolmogorov-Smirnov two sample test,D = 0.71,P < 0.001) (Figure 2C and
E) and responses to the scars treated with methanol extract of other reproductive
organs (Kolmogorov-Smirnov two sample test,D = 0.76,P< 0.001) (Figure 2D
and E).

FIG. 3. Ovipositional response ofMonochamus alternatusfemales to the artificial ovipo-
sition scars plugged with jellylike secretion; not plugged with the secretion; treated with a
methanol extract of the spermathecal gland; treated with a methanol extract of other repro-
ductive organs including ovariole, oviductus lateralis, oviductus communis, bursa copu-
latrix, and spermatheca; and treated with methanol alone. The figures to the right of each
column represent the number of females used in the tests. The brackets represent a significant
difference by the chi-square test (**P < 0.01, *** P < 0.001).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301376 May 29, 2001 12:38 Style file version Nov. 19th, 1999

1158 ANBUTSU AND TOGASHI

The females deposited eggs less frequently through artificial scars treated with
methanol extract of spermathecal gland (19%) (contingency table,χ2= 12.4,df=
1, P< 0.001) or other reproductive organs (10%) (contingency table,χ2 = 16.8,
df= 1,P< 0.001) than through artificial scars treated with methanol alone (73%)
(Figure 3).

DISCUSSION

This study showed thatM. alternatusfemales were deterred from oviposi-
tion both by the jellylike secretion that the conspecific females deposited in the
oviposition scars immediately after oviposition and by methanol extract of female
reproductive organs (Figures 2 and 3). These results show that females’ recogni-
tion of the egg-containing scars and departure from such scars were elicited by
semiochemical(s) contained in the jellylike secretion they deposited. The semio-
chemicals were detected in female reproductive organs. Deposition of a jellylike
secretion to an oviposition scar after egg laying and avoidance of such a scar
also have been reported in the closely relatedMonochamus saltuarius(Gebler)
(Anbutsu and Togashi, 1997). The same or similar semiochemical(s) as found in
M. alternatusmay play a role in deterred oviposition inM. saltuarius.

When the oviposition scar contains a single egg, the survival rate of the egg is
about 0.9 (Anbutsu and Togashi, unpublished), but when anM. alternatusfemale
deposits an egg through an oviposition scar already occupied by an egg, the earlier-
hatching larva bites and kills the other at the egg or young larval stage. The survival
rate of later-deposited eggs was experimentally shown to be less than 0.5 (Anbutsu
and Togashi, unpublished).

Sexually mature adults ofM. alternatusare attracted by a mixture of monoter-
penes and ethanol, which are released fromP. densif loratrees felled by man or
inoculated with the pinewood nematode (Ikeda and Oda, 1980; Ikeda et al., 1980,
1986). The concentration of the volatiles is assumed to be higher around the ovipo-
sition scars because the bark surface is excavated and the inner bark is exposed. In
addition, the oviposition ofM. alternatusis evoked by nonvolatiles present in the
inner bark ofP. densif lora(Yamasaki et al., 1989). Therefore, if the females could
not recognize oviposition scars containing eggs, redundant oviposition might oc-
cur more frequently and the fitness of females with secondary oviposition would
decrease due to the resulting high mortality of their progeny. The period from egg
deposition to larval hatching varies from six to nine days at 25◦C in M. alternatus
(Okuda, 1973). Thus, if the interval between the first and second oviposition events
is less than three days, some secondary eggs could hatch before the primary egg
and kill it, thus decreasing the fitness of the primary female. Other roles of the
jellylike secretion such as maintenance of humidity around eggs and protection
from predators are unknown.
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The presence of chemical marking to prevent oviposition by other individ-
uals is known in phytophagous insects of the species Coleoptera, Lepidoptera,
and Diptera; the Azuki bean weevil,Callosobruchus chinensis(L.) (Oshima et al.,
1973), the cigarette beetle,Lasioderma serricorne(F.) (Kohno et al., 1986; Imai
et al., 1990); the cabbage seed weevil,Ceutorhynchus assimilisPayk. (Ferguson
and Williams, 1991; Mudd et al., 1997); the orange-tip butterfly,Anthocharis
cardamines(L) (Dempster, 1992); the European grapevine moth,Lobesia botrana
Den. et Schiff. (Gabel and Thi´ery, 1992); andHylemyasp. (Zimmerman, 1979).
Many tephritid flies (Diptera) are also known to deposit oviposition-deterring
pheromones (Katsoyannos, 1975; Prokopy, 1972, 1975; Prokopy et al., 1976,
1977, 1978; Straw, 1989). In previous studies, the oviposition deterrent was shown
to originate from ovaries (Prokopy et al., 1976; Zimmerman, 1979), accessory
glands (Schoonhoven, 1990), or the epidermal cells of the seventh urotergite pos-
terior fold (Ferguson et al., 1999). Our study indicated that the spermathecal gland
was a reservoir of the jellylike secretion (Figure 2) that contained the deterrent
chemical(s). Other reproductive organs also showed oviposition-deterring activ-
ity (Figure 2). This suggests that two or more reproductive organs may secrete
oviposition-deterring pheromone(s) or that other reproductive organs such as the
spermatheca and oviductus communis are contaminated with the secretion from
the spermathecal gland (Figure 1).

Oviposition-deterring pheromones are important in pest control. An attempt to
prevent infestation of tephritid flies by spraying oviposition-deterring pheromone
on its host was successful in the field (Katsoyannos and Boller, 1976, 1980). In
a pine forest infested with pine wilt disease,M. alternatusfemales deposit their
eggs on pine trees killed recently by the disease. In the following year, the adult
beetles carrying pathogenic nematodes emerge from the dead trees, disperse, and
transmit the nematodes to healthy trees. The application of oviposition-deterring
pheromone(s) ofM. alternatusor the related chemical(s) to pine trees killed re-
cently by pine wilt disease may preventM. alternatusfemales from depositing eggs
on such trees, resulting in the inhibition of a pine wilt epidemic by the reduced re-
production of such insects. Further investigation is needed to determine the organ
that produces the oviposition deterrent and to identify the semiochemical(s).
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Abstract—Our objective was to test the hypothesis that the pheromone blend
and/or diel periodicity of pheromonal communication differ in populations of the
nun moth,Lymantria monacha(Lepidoptera: Lymantriidae), from eastern Asia
(northern Honshu, Japan) and Central Europe (Bohemia, Czech Republic). Cou-
pled gas chromatographic–electroantennographic detection (GC-EAD) analyses
of pheromone gland extract of femaleL. monachafrom Japan confirmed the pres-
ence of compounds previously identified in pheromone extracts ofL. monacha
from Bohemia, as follows: (Z)-7-octadecene, 2-methyl-(Z)-7-octadecene (2me-
Z7–18Hy), cis-7,8-epoxy-octadecane (monachalure), andcis-7,8-epoxy-2-
methyloctadecane (disparlure). Field experiments in Honshu suggested that
(+)-monachalure is the major pheromone component ofL. monacha. 2me-Z7–
18Hy significantly enhanced attractiveness of (+)-monachalure. Addition of
(+)-disparlure to (+)-monachalure plus 2me-Z7–18Hy in Honshu and Bohemia
increased attractiveness of lures by 1.2 and 20 times, respectively, indicating
that (+)-disparlure is of least and most significance in the respectiveL. monacha
populations. Moreover, capture of maleL. monachain pheromone-baited traps
between 18:00 and 24:00 hr in Bohemia and 2:00 and 5:00 hr in Honshu re-
vealed a markedly different diel periodicity of pheromonal communication.
Pheromonal communication late at night and use of (+)-monachalure, rather

5Dedicated to Dr. Hans-Karl Dettmar in honor of his 73rd birthday.
∗To whom correspondence should be addressed.
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than (+)-disparlure, as the major pheromone component byL. monachain Hon-
shu may have resulted from interspecific competition with coseasonalL. fumida,
which uses the early night for pheromonal communication and (+)-disparlure as
major pheromone component. Whether communication channel divergence of
L. monachain Honshu indeed constitutes a case of reproductive character dis-
placement is difficult to prove. The evolution of such divergence insympatric
populations ofL. fumidaandL. monachawould have to be demonstrated.

Key Words—Lymantria monacha, Lymantria fumida, Lymantria dispar, diel
periodicity, interspecific competition, reproductive character displacement,
strain, (7R, 8S)-cis-7,8-epoxy-2-methyloctadecane, (+)-disparlure, (7R, 8S)-
cis-7,8-epoxy-octadecane, (+)-monachalure, 2-methyl-(Z)-7-octadecene, (Z)-
7-octadecene.

INTRODUCTION

The nun moth,Lymantria monacha(Lepidoptera: Lymantriidae), is a signifi-
cant forest defoliator. Polyphagous caterpillars defoliate gymnosperm trees mainly
in the generaPicea(spruce),Pinus(pine),Larix (larch), andAbies(fir), but also
feed on angiosperm trees, includingFagus(beech),Carpinus(white beech),Betula
(birch), andQuercus(oak) spp. (Wellenstein, 1978).

The first recordedL. monachapopulation outbreak (1853–1864) occurred in
European Russia. In this outbreak, 147,000,000 m3 of timber were killed (Bejer,
1988). Since then, outbreaks have occurred throughout Europe. Five outbreaks are
recorded in Poland between 1946 and 1986 (Sliwa and Sierpinski, 1986). During
the largest, from 1978 to 1983, over 2 million ha of spruce, pine, and larch forests
(one quarter of Poland’s forests) were infested and partly defoliated (Sch¨onherr,
1985).

In Europe and western Asia, the northern border of theL. monacharange
coincides with the September isotherm of 10.5◦C, which extends from the southern
part of England and Scandinavia to the Ural Mountains (Wellenstein, 1978; Bejer,
1988). The southern extent of its range coincides with the isotherm of>20◦C for
June, July, and August. This isotherm line crosses central Spain, Corsica, Italy,
the Ariatic coast from Slovenia to northern Greek and the Black Sea. The range
of L. monachaextends, disjunctly, eastward into eastern China, Korea and Japan.
Asian populations consist of white color morphs with black spotting. Melanistic
forms, as frequently found in Europe (Keena et al., 1998), are absent.

Pheromone blend and diel periodicity of pheromonal communication in
L. monachafrom Central Europe and Japan could differ, because respective pop-
ulations: (1) occupy different geographic ranges, (2) are reproductively isolated,
and (3) are part of lymantriid communities that contrast in numbers of congeners.
For example, the July–August lymantriid community of Honshu (northern Japan)
comprisesL. monacha, gypsy moth,L. dispar, pink gypsy moth,L. mathura,
L. fumida, L. lucescens, and L. bantaizana. Presence (Honshu) or absence
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(Bohemia, Czech Republic) ofL. mathura, L. fumida, L. lucescens,andL. ban-
taizanacould conceivably affect interspecific competion for communication chan-
nels, and thus pheromonal communication inL. monacha.

Pheromonal communication ofL. monachain Bohemia is mediated by a com-
plex volatile blend. At a 10 : 10 : 1 ratio, the three pheromone components (7R, 8S)-
cis-7,8-epoxy-2-methyloctadecane [(+)-disparlure] (Bierl et al., 1975; Klimetzek
et al., 1976), (7R,8S)-cis-7,8-epoxy-octadecane [(+)-monachalure] (Gries et al.,
1996), and 2-methyl-(Z)-7-octadecene (2me-Z7–18Hy) (Grant et al., 1996; Gries
et al., 1996), synergistically attract maleL. monacha, whereas (−)-disparlure, (+)-
and (−)-monachalure, 2me-Z7–18Hy, and (Z)-7-octadecene (Z7–18Hy) synergis-
tically prevent cross-attraction of maleL. dispar(Gries et al., 1996).

This study reports contrasting pheromone blends and diel periodicities of
pheromonal communication in two geographically remote populations of
L. monacha,and suggests reproductive character displacement as a mechanism
responsible for these differences.

METHODS AND MATERIALS

Experimental Insects and Chemical Analyses.Pupae ofL. monachawere
collected in northern Japan. Abdominal tips with pheromone glands of calling,
virgin female moths were removed and placed in redistilled hexane. These ex-
tracts were hand-carried, and light-trapped male moths couriered to Simon Fraser
University in Canada. Aliquots of one female equivalent (FE) of pheromone gland
extract and authentic standards were analyzed by coupled gas chromatographic–
electroantennographic detection (GC-EAD) (Arn et al., 1975), using a Hewlett
Packard (HP) 5890A gas chromatograph equipped with a fused silica column
(30 m× 0.25 or 0.32 mm ID) coated with either DB-210, DB-5, or DB-23 (J&W
Scientific, Folsom, California). Synthetic chemicals for laboratory and field test-
ing, including (+)- and (−)-disparlure, (+)- and (−)-monachalure, 2-methyl-(Z)-
7-octadecene (2me-Z7–18Hy), and (Z)-7-octadecene (Z7–18Hy), were available
from previous work (Gries et al., 1996). If indicated, compounds were purified
(>95%) by high-performance liquid chromatography (HPLC), employing a Waters
LC 626 high-performance liquid chromatograph equipped with a Waters 486 vari-
able wavelength UV visible detector, a Waters 746 data module, and a Nova-Pak
C18 column (3.9× 300 mm) with 1 ml/min of acetonitrile flow.

Composition of Pheromone Blends. All field experiments employed a com-
plete randomized block design with 9–12 blocks (replicates) each. Experiments
were conducted in forests near (<50 km) the cities of Morioka (Honshu) and
Zbraslav (Bohemia). Forests were stocked mainly with Japanese larch,Larix
leptolepsis,and Norway spruce,Picea abies,respectively. Delta-like traps were
made from 2-liter milk cartons (Gray et al., 1984), coated with Tanglefoot (The
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Tanglefoot Company, Grand Rapids, Michigan), and suspended from trees 1.5 m
above ground at 15 to 20-m spacing. They were baited with a gray sleeve
stopper (identification # 10600275; West Pharmaceutical Services, Lionville,
Pennsylvania) impregnated with candidate pheromone components in HPLC-
grade hexane.

Experiment 1 compared attraction of maleL. disparandL. monachato (+)-
disparlure and (+)-monachalure, respectively. With only (+)-monachalure signif-
icantly attractive to maleL. monacha(and thus likely being the major pheromone
component ofL. monachain Honshu), experiments 2–3 investigated potential
synergists, including (+)-disparlure, 2me-Z7–18Hy (the hydrocarbon analog of
disparlure), andZ7–18Hy (the hydrocarbon analog of monachalure). Experiments
4–6 tested the effect of presence and proportion of (+)-monachalure in pheromone
blends on attraction of maleL. monacha, L. fumida,andL. dispar. Experiments
7–10 compared the relative importance of (+)-disparlure in pheromone blends for
attraction of maleL. monachain Honshu and Bohemia.

Various treatments in several experiments did not attract any male moths.
Despite transformation, trap catch data were not normally distributed and were
thus analyzed by nonparametric analyses of variance (Friedman’s test) followed
by comparison of means by Bonferroni (Dunn)t test (Zar, 1984; SAS/STAT, 1988).
In all analyses,α = 0.05.

Diel Periodicity of Pheromonal Communication.Diel periodicities of phero-
monal communication ofL. monachain Bohemia (experiment 10) and ofL.
monachaandL. fumidain Honshu (experiment 11) were assessed by hourly record-
ing captures of male moths in pheromone-baited traps. Experiment 10 had already
been conducted during nine nights in 1989 and employed two sticky beta type traps
(ÚOCHB AVCR, Praha, Czech Republic) baited with rubber septa impregnated
with (±)-disparlure (100µg) (ÚOCHB AVCR). For experiment 11, the 20 sticky
Delta traps (see above) were suspended from trees∼2 m above ground at 15 to
20-m intervals. Traps were baited with gray sleeve stoppers impregnated with the
three-component blend of (+)-monachalure (50µg), (+)-disparlure (5µg), and
2me-Z7–18Hy (5µg) for maleL. monachaor with the two-component blend of
(+)-disparlure (50µg) and 2me-Z7–18Hy (5µg) for maleL. fumida(Schaefer
et al., 1999). Baits forL. monachaandL. fumidawere alternated between traps.

RESULTS

Comparative GC-EAD analyses of pheromone gland extract and synthetic
standards on three fused silica columns confirmed the presence ofZ7–18Hy
(peak1), 2me-Z7–18Hy (peak2), monachalure (peak3) and disparlure (peak4)
in pheromone extracts of female moths (Figure 1). Disparlure appeared to be most
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FIG. 1. Flame ionization detector (FID) and electroantennographic detector (EAD: male
L. monachaantenna) responses to one female (L. monachafrom Honshu) equiva-
lent of pheromone gland extract. A gas chromatograph was fitted with a fused sil-
ica column (30 m× 0.25 mm ID) coated with DB-23; temperature program: 50◦C
(1 min), then 25◦C/min to 100◦C then 10◦C/min to 220◦C (10 min). Compound
abbreviations: 1 = (Z)-7-octadecene (Z7–18Hy); 2 = 2-methyl-(Z)-7-octadecene
(2me-Z7–18Hy); 3 = (7R,8S)-cis-7,8-epoxy-octadecane [(+)-monachalure] or (7S,
8R)-cis-7,8-epoxy-octadecane [(−)-monachalure]; 4 = (7R, 8S)-cis-7,8-epoxy-2-
methyloctadecane [(+)-disparlure] or (7S, 8R)-cis-7,8-epoxy-2-methyloctadecane [(−)-
disparlure]. Retention indices:Z7–18Hy: 1782 (DB-5), 1792 (DB-210), 1825 (DB-23);
2me-Z7–18Hy: 1842 (DB-5), 1860 (DB-210), 1877 (DB-23); monachalure: 1971 (DB-5),
2234 (DB-210), 2284 (DB-23); disparlure: 2032 (DB-5), 2306 (DB-210), 2339 (DB-23).

abundant, but GC-mass spectrometry (MS) confirmed that another quantitatively
significant compound co-eluted with it. All four EAD-active components occurred
at quantities too low to reliably calculate their relative proportion.

In field experiment 1, (+)-monachalure attracted maleL. monacha,whereas
(+)-disparlure attracted maleL. dispar (Figure 2). The hydrocarbon analog of
disparlure, 2me-Z7–18Hy, was significantly more effective than (+)-disparlure in
enhancing attractiveness of (+)-monachalure (Figure 2, experiment 2). In contrast,
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FIG. 2. Mean number of maleL. monachaor L. disparcaptured in sticky Delta traps baited
with various volatile blends; larch forests near the city of Morioka (northern Honshu, Japan).
Compound abbreviations as in Figure 1. Bars within rows of each experiment with the same
letter superscript are not significantly different; nonparametric analysis of variance by ranks
(Friedman’s test) followed by comparison of means [Bonferroni (Dunn)t test,P < 0.05]
(Zar, 1984; SAS/STAT, 1988).
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the hydrocarbon analog of monachalure,Z7–18Hy, had no behavioral activity
(Figure 2, experiment 3). A low proportion of (+)-monachalure in three-component
blends resulted in hardly any captures of males (Figure 3, experiment 4). Con-
versely, addition of (+)-monachalure at increasing quantities to the two-component
blend of (+)-disparlure and 2me-Z7–18Hy significantly enhanced trap captures of
maleL. monacha,whereas captures of maleL. fumidawere not affected (Figure 3,
experiment 5). Similarly, addition of (+)-monachalure (10µg) to a blend of
(+)-disparlure (10µg) and 2me-Z7–18Hy (1µg) significantly increased cap-
tures of maleL. monacha,failed to affect captures ofL. fumida,and suppressed
captures of maleL. dispar (Figure 3, experiment 6). The same three-component
blend but with (+)-disparlure at 1µg attracted only maleL. monacha(Figure 3,
experiment 6). (+)-Disparlure at 5 or 50µg, but not 500µg, in admixture with
(+)-monachalure (50µg) and 2me-Z7–18Hy (5µg) doubled trap captures of male
L. monachain Honshu (Figure 4, experiments 7 and 8). In Bohemia, addition of
5 and 50µg of (+)-disparlure to pheromone baits of an equivalent experiment
increased trap captures of maleL. monachaby 10 and 20 times, respectively
(Figure 4, experiment 9).

MaleL. monachain Bohemia and Honshu were captured in pheromone-baited
traps from 19:00 to 24:00 hr and 02:00 to 05:00 hr, respectively (Figure 5).

DISCUSSION

Evidence for Different Strains ofL. monacha. Our data support the hypoth-
esis that there are different strains ofL. monacha.The possibility that we stud-
ied different species—rather than strains—was excluded based on comparisons
of genitalia (P.W.S., unpublished data) from specimens collected in Honshu and
Bohemia. FemaleL. monachafrom both strains employ pheromone blends with
the same three components but of different relative importance. Moreover, trap
captures of males between 19:00 and 24:00 hr in Bohemia and between 02:00 and
05:00 hr in Honshu reflect a marked difference in diel periodicity of pheromonal
communication.

In Honshu, (+)-monachalure is the major pheromone component of
L. monacha.It was more attractive to males than (+)-disparlure (Figure 2, ex-
periment 1), and pheromone blends with no or little (+)-monachalure failed to
attract significant numbers of males (Figure 3). The fact that (+)-monachalure
suppressed cross-attraction of maleL. dispar(Figure 3, experiment 6) is supportive
evidence that (+)-monachalure is the major component in theL. monacha
pheromone. Synergistic activity expressed by 2me-Z7–18Hy exceeded that of (+)-
disparlure (Figure 2, experiment 2), suggesting that the hydrocarbon analog of
disparlure is the second most important pheromone component. (+)-Disparlure as



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301377 May 29, 2001 11:49 Style file version Nov. 19th, 1999

1170 GRIES, SCHAEFER, GRIES, LIŠKA, AND GOTOH

FIG. 3. Mean number of maleL. monacha, L. fumida,or L. disparcaptured in sticky Delta
traps baited with various volatile blends; larch forests near the city of Morioka (northern
Honshu, Japan). Compound abbreviations as in Figure 1. Bars within rows of each experi-
ment with the same letter superscript are not significantly different; nonparametric analysis
of variance by ranks (Friedman’s test) followed by comparison of means [Bonferroni (Dunn)
t test,P< 0.05] (Zar, 1984; SAS/STAT, 1988).
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FIG. 4. Mean number of maleL. monachacaptured in sticky Delta traps baited with various
volatile blends; larch forests near the city of Morioka (northern Honshu, Japan) (experiments
7 and 8) and spruce forests near the city of Zbraslav (Czech Republic) (experiment 9).
Compound abbreviations as in Figure 1. Bars with the same letter superscript in each
experiment are not significantly different; nonparametric analysis of variance by ranks
(Friedman’s test) followed by comparison of means [Bonferroni (Dunn)t test,P < 0.05]
(Zar, 1984; SAS/STAT, 1988).
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FIG. 5. Top: Total numbers of maleL. monachacaptured in sticky Beta traps baited with
(±)-disparlure (100µg). Spruce forests near the city of Zbraslav (Czech Republic).Bottom
(adapted from Schaefer et al., 1999): Total numbers of maleL. monachaandL. fumida
captured in 20 sticky Delta traps baited with (+)-monachalure (50µg), (+)-disparlure
(5µg), and 2me-Z7–18Hy (5µg) for maleL. monachaor with (+)-disparlure (50µg) and
2me-Z7–18Hy (5µg) for maleL. fumida. Larch forests near the city of Morioka (northern
Honshu, Japan). Black horizontal bars indicate scotophase.
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a third pheromone component has only weak behavioral activity. Added to a binary
blend of (+)-monachalure and 2me-Z7–18Hy, it barely increased (Figure 2, exper-
iment 2) or doubled (Figure 4, experiments 7 and 8) attractiveness of the lure. This
marginal effect of (+)-disparlure in the pheromone blend ofL. monachafrom
Honshu contrasts with superior importance of (+)-disparlure in the pheromone
blend ofL. monachafrom Bohemia. In Bohemia, addition of (+)-disparlure at 5
and 50µg to the pheromone blend increased captures of males by 10 and 20 times,
respectively (Figure 4, experiment 9).

There was no significant difference in antennal response pattern in GC-EAD
analyses of pheromone extract of femaleL. monachafrom Honshu (Figure 1) and
Bohemia (Gries et al., 1996). This result does not reflect the contrasting importance
of (+)-monachalure and (+)-disparlure in pheromone blends of the two strains,
supporting our contention that GC-EAD analyses help determine the presence but
not behavioral significance of (candidate) pheromone components.

With (+)-monachalure and (+)-disparlure being the major pheromone com-
ponent ofL. monachain Honshu and Bohemia, respectively, the question remains
whether pheromone-based detection surveys forL. monachain North America
ought to deploy strain-specific pheromone lures. The three-component blend of
(+)-disparlure, (+)-monachalure and 2me-Z7–18Hy at a 10 : 10 : 1 ratio was most
attractive to males in Bohemia (Gries et al., 1996). The same blend and blend ratio
is effective in attracting males in Honshu (Figure 3, experiment 4), although the
amount of (+)-disparlure could be reduced 10-fold without any effect. The pres-
ence of (−)-disparlure and (−)-monachalure had no effect on attraction of males
in Bohemia (Gries et al., 1996) or Honshu (data not shown). Thus, the recently
developed pheromone lure forL. monachadetection surveys in North America
(Morewood et al., 1999), containing (±)-disparlure, (±)-monachalure and 2me-
Z7–18Hy at a 20 : 20 : 1 blend remains suitable for attraction ofL. monachafrom
both Central Europe and Japan (Gries et al., 1998).

Reproductive Character Displacement inL. monachaStrain from Japan?
There are numerous local populations ofL. monachawith geno- and phenotypic
characteristics shaped by physical and biological factors of the local environ-
ment. If we consider the presence of congeners a biological factor (Linn and
Roelofs, 1995), five congeners (L. dispar, L. fumida, L. mathura, L. lucescens,
andL. bantaizana) in Honshu should constitute a greater “factor” than the sin-
gle congener (L. dispar) in Bohemia. With five synchronic congeners emitting
communication signals, the forest habitat certainly becomes noisy, with selection
pressure to improve the signal-to-noise ratio of communication channels (Baker,
1985; Card´e and Baker, 1984). Competition-induced reproductive character dis-
placementsensuButlin (1987) (divergence of traits that are coincidentally shared
by sympatric species after speciation has occurred, so that hybridization is impossi-
ble) may cause signal divergence to avoid heterospecific matings. We hypothesize
that dissimilar communication channels ofL. monachain Bohemia and Honshu
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are the result of signal divergence caused byL. fumidaas a competing species in
Honshu.

According to our hypothesis,L. fumidaseem to have affected both com-
munication time and signal (pheromone blend) ofL. monacha.With L. fumida
signaling early at night, signaling ofL. monachahas shifted to the early morn-
ing (Figure 5). With (+)-disparlure being most important in the pheromone of
L. fumida(Schaefer et al., 1999), it has become insignificant in the pheromone of
L. monacha(Figure 2, experiment 2; Figure 4, experiments 7 and 8). Our hypothesis
thatL. monachain Honshu has substituted (+)-disparlure with (+)-monachalure
as its major pheromone component (in response to competingL. fumida) is sup-
ported by the fact that the hydrocarbon analog of monachalure (Z7–18Hy) has no
behavioural activity (Figure 2; experiment 3), whereas the hydrocarbon analog of
disparlure (2me-Z7–18Hy) remains a synergistic pheromone component (Figure 2,
experiments 2 and 3).

The concept of reproductive character displacement was proposed by L¨ofstedt
et al. (1991) to explain pheromone variation in closely related ermine moths and
can be considered in the context of studies that demonstrate geographic differences
in a species’ pheromone in the presence of competing species. For example, male
Archips argyrospilusfrom New York respond to a more narrowly defined blend of
pheromone components than do conspecifics from British Columbia, likely due
to interference by the sibling speciesA. mortuanusin New York (Cardé et al.,
1977; Butlin., 1995). Similarly, contrasting pheromone blends of the oblique-
banded leafroller,Choristoneura rosaceanafrom New York (Hill and Roelofs,
1979) and British Columbia (Vakenti et al., 1988) may be attributable to the com-
peting speciesArchips rosanusin British Columbia (Thomson et al., 1991). Fi-
nally, saturniid female and maleHemileuca electra mojavensismay have modified
their pheromone-based communication to minimize interference from congeneric
H. burnsi(McElfresh and Millar, 1999).

The above-cited examples and our own data favor the hypothesis that in-
terspecific competitioncan be a selective force on a species’ communication
channel. Whether communication channel divergence ofL. monachain Honshu
indeed constitutes a case of reproductive character displacement is difficult to
prove. The evolution of such divergence insympatricpopulations ofL. fumida
andL. monachawould have to be demonstrated. Greater differences, if demon-
strated, in communication channels ofL. fumidaandL. monachain sympatric
than in allopatric populations in eastern Asia would support our hypothesis that
the pheromone biology ofL. monachawas shaped, in part, by competition with
L. fumida.
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Abstract—The reproductive behavior of the stink bugChlorochroa sayiwas
studied in the laboratory. There was a sexual maturation period of about 10 days
before bugs began mating. Sexually mature adult bugs engaged in courtship
consisting of antennation and head-butting of the female by the male, before
the female adopted a receptive posture and copulation occurred. Both sexes
mated multiple times during their life-spans, with the mean duration of copula-
tions of virgin bugs (42.3± 19.6 min) and experienced bugs (37.3± 28.4 min)
being similar. Most matings were initiated in the late afternoon or evening,
when pheromone production by males was greatest. Males transferred sperm
and nutrients constituting about 17% of their body weight to females during
mating. Three male-specific components, methyl geranate, methyl citronellate,
and methyl (E)-6-2,3-dihydrofarnesoate in a ratio of 100 : 0.45 : 1.6, were
first detected in volatiles collected from male bugs on green beans about 9–12
days after the final molt to the adult stage. In vertical Y-tube bioassays, females
were attracted to odors from mature male bugs, and to a blend of the three male-
produced components. Low numbers of females also were attracted in field trials
with the three-component blend. The relatively weak attraction may be a result
of other, as yet unknown cues being required in addition to the pheromone, such
as visual or substrate-borne vibrational cues.

Key Words—Chlorochroa sayi, Pentatomidae, pheromone, methyl geranate,
methyl citronellate, methyl (E)-6-2,3-dihydrofarnesoate, Y-tube bioassay, re-
productive behavior.
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INTRODUCTION

Phytophagous stink bugs (Heteroptera: Pentatomidae) are found in all types of
crops, including grain, forage and fiber crops, vegetables, and perennial crops such
as tree fruits and nuts (Metcalf and Metcalf, 1993; McPherson and McPherson,
2000). Damage is caused by both immatures and adults, but only adults are winged
and capable of long-distance movement. Injury to young seeds, fruits, or nuts
produces necrotic lesions and often results in premature abortion, while attacked
leaves may wilt and die. Stink bugs are also known or implicated as vectors of
plant pathogens such as yeast, fungi, and bacteria (Hoffmann et al., 1987; Panizzi,
1997).

Many stink bug species are polyphagous, and the adults are highly mobile,
which exacerbates problems with their monitoring and control. Some crops, such
as cotton, alfalfa, and legumes, have chronic problems with bugs, whereas damage
to tree crops is more sporadic and difficult to predict, because significant damage
only occurs when large numbers of bugs move into a crop from the surrounding
habitat (LaRue and Johnson, 1989). These migrations occur in response to natural
events, such as the senescence of native vegetation in the habitat, or in response to
mowing or harvesting of nearby crops harboring large bug populations (Toscano
and Stern, 1976). Effective bug management hinges on the rapid detection of these
invasions, so that appropriate control measures can be implemented before serious
crop damage occurs. However, monitoring and sampling methods for most bug
species are still relatively primitive, consisting mainly of sweep-net or beating tray
sampling, or visual inspection of fruits for feeding damage or excrement. Effective
monitoring methods based on pheromones or other attractants have not yet been
developed for economically important stink bug species.

The identification and development of applications for stink bug pheromones
has been complicated by several factors (McBrien and Millar, 1999). First, stink
bugs produce voluminous quantities of volatile defensive secretions in response to
disturbance, so it can be difficult to obtain extracts uncontaminated with these
defensive secretions, which may mask or overwhelm the pheromone compo-
nents. Second, for the few phytophagous stink bug species that have been studied,
pheromone components were produced by mature males from patches of unicel-
lular glands (Borges et al., 1987; Evans et al., 1990) rather than from discrete,
macroscopic glands that can be dissected for analysis. Third, bugs must be in an
appropriate physiological state to produce or respond to pheromones. After the
final molt, stink bugs take a number of days to reach sexual maturity and begin
producing and responding to pheromones (e.g., Wang and Millar, 1997). Fourth,
adults enter reproductive diapause in response to deteriorating conditions (short
daylength, poor food) and stop producing or responding to pheromones (e.g.,
Strong et al., 1970; Aldrich et al., 1991). Finally, the roles of sex and aggregation
pheromones are poorly understood in stink bugs. Sex-specific compounds have
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been identified from several phytophagous species, includingNezara viridula(L.)
(Baker et al., 1987; Br´ezot et al., 1994),Euschistusspp. (Aldrich et al., 1991,
1994; Borges et al., 1998a),Plautia staliScott (Sugie et al., 1996),Thyanta pal-
lidovirensStål (Millar, 1997),Piezodorus hybneriGmelin (Leal et al., 1998),P.
guildinii (Westwood) (Borges et al., 1998b), andBiprorulus bibaxBreddin (James
et al., 1994). However, the function of many of the compounds that have been
identified to date remains unclear. There is some evidence that the major male-
produced components function as sex or aggregation pheromones, but in general,
the role of minor components in sex-specific odors remains obscure.

The stink bugChlorochroa sayi(Stål) is distributed throughout the western
United States, where it damages wheat (Caffrey and Barber, 1919), tomato (Ohlen-
dorf, 1990), cotton (Morrill, 1910), and alfalfa (Russell, 1952). In California, it can
have several generations per year, and details of its life history have been reported
by Morrill (1910) and Russell (1952). We report here the results of studies on
the reproductive behavior and semiochemistry ofC. sayi. Our overall goal was to
identify bug-produced semiochemicals that might be of use for developing better
bug monitoring methods. Specific objectives were: (1) to describe the reproduc-
tive behavior ofC. sayi; (2) to identify volatile chemicals produced byC. sayi,
focusing particularly on sex-specific compounds that might be sex pheromone
components; and (3) to test reconstructed blends of sex-specific compounds as
stink bug attractants in laboratory and field bioassays.

METHODS AND MATERIALS

Insects. A colony of C. sayi was started from bugs collected by sweep-
netting at the University of California Agricultural Operations site in Riverside,
California. Additional bugs were collected from Russian thistle (Salsola iber-
ica Sennen) in Riverside County in the summers of 1998 and 1999. Bugs were
reared on a diet of organically grown green-bean pods (Phaseolus vulgarisL.),
raw shelled peanuts (Arachis hypogaesL.), and raw sunflower seeds (Helianthus
annuusL.). The diet was supplemented with bouquets of alfalfa (Medicago sativa
L.) or seasonal weeds including mustard [Brassica campestris(L.)], London rocket
(Sisymbrium irioL.), Russian thistle, shepherd’s purse (Capsella bursa-pastoris
L.), and cheeseweed (Malva parvifloraL.), depending on availability. Bugs were
reared in a controlled environment chamber, on a 16L : 8D cycle (lights on 06:00–
22:00 hr), with lighting provided by banks of eight fluorescent light tubes (Sylvania
Octron, 32W, F032/T35), at 23± 2◦C, and>50% relative humidity. Eggs were
collected from the colony every other day and were held in covered Petri dishes
through to the second nymphal stage. After the second molt, nymphs were trans-
ferred to 1.9-liter cardboard ice-cream containers with muslin lids. Nymphs were
fed as described above, with food changed every other day. After the final molt,
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adults were collected and sexed, and cohorts of virgin adults were maintained with
food in clean ice-cream cartons (5–7 bugs per 0.95-liter container, 10–20 bugs per
1.9 liter container) until used for collection of volatiles or bioassays.

Observations of Reproductive Behavior. Eight pairs of mature (at least 14 days
old) virgin laboratory-reared female and maleC. sayiwere put in clear plastic cylin-
ders (4 cm ID× 15 cm long with small holes in the tube walls for ventilation), with
segments of green beans provided for food. A fluorescent light (GE wide-spectrum
light for plants and aquariums, F20T12-PL/AQ) provided light during photophase
(06:00–22:00 hr), and a red incandescent light bulb (40 W) on a rheostat was used
during the scotophase, with light intensity just sufficient for observation with a
video camera (about 6 lux). The bugs were video-taped continuously with a video
cassette recorder (Panasonic AG-6730) in time-lapse mode (1.6 frames/sec; clock
time recorded on each frame), using a desktop video camera (model VCM7310,
RockVision). The tubes and the camera were set up in a box (75× 60× 50 cm)
with a removable front panel, which was only open when changing food or bugs,
so that the bugs were not disturbed. The tubes were set up in a row so that all were
in the camera’s field of view simultaneously. Pairs of bugs were put into tubes at
10:00 hr, and video taping was started immediately. The bugs were examined and
food was changed every morning at 10:00 hr. If either bug of any pair died, that
tube was replaced with a new pair of bugs in a fresh tube. Data recorded included
the time each copulation started, duration of each copulation, and the total number
of copulations/per pair. To determine diurnal mating rhythms, the numbers of mat-
ings initiated per hour were plotted versus the time period. A total of 32 matings
from 13 pairs in nine consecutive days were observed.

Weight Change During Mating. Sexually mature (>12 days old) virgin adults
were weighed to the nearest 0.1 mg, then put into clear plastic cylinders as described
above, with one pair per cylinder, without food, between 17:00 and 18:00 hr. Pairs
were observed in the bug rearing room (lighting as above, temperature 24±
2◦C, humidity 40± 20%) for 3 hr. For those pairs that copulated, immediately
after mating, each bug was weighed, and the experienced individuals then were
held in same-sex cohorts in a cardboard ice-cream carton with a screen lid, with
food provided. Pairs that did not mate within 3 hr were used as controls, and the
individuals were weighed after 3 hr and then held in same-sex virgin cohorts for
a repeat trial the next evening. Thirty virgin pairs and 39 experienced pairs were
observed between March 8 and 16, 2000, with a total of 13 copulations between
virgin pairs and 15 copulations between experienced pairs being observed.

Collection of Insect-Produced Compounds by Aeration of Live Bugs. Two to
five sexed, virgin adult bugs and two green beans were put into a 300-ml glass
aeration chamber lined with hardware cloth screen for the bugs to perch on. Hu-
midified, charcoal-filtered air (6–14 mesh activated charcoal granules) was drawn
through the chamber (300 ml/min). Entrained bug volatiles were collected on ac-
tivated charcoal traps made from glass tubes (4 mm ID.) loaded with a 0.4-cm bed
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of 80–100 mesh activated charcoal (Fisher Scientific, Pittsburgh, Pennsylvania),
precleaned by heating at 200◦C under a flow of clean N2 (∼100 ml/min) overnight.
Aerations were conducted continuously for two to three weeks at∼25◦C with co-
horts of bugs of known age, changing the food and the collectors every other day.
Collectors were eluted with pentane (500µl), and extracts were stored in glass
vials with Teflon-lined screw caps at about−20◦C until needed. Aeration cham-
bers were set up near the window so that bugs had natural light, and supplementary
fluorescent light was provided with a light bank directly overhead to provide long
day conditions (lights on from 06:00 to 22:00 hr). Bugs that died were replaced
with virgin individuals from a cohort of the same age. Dead bugs were removed as
soon as discovered to minimize contamination; as muscles relaxed in dead bugs,
the contents of the defensive metathoracic glands were released (Ho, personal ob-
servation). As a control, five green beans were aerated for 17 hr, collecting the
volatiles as described above.

Dynamics of Pheromone Release. Cohorts of virgin male bugs of known
age were aerated to determine the onset of production of male-specific com-
pounds. Cohorts were aerated in 300-ml (300 ml/min; 3–5 bugs) or 1-liter chambers
(1 liter/min; 10–15 bugs), respectively. Aerations were continued for two weeks,
with the collectors changed daily.

To determine the diurnal pattern of pheromone release, 10–20 sexed, virgin
adult male bugs and 5 green beans were aerated in a 1-liter chamber as described
above, changing the collectors daily. Once a cohort of bugs was confirmed to be pro-
ducing male-specific compounds, the collectors were changed every 2 hr between
7:00 and 23:00 hr, for periods of 24 hr. A single collector was used to collect the
volatiles produced between 23:00 and 07:00 hr. The 24-hr aeration periods were
replicated with five cohorts of males. Internal standard (10-methylnonadecane,
77 ng) was added to each extract so that the amounts of bug-produced compounds
could be estimated from GC analyses. The total amounts of the major male-specific
compounds produced during each 24-hr aeration period were calculated, and then
the amounts produced during each 2-hr interval were calculated as a percentage of
the total. For the 8-hr period between 23:00 and 07:00 hr, the average amount per
2 hr was used. Data were analyzed by ANOVA, and differences between means
were determined by application of the Student-Newman-Keuls test.

Analysis of Extracts. Crude extracts prepared as described above were concen-
trated by evaporation under a gentle stream of nitrogen, as required, and analyzed
by splitless gas chromatography on a DB-17 column (30 m× 0.25 mm, J&W Sci-
entific, Folsom, California), with a temperature program of 50◦C for 1 min and then
10◦C/min to 250◦C. Injector and detector temperatures were 250◦C and 280◦C,
respectively, with helium carrier gas. Extracts were also analyzed by splitless cou-
pled gas chromatography–mass spectrometry (GC-MS) with a Hewlett Packard
5890 GC fitted with a DB-5MS column (20 m× 0.2 mm ID), and interfaced to
an Hewlett Packard 5970B mass selective detector (electron impact ionization,
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70 eV). The GC was programmed from 40◦C at 1 min, then 10◦C/min to 250◦C,
with injector and transfer line temperatures of 250 and 280◦C, respectively. Com-
pounds were tentatively identified from interpretation of the mass spectra and from
matches with the NBS-NIH mass spectral data base. Identifications were confirmed
by comparison of retention times and spectra with those of authentic standards.

Fractionation of Bug Aeration Extracts. A 2.8-ml solid-phase extraction car-
tridge (500 mg silica gel, Alltech, Deerfield Illinois; stock # 209250) was flushed
with 4 ml of 25% ether in pentane and 4 ml pentane. A concentrated (∼250µl) bug
extract in pentane, prepared by combining 10 extracts prepared from June 1997
to March 1998, was loaded onto the cartridge, rinsing with 2–3 drops of pentane.
The cartridge was then eluted with 4× 1 ml pentane, 3× 1 ml of 10% ether in
pentane, 3× 1 ml 25% ether in pentane, and 1× 3 ml ether, collecting each as a
separate fraction.

Laboratory Bioassays. Laboratory bioassays were carried out with a vertical
glass Y-tube olfactometer (4.5 cm ID, arms 14 cm long, center tube 18 cm long).
Each arm of the Y terminated in a female ground glass fitting, with matching male
fittings terminating in hose nipples. Teflon tubing connected the Y tube to stimulus
flasks, and vinyl tubing connected the bottom outlet to a vacuum source.

Test bugs were reared under long day conditions as described above. Lighting
was provided by a light bank fitted with a daylight fluorescent lamp and a wide-
spectrum grow-light fluorescent lamp [Sylvania Octron 32W, to mimic natural
daylight, as suggested by Shields (1989)] suspended 30 cm above the olfactometer.
The light level at the upper end of the Y-tube was∼600 lux and at the lower
end∼300 lux. Bioassays were conducted at ambient temperature and humidity
conditions in the laboratory (26◦C ± 3◦C and 50± 15% humidity). Because
preliminary studies had indicated that most reproductive activity took place in
early evening, bioassays were started at around 18:00 hr, and continued until
∼22:00 hr.

Bioassays Using Odors from Live Male Bugs as Test Stimulant. Individual
sexually mature virgin male bugs were put in a 125-ml Erlenmeyer flask with half
a green bean and a piece of screen (7× 7 cm) for the bugs to perch on. Flasks with
male bugs were placed in the bioassay room at about 16:30 hr to allow the bugs to
acclimate to the bioassay room conditions. To begin a bioassay, a flask containing
a male bug was connected to one arm of the Y-tube olfactometer by Teflon tubing,
with the flask placed close to the light bank (∼1000 lux at the flask position). The
other arm of the Y tube was connected to a control flask with half a green bean and
a screen only. Visual cues were blocked by placing a piece of paper towel in the
bottom of the stimulus and control flasks. Room air purified by passage through
an activated charcoal trap was pulled through the stimulus and control flasks and
then into the Y tube at a total flow rate of 2 liters/min.

Individual sexually mature female bugs were transferred carefully into the
bottom end fitting of the Y tube, with a piece of translucent weighing paper placed
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on top to prevent escape. The fittings with females were set up in the bioassay
room about 1 hr before starting bioassays to allow the females time to settle down
after being transferred to the fittings. Female bugs were not provided with food. To
begin a bioassay, a flask containing a male bug and a control flask were connected
to the Y tube, and air was pulled through the system for 5 min. Then an end fitting
with a female test bug was gently maneuvered into place, and the vinyl tubing was
attached to the hose nipple to restart flow through the olfactometer. The criterion for
a response was that the female test bug crossed the midpoint of either the stimulus
or control arm. If the female did not cross the midpoint of either arm after 5 min,
she was considered a nonresponder. To avoid any positional bias, the positions of
the stimulus and control flasks were switched every two assays. For each bioassay,
a new virgin male in a clean flask was used, with a new female bug as a responder,
and the Y tube was cleaned after each assay by washing with soapy water, rinsing
with distilled water and acetone and oven drying for at least 20 min at 140◦C. The
Teflon inlet tubing was not changed between replicates, but at the end of each day’s
bioassays, the tubing was rinsed with acetone and air dried. Using a series of six
identical Y tubes, a maximum of 15–20 bioassays could be run per 4-hr session.

Laboratory Bioassays of Extracts of Bug Volatiles, and Synthetic Chemicals.
The Y tube olfactometer was used to test the responses of sexually mature, virgin
adult female and male bugs to extracts of male volatiles and to single or recon-
structed blends of synthesized components. The bioassay was as described above
with the following modifications. The test material [an aliquot of a bug extract or
a solution of the synthetic chemical(s)] was assayed versus a control consisting of
the same amount of clean solvent (pentane) as was used in the dose of the treatment
being tested. Pentane solutions of extracts or synthetic chemical(s) were loaded
on a filter paper disk (1.5 cm diam.), the solvent was allowed to evaporate for
1 min, and the disk was mounted on a coiled wire hanger placed inside the ground
glass end piece. After the aeration extract and pentane controls were set up in the
Y tube, bioassays were conducted as described above.

Field Bioassays. The reconstructed blend of the male-specific compounds
was used in field bioassays. Lures consisting of 10-cm lengths of amber natu-
ral rubber latex tubing (0.15 cm OD, 0.08 cm wall thickness, Fisher Scientific
#14-178-5A) were impregnated with methyl geranate (20 mg), methyl citronellate
(0.1 mg) and racemic methyl (E)-6-2,3-dihydrofarnesoate (0.4 mg). The com-
pounds were dissolved in 1 ml of dichloromethane and added to a Petri dish
(9 cm ID) containing a length of tubing. The dish was covered until the solution
had been absorbed into the tubing. Lures were hung in the upper portion of Russian
thistle plants (one per plant). Control lures consisted of rubber tubes soaked in 1 ml
of dichloromethane. Each plant with a treatment or control lure was marked with
red flag tape. The height of each plant was approximately 100 cm, and lures were
spaced about 10 m apart. Bioassays were carried out in vacant lots overgrown with
Russian thistle and wild mustard in or near Moreno Valley, Redlands, Ontario, and
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Riverside, California. Lures were put out in the morning around 09:00–10:00 hr.
Bioassays were evaluated every evening at around 17:00–19:00 hr, by collecting
all the bugs within∼20 cm of the lures by hand and recording the sex and num-
bers on each plant. In the first set of trials (August 3–16, 1999, different blocks
in Ontario, Moreno Valley, Redlands, and Riverside, with three replicates of each
treatment in each block), the bugs were collected, counted, and released. In the
second trial (August 19–24, 1999, six experimental blocks in Moreno Valley and
Riverside, with each treatment and control replicated three times at each site),
all responding bugs were collected and taken back to the laboratory to augment
laboratory colonies.

For both trials, where appropriate, the numbers of responding bugs were
transformed, using the

√
(x + 0.5) transformation, and the transformed data were

subjected to two-way ANOVA, with differences between treatments and controls
determined by Dunnett’s method. For those data sets that did not satisfy the assump-
tions of ANOVA, differences between treatments and controls were determined
with the nonparametric multi-response permutation procedure (Biondini et al.,
1985; McCune and Mefford, 1999).

Chemicals. Dodecane, (E)-2-hexenal, and (E)-2-octenal were purchased from
Aldrich Chemical (Milwaukee Wisconsin), (E)-2-octenyl acetate was obtained
from Bedoukian Research (Danbury, Connecticut), and tridecane was obtained
from ICN/K&K Laboratories (Irvine, California). (Z)-2-Octenyl acetate was pre-
pared by acetylation of (Z)-2-octenol by standard methods (acetyl chloride and
triethylamine in ether). Commercial methyl geranate (2.5 g) containing∼25%
methyl nerate (Bedoukian Research) was purified by flash chromatography on sil-
ica gel (5-cm× 25-cm column, 40–63µm particles), eluting with 1 liter each of
1%, 1.5%, and 2% ether in hexane (Lee et al., 1991), yielding 1.18 g of methyl
geranate (97.7% pure) and 0.4 g methyl nerate (100% pure) after Kugelrohr dis-
tillation (oven temperature 53◦C, 0.2 mm Hg). The1H NMR spectrum (CDCl3,
300 MHz) of methyl geranate matched literature data (Erman et al., 1969).

Synthesized Compounds. 1H and13C NMR spectra were recorded in CDCl3

at 300 and 75.48 MHz, respectively, using a General Electric QE 300 instrument.
GC-MS analyses (electron impact ionization, 70 eV) were performed on a Hewlett
Packard 5890 gas chromatograph interfaced to an HP 5970B mass selective de-
tector (Palo Alto, California). A DB-5MS column was used (20 m× 0.2 mm,
J&W Scientific). Routine work-up of reactions included drying solutions over an-
hydrous Na2SO4 and concentrating by rotary evaporation under an partial vacuum
(∼80 mm Hg). All reactions were carried out under an argon atmosphere in oven-
dried glassware unless otherwise specified.

Methyl Farnesoate. A reference sample of methyl farnesoate was prepared as
described elsewhere (Ho, 2000).

Synthesis of Racemic Methyl(E)-6-2,3-dihydrofarnesoate5. This is shown
in Scheme 1.
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SCHEME 1. Preparation of racemic methyl (E)-6-2,3-dihydrofarnesoate.

Isopropoxy-dimethylsilyl-4,8-dimethyl-3,7-nonadiene(1). The synthesis was
modified from previous syntheses of similar compounds (McMurry and Bosch,
1987; Nagano et al. 1997). Thus, a solution of (chloromethyl)isopropoxy-dimethyl-
silane (24.9 g, 150 mmol; Aldrich) in THF (150 ml) was added to magnesium
turnings (4.8 g, 200 mmol; briefly ground in a mortar and pestle to expose clean
Mg surfaces) over∼2 hr. The reaction was initiated by addition of 15 ml of the
solution to the Mg turnings in the flask, with several crystals of iodine and 10 drops
of dibromoethane, and stirring until the iodine color disappeared. The rest of the
chloride solution was added over 2 hr, maintaining the temperature of the mixture
about 30◦C. When the addition was complete, the solution was heated at 40◦C
for 1 hr. After cooling to 0◦C, the solution was transferred with a large syringe to
a precooled (0◦C) flask containing 3 g ofCuI. The resulting mixture was stirred
and cooled to−78◦C, and geranyl bromide (22 g; 100 mmol; Aldrich) was added
dropwise with stirring over∼30 min. Stirring was continued (∼30 min) at−78◦C
until all the geranyl bromide had been consumed (checking by GC). When the
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reaction was complete, the mixture was warmed to 0◦C, and quenched with 10 ml
ice water. The mixture was poured into an ice-cold mixture of 250 ml saturated
aq. NH4Cl and 25 ml conc. ammonium hydroxide, and extracted with hexane
(1 × 250 ml). The hexane layer was washed with 0.1 M HCl, sat. aq. NaHCO3,
and brine and then dried and concentrated. The crude material was used in the next
step without further purification.1H NMR (CDCl3, 300 MHz):δ 4.9–5.1 (m, 2H,
H3 and H7), 3.88 [septet, 1H,J = 6 Hz, O–CH (CH3)2], 1.88–2.0 (m, 6H, H2,
H5 and H6), 1.58 (s, 3H, H9), 1.49 (d, 6H,J = 2 Hz, H4′, H9′), 1.05 (d, 6H,J =
6 Hz, O-CH(CH3)2], 0.5 (m, 2H, m, H1), 0 [6H, s, Si(CH3)2]. 13C NMR (CDCl3,
75.48 MHz):δ 133.50, 131.31, 127.60, 124.53, 39.81, 34.37, 26.83, 25.80, 25.39,
21.63, 18.85, 17.77, 15.93, 0.59. EI-MSm/z: 268 (M+, 0.1), 225 (2.3), 208 (2),
167 (1), 147 (4), 117 (63), 75 (100), 41 (53).

Homogeraniol(2). The synthesis was adapted from those previously reported
by McMurry and Bosch (1987) and Tamao and Ishida (1984). Thus, MeOH
(200 ml), NaHCO3 (30 g), silane1 (31 g, purity 85%,∼100 mmol) and THF
(200 ml) were added to a three-neck 1-liter flask equipped with a stir bar and
condenser. Aqueous H2O2 (30%, 80 ml; 784 mmol) was added over 10 min. When
the addition was complete, the mixture was refluxed overnight. The mixture was
then cooled to room temperature and filtered through a 2.5-cm bed of Cellite in a
sintered glass funnel, with suction, rinsing the filter pad with 4× 50 ml ether. The
solution was concentrated to∼100 ml by rotary evaporation, poured into 400 ml
water, and extracted with hexane (1× 200 ml, 2× 75 ml). The combined hexane
layers were washed with water and brine, dried, concentrated, and Kugelrohr dis-
tilled, oven temperature 80–100◦C, 0.2 mm Hg, yielding 13.5 g of homogeraniol
2. 1H and13C NMR spectra agreed with those previously reported (Kocie˜nski and
Wadman, 1989).

Homogeranyl Bromide(3). Homogeraniol2 was converted to the corre-
sponding mesylate by standard methods (mesyl chloride and triethylamine;) (e.g.,
Kocieñski and Wadman, 1989). The crude mesylate was taken up in THF (150 ml)
and LiBr (24.4 g, 289 mmol; dried at 100◦C under vacuum for 4 hr) was added
in one portion. The mixture was stirred at room temperature until the mesylate
was consumed (20 hr), then poured into 100 ml water and extracted three times
with hexane. The hexane layer was washed with water and brine, dried, and con-
centrated. The residue was purified by flash chromatography (5× 22 cm, 2%
ether in hexane), then Kugelrohr distillation (oven temperature 65–80◦C, 0.3 mm
Hg) yielding 11.74 g of homogeranyl bromide3 (64% yield, 95% pure by GC).
NMR and mass spectra agreed with those previously reported (Oehlschlager et al.,
1991).

(E)-6-2,3-Dihydrofarnesoic Acid(4). Racemic acid4 (84% yield, purity
>95%) was prepared by conversion of homogeranyl bromide3 to homoger-
anyl magnesium bromide, followed by a CuI-catalyzed reaction with 2-methyl-
β-propiolactone (Aldrich), as previously described by Fujisawa et al. (1980) and
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Sato et al. (1980). Spectral data agreed with those previously reported (Yamatsu
et al., 1981).

Methyl (E)-6-2,3-Dihydrofarnesoate(5). (E)-6-2,3-Dihydrofarnesoic acid
4 was converted to the methyl ester by treatment with methyl iodide and 1,8-
diazabicyclo[5,4,0]undec-7-ene (DBU) in acetonitrile (Rao, 1980).1H NMR and
mass spectra matched those previously reported (Ahlquist and St¨allberg-Stenhagen,
1971;Yamatsu et al., 1981).13C NMR (CDCl3, 75.48 MHz):δ 173.83, 135.24,
131.39, 124.42, 124.24, 51.46, 41.69, 39.82, 36.84, 30.15, 26.79, 25.79, 25.42,
19.74, 17.78, 16.05.

Racemic Methyl Citronellate and Methyl(R)-3-Citronellate. Racemic and
(R)-3-citronellic acids (Aldrich) were converted to their methyl esters as described
above for methyl dihydrofarnesoate (Rao, 1980). After Kugelrohr distillation (oven
temperature∼80◦C, 1 mm Hg) the esters were obtained as colorless oils,>99%
pure by GC. Spectral data agreed with that reported by Yamatsu et al. (1981).

RESULTS

Reproductive Behavior. Adult C. sayibegan to mate about 10 –14 days after
the final molt. Mating was preceded by courtship, consisting of antennation of the
female by the male, followed by the male head-butting the female’s abdomen. If
the female was receptive, she adopted a posture with the head lowered and the
abdomen raised, allowing the male to turn around and couple his genitalia with
those of the female, copulating in an end to end position. During mating, both bugs
remained in an inverted V position with the abdomen higher than the head. When
copulation was complete, one of the bugs swung from side to side to disengage
from the other.

If the female was not receptive, she walked away. Sometimes, even though
the female bug stopped and raised her abdomen in the receptive position, the male
would still head-butt for some time before he turned around and mated with her. In
cases where the female assumed the receptive position with her abdomen raised,
and the male failed to couple with her genitalia, the male resumed antennation and
head-butting. In some cases, males were observed to pursue females with periodic
bouts of head-butting for>1 h before the female acquiesced and copulated with
the male. In other cases, the female mated with the male after a relatively brief
courtship of a few minutes.

Diurnal Pattern in Mating Behavior. A total of 13 pairs were videotaped from
October 20 to 28, 1999, during which 32 matings were observed. One pair died
before any mating occurred. Nine pairs mated more than once in this period, with a
mean interval of 42± 24 hr (mean± SD) between matings (range 8–77 hr). Eggs
were laid between matings. The duration of mating ranged from 2 to 125 min, with a
mean of 42.3± 19.6 min for virgin bugs (N = 12) and 37.3± 28.4 min (N = 20)
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FIG. 1. Diurnal pattern of mating behavior ofC. sayi. Number ofC. sayipairs that initiated
a copulation during successive 2-hr time periods. Lights were on from 06:00–22:00 hr each
day. The trial was run with 13 individual pairs of insects for nine consecutive days, with 32
matings observed.

for experienced bugs (two-tailedt test,d f = 30, P = 0.56). Most copulations
were initiated during the latter part of the photophase (Figure 1).

Weight Change after Mating. Copulations were observed for a total of 13
virgin pairs and 15 experienced pairs ofC. sayi, and weight changes are plotted
in Figures 2 and 3. For virgin pairs, female weights increased 24± 8 mg (16.3
± 6.9% of total body weight) after mating, and male weights decreased by a
similar amount (27± 12 mg; 16.6± 7.8% of body weight). Weight changes of
control insects during the same period were negligible (females lost 1± 1 mg,
males lost 0.4± 0.3 mg,N = 16). There was a trend for increased weight change
with increasing mating duration (virgin females,R2 = 0.4397,P = 0.013, virgin
males,R2 = 0.2481,P = 0.08).

For experienced pairs, females gained an average of 24± 9 mg (14.8±
5.8% of body weight), whereas males lost 29± 12 mg (17.8± 7.3% of body
weight) during copulation, and there appeared to be a correlation between weight
transfer and mating duration (females,R2 = 0.2727; males,R2 = 0.3214). For
the experiments with both virgin and experienced pairs, there was a small overall
net weight loss, probably due to defecation by some of the test insects during the
experiments.

Identification of Compounds from Aeration Extracts of Adult C. sayi. Typical
gas chromatograms of female and male aeration extracts are shown in Figure 4.
Compounds found in extracts from both sexes included (E)-2-hexenal, dodecane,
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FIG. 2. Weight change of virginC. sayiafter mating. Females gained 0.024±0.008 g (mean
± SD) in weight, and males lost 0.027± 0.012 g with every mating.N = 13. Results of the
t-test on overall weight change versus control:P = 3× 10−6 (female) andP = 1× 10−7

(male). Linear regression was carried out on the weight change versus duration of mating
for each sex. Female weight gain was correlated with duration of mating (P = 0.0135);
male weight loss was not correlated with mating duration (P = 0.083).

(E)-2-octenal, tridecane, and (E)-2-octenyl acetate, all of which were tentatively
identified by interpretation of their mass spectra and match-up with database mass
spectra. These compounds also have been identified from the defensive secretions
produced by the metathoracic glands in both sexes (Ho, 2000; Ho and Millar, 2001).
Aeration extracts from green bean controls contained trace amounts of the common
plant volatiles hexanol, (E)-2-hexenol, (E)-2-hexenal and linalool. Identifications
were confirmed by match-up of mass spectra and GC retention times on two GC
columns with those of authentic standards.

Aeration extracts from sexually mature males contained one major (peak B,
Figure 4) and two minor male-specific compounds (peaks A and C, Figure 4).
The relative proportions of these components were peak B, 100%; peak A, 0.45±
0.09% (N = 3); and peak C, 1.6± 0.32% (N = 3). The mass spectrum of the ma-
jor component indicated a molecular weight ofm/z 182, for a possible molecular
formula of C11H18O2. The compound was tentatively identified as methyl-3,7-
dimethyl-2,6-octadienoate by comparison of the mass spectrum with the mass
spectral database. The compound was confirmed to be theE isomer of this
compound (methyl geranate) by comparison of its retention times on two GC
columns and its mass spectrum with those of authentic standards of methyl
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FIG. 3. Weight change of experiencedC. sayiafter mating. Females gained 0.024± 0.009 g
(mean± SD) in weight, and males lost 0.029± 0.012 g with every mating.N = 15.
Results of thet test on overall weight change versus control:P = 3× 10−6 (female) and
P = 4.9× 10−8 (male). Linear regression was carried out on the weight change versus
duration of mating for each sex. Female weight gain was correlated with duration of mating
(P = 0.0458), and male weight loss was correlated with mating duration (P = 0.0275).

(E)-2-3,7-dimethyl-2,6-octadienoate (methyl geranate) and methyl (Z)-2-3,7-
dimethyl-2,6-octadienoate (methyl nerate).

The mass spectrum of the minor male-specific compound A exhibited a molec-
ular ion atm/z 184, 2 mass units more than methyl geranate, and major fragment
ions of m/z 69, 95, 110, and 152. The compound also had a shorter retention
time than methyl geranate, suggesting that it might be the analog of methyl ger-
anate lacking the double bond in conjugation with the carbonyl, that is, methyl
3,7-dimethyl-6-octenoate (methyl citronellate). This tentative identification was
corroborated with a match with a reference spectrum of methyl citronellate in the
mass spectral database. The identification was confirmed by comparison of the
mass spectrum and retention times of the insect-produced compound with those
of an authentic standard.

The mass spectrum of the third male-specific compound, peak C, exhibited
a molecular ion atm/z 252, for a possible molecular formula of C16H28O2, with
major fragment ions ofm/z 69 (possible C5H9 isoprene fragment), 109 (possible
C8H13 fragment), 123, 177, and 209. The possible presence of an isoprene unit,
and the fact that the molecular weight was 68 mass units (=C5H8) higher than that



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301378 May 29, 2001 12:16 Style file version Nov. 19th, 1999

STINK BUG SEX PHEROMONE 1191

FIG. 4. Gas chromatograms of aeration extracts of female and maleC. sayi. GC conditions:
column DB5-MS (20 m× 0.2 mm ID), initial temperature 50◦C (1 min), 10◦C/min to
250◦C, 250◦C (10 min). Three compounds were found only in male aeration extract: A,
methyl citronellate; B, methyl geranate; C, methyl (E)-6-2,3-dihydrofarnesoate.

of methyl citronellate suggested that this compound might be the sesquiterpenoid
homolog, that is, methyl (E)-6-2,3-dihydrofarnesoate. The retention times of the
insect-produced compound were significantly less than those of a methyl farne-
soate standard (m/z 250) on two GC columns, further suggesting that the ester
carbonyl was not conjugated. The identification was confirmed by comparisons of
GC retention times and mass spectrum with those of an authentic standard.

An attempt to determine the enantiomeric composition of the insect-produced
methyl citronellate and methyl (E)-6-2,3-dihydrofarnesoate by the formation of
diastereomeric derivatives from the free acids (Huffer and Schreier, 1990) was not
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FIG. 5. Diurnal rhythm of production of male-specific compounds by maleC. sayi. Five
cohorts were aerated and the amount of the major male-specific compound, methyl ger-
anate, produced per time interval is plotted as a proportion of the total amount produced in
24 hr. Two-way ANOVA for cohort effect,F = 0.0419,DF = 4, 32,P = 0.9965; for time
interval effectF = 6.9862,DF = 8, 32,P < 0.0001. The maximum amount of the major
male-specific compound, produced from 19:00–21:00 hr, was 51.6± 35.4 ng/bug hour.
Bars surmounted by the same letter(s) are not significantly different (Student-Newman-
Keuls test,P < 0.05).

successful due to the small amounts of the compounds in the extracts. Furthermore,
we were unable to resolve racemic samples of these compounds on a capillary GC
column with a chiral stationary phase (Cyclodex B, J&W Scientific).

Dynamics of Production of Male-specific Compounds. In aerations of 21 sep-
arate cohorts of male bugs, male-specific compounds were first detected between
9 and 12 days after the final molt. All cohorts produced sex-specific compounds,
indicating that they had reached sexual maturity under the laboratory rearing con-
ditions. The diurnal pattern of production of male volatiles is shown in Figure 5.
Production was greatest during the late afternoon and evening hours, peaking dur-
ing 19:00–21:00 hr.

Laboratory Bioassays. Female bugs were attracted to odors from live males
in vertical Y-tube olfactometer bioassays (treatment= 20, control= 7; 4 non-
responders; chi-square test,P = 0.012). However, olfactometer bioassays with
aeration extracts from males failed to elicit significant responses from females
(N = 24) versus the solvent controls. Furthermore, the main male-specific com-
ponent, methyl geranate, when tested as a single component at several doses,
failed to elicit responses from females (20µg, treatment 10 bugs, control 8 bugs,
P = 0.64; 2 µg, treatment 5 bugs, control 5 bugs,P = 1; 0.2 µg, treatment
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20 bugs, control 10 bugs,P = 0.068;χ2 tests). Further tests with 0.2-µg doses
of a three-component blend of (±)-methyl citronellate, methyl geranate, and (±)-
methyl (E)-6-2,3-dihydrofarnesoate (0.5 : 100 : 2) resulted in attraction to the
treatment versus a solvent control (treatment= 15, control= 3, P = 0.0047).

Field Bioassays. In the first field trial, 18 femaleC. sayiwere observed on
plants baited with the blend of male-specificC. sayicompounds versus a single
bug on the control plants (ANOVA,P = 0.057). Although 10 maleC. sayiwere
found on baited plants versus no males on control plants, the results were not
significantly different [P > 0.05, multiresponse permutation procedure (MRPP)].
A second trial produced similar results, with more female bugs being collected on
baited plants than on control plants (13 vs. 0,P = 0.0044, MRPP). No male bugs
were found on either treatment or control plants in this bioassay.

A third bioassay testing the three-component blend versus the three possi-
ble two-component blends was indeterminate because the low numbers of bugs
collected from baited plants precluded meaningful comparisons. However, a total
of 18 females and 4 males were collected on plants baited with one of the four
treatments, whereas no bugs of either sex were collected on control plants.

DISCUSSION

Reproductive Behavior. The close-range courtship of phytophagous stink
bugs appears to follow characteristic steps, with all species examined to date ex-
hibiting similar behaviors. These behaviors include a male approaching a female
(over short distances), followed by antennation and head-butting of the female by
the male, and end-to-end copulation (Fish and Alcock, 1973; Borges et al., 1987;
Wang and Millar, 1997). The daily rhythms of reproductive activity also appear
similar between species, with courtship and copulation being initiated primarily
in the afternoon and evening [e.g.,Chlorochroa ligata(Fish and Alcock, 1973);
Nezara viridula(Harris and Todd, 1980);Euschistus heros(Borges et al., 1998a);
Thyanta pallidovirens(Wang and Millar, 1997);Acrosternum hilareandT. palli-
dovirens(H. McBrien and J. Millar, unpublished data)]. Thus, late afternoon and
evening were chosen as the optimum time to conduct both laboratory and field
bioassays.

The pattern ofC. sayireproductive activity also coincided with the maximum
production and release of pheromone by male bugs. However, the male-specific
compounds were detected throughout the 24-hr monitoring periods, suggesting
that the compounds were produced continuously, with only the production rate
varied, or that the compounds were adsorbed on the cuticle, which then acted as
a slow-release substrate. This pattern may have developed for several possible
reasons. First, parasitoids of stink bugs use the male-produced compounds as
kairomones (Aldrich, 1995), and timing peak production to the cooler parts of the
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day with waning light levels may help male bugs avoid being parasitized (Harris
and Todd, 1980). Second, because of the relatively long copulation times during
which a copulating pair may be at greater risk of predation, peak production
in the late afternoon and evening may be timed so that males and females find
each other around dusk and then continue copulation under the cover of darkness.
Third, peak pheromone production and mating activities may be timed for optimum
temperature and humidity conditions. Mating activities in the heat of the day would
increase the risk of desiccation, whereas cooler nighttime temperatures may hinder
movement and activity.

Males transferred substantial weights of material to females during mating,
with body weights of both sexes changing significantly after copulation. Weight
changes occurred with both virgin and experienced insects, and mean duration of
copulation was similar for virgin and experienced insects. Similar weight changes
after mating occur withT. pallidovirens(Wang and Millar, 1997), and it has been
documented that pentatomid females obtain nutrients from males, often in the
form of large, nonfertilizing sperm (Schrader 1960; Mitchell and Mau, 1969; Mau
and Mitchell, 1978; Kasule 1986). InT. pallidovirens, these materials resulted in
enhanced egg production by females, increasing the reproductive output of both
sexes (Wang and Millar, 1997). This increase in reproductive output should in turn
encourage multiple copulations by both sexes, which is indeed a characteristic of
pentatomid reproduction.

There are several possible explanations for male stink bugs being the
pheromone-producing sex. For example, adult stink bugs are polyphagous and
mobile, and it is known that they move into and out of habitats quickly. However,
the details of the dynamics of these migrations are unknown, and it is possible that
males are the pioneering sex in colonizing new habitats. Under such a scenario,
males, upon finding a good habitat, might produce pheromone to attract females,
with oviposition commencing within a day or so after copulation to the mutual
benefit of both sexes.

Alternatively, stink bugs are attacked by a variety of parasitoids and predators,
at least some of which use stink bug pheromones as kairomones to locate their prey
(Aldrich, 1995). Because of the resultant risk, males may have evolved to be the
pheromone producers, because a male that only survives long enough to mate once
or a few times may still realize a large fraction of his potential reproductive output.
Conversely, because females lay eggs at intervals throughout their adult lives,
female reproductive output is maximized by longevity. Hence, the considerable
risk of parasitization is primarily borne by the pheromone-producing males, for
which longevity may be less important than attracting and copulating with females.

Male Specific Compounds. The male-specific compounds produced byC.
sayi included three known terpenoid compounds, methyl geranate, methyl (E)-
6-2,3-dihydrofarnesoate, and methyl citronellate. Methyl geranate and methyl
citronellate have been identified frequently from the essential oils of plants, such as
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species withinLauraceae(Ding et al., 1994). However, they are relatively uncom-
mon in insects. Methyl geranate and analogs have been used as juvenile hormone
mimics with the milkweed bug,Oncopeltus fasciatus(Brieger, 1971), to study
structure–activity relationships. Methyl geranate was also collected from male
Mediterranean fruit flies (Ceratitis capitataWied.) (Flath et al., 1993), but because
electroantennogram responses of female and male Medfly antennae to this com-
pound were about the same, it was not considered to be a possible male pheromone
(Jang et al., 1989). To our knowledge, methyl (E)-6-2,3-dihydrofarnesoate has not
been found in nature and was originally synthesized as a possible treatment for liver
disease (Yamatsu et al., 1981). Because of its structural similarity to insect juvenile
hormones, this compound also has been used in the study of juvenile hormones
(Campbell et al., 1998). However, a related compound,trans-2,3-dihydrofarnesol,
found in labial glands from several species of bumblebees, may have a semio-
chemical role in scent marking of flight routes and possibly species recognition
(Bergström et al., 1996).

Bioassays. Laboratory and field bioassays were complicated by the fact that
females did not respond strongly to odors from conspecific males, to extracts
from males, or to reconstructed blends of male specific compounds. Analogous
problems have been reported during attempts to bioassay possible pheromone
components for other phytophagous bug species. For example, two male-specific
compounds,trans- andcis-(Z)-bisabolene epoxide, were first identified from the
southern green stink bug,Nezara viridula, more than a decade ago (Aldrich et al.,
1987; Baker et al., 1987), and blends of the two isomers are significantly more
attractive to female bugs in laboratory bioassays than blank controls (Br´ezot et al.,
1994). However, the attraction is comparatively weak. Furthermore, there has been
only a single fragmentary report of field bioassays of the pheromone, despite the
importance of this bug as a worldwide agricultural pest (Panizzi, 1997); only low
numbers of bugs were attracted (Aldrich et al., 1993). Male-specific compounds
also have been identified from a number ofEuschistusspp. (Aldrich et al., 1991),
but field bioassays resulted in collection of less than one bug per trap-day (Aldrich
et al., 1991; Borges et al., 1998b). Laboratory bioassays withEuschistus heros
(Borges et al., 1998a),E. obscurus(Borges and Aldrich, 1994), andPiezodorus
hybneri(Leal et al., 1998) also demonstrated that attraction of female bugs to male
volatiles or synthetic pheromone components was relatively weak, with less than
50% of the individuals tested being attracted to the test treatments.

We were able to demonstrate attraction of virgin female bugs to the odors from
conspecific males, but not to aeration extracts from males, despite testing females
from a number of cohorts on several occasions, using a variety of doses of extracts
prepared from different cohorts of male bugs. There are several possible reasons
for the failure of these bioassays. First, the crude extracts contained defensive
chemicals in addition to the male-specific compounds, and these chemicals may
have inhibited female responses. Second, the optimum dosage was not known,
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and the production of male-specific compounds by the bugs was variable. Despite
testing a number of different doses, there was no clear indication that any dose
tested was attractive. The problem was compounded by the weak responses exhib-
ited by females in the laboratory bioassays: even when the bioassay was working
well, the best treatments were normally only two to three times as attractive as the
controls.

Rather than spending further time on bioassays of crude extracts, the male-
specific compounds were identified and synthesized to determine whether they had
the expected biological activity. This approach allowed us to test doses varying
by orders of magnitude and to standardize and reproduce blends over time. In the
olfactometer bioassay, females exhibited attraction to the major male-specific com-
pound and to the complete three-component blend of male-specific compounds.
Further laboratory bioassays were not pursued because of declining populations
of bugs in the colony.

Field Bioassays. Several reports indicate that many of the commonly used
insect trap designs were not effective for phytophagous stink bugs and that bugs
were frequently attracted to the vicinity of, but not into, traps (Aldrich et al., 1991;
Sugie et al., 1996). In perhaps the most extreme example, James et al. (1996) caught
no spined citrus bugs (Biprorulus bibax) in traps placed in citrus trees, but found
that large numbers of bugs were attracted to trees containing traps. Consequently,
instead of using traps of unknown efficacy, we decided to use a “trap plant” concept,
in which the numbers of bugs on plants baited with pheromone lures or solvent
controls would be counted. Before deploying bioassays, in a pilot experiment run
to determine the optimum time to conduct bug counts, female bugs were not seen
close to lures in the early morning when temperatures were still cool, nor were
they seen in the upper half of the plants close to the lures during the heat of the
day. The optimal period for attraction, in agreement with the laboratory studies
and with previously reported data from other species, appeared to be late afternoon
through to darkness. Consequently, field tests were evaluated from about 17:00 hr
until dark.

Field test results followed the same general pattern as that seen in the lab-
oratory, with weak attraction of adult female bugs to pheromone lures. Several
other points also emerged. First, there were indications that lures also attract male
bugs; the number of males on baited plants was always higher than the number
near controls, in all tests run. However, there may be an alternate explanation
for this apparent attraction; males searching for females may be attracted to or
arrested on plants with females in response to cues associated with females. For
example, males and females of several species of stink bugs are known to commu-
nicate over shorter distances by substrate-borne vibrational cues [Nezara viridula
(Ota and C¸ okl, 1991),N. antennata(Konn et al., 1988),N. viridula andAcroster-
num hilare (Çokl et al., 2001)]. Further studies will be required to determine
whether males are indeed attracted to the synthetic male pheromone, or whether the
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apparent attraction is actually arrestment or attraction in response to female-
produced cues. There was no indication that the lures were attractive to immature
bugs, as has been reported for at least one other stink bug species (Aldrich et al.,
1987).

In total, the laboratory and field bioassay data provide strong evidence that
one or more of the male-specific compounds are sex pheromone components.
The relatively weak attraction of females to the pheromone suggests that other
factors must also play a role in bringing the sexes together. For example, there
is considerable evidence suggesting that sex attractant pheromones play a role
in long-range attraction (Borges et al., 1987; Aldrich et al., 1987, 1991; James
et al., 1994; Borges et al., 1998b). However, pheromones are probably not the only
cues involved, because most phytophagous stink bugs are not strongly attracted
into close proximity to pheromone sources or, at least, few phytophagous stink
bugs have been caught in pheromone-baited traps (e.g., Aldrich et al., 1987, 1991;
James et al., 1994). As described above, several reports suggest that at shorter
ranges, stink bugs of both sexes may use vibrational signals transmitted through
the substrate for intersexual communication (Ota and C¸ okl, 1991; Ryan and Walter,
1992). The possible effects of other sensory cues, such as visual signals, or cues
associated with the host plants that may act in concert with insect-produced cues,
remains to be investigated.

Because of the weak attraction to the male-produced compounds, and despite
laboratory and field bioassay attempts extending over several years, it remains
unclear whether the male-produced pheromone consists of the single component
methyl geranate, or whether the true pheromone is actually a blend of methyl
geranate and one or both of the minor male-specific components. Furthermore, all
field bioassays to date have been carried out with racemic methyl dihydrofarnesoate
and methyl citronellate, and it is entirely possible that the bugs may respond less
well to the racemates than to the insect-produced enantiomers of these compounds.
Efforts to address these questions are continuing, in parallel with efforts to develop
an effective trap for this species.
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Abstract—The strawberry blossom weevil,Anthonomus rubi, is a major pest
of strawberries in the United Kingdom and continental Europe. As part of
a project to develop noninsecticidal control methods, the pheromone system
of this species was investigated. Comparison of volatiles produced by field-
collected, overwintering individuals of each sex led to identification of three
male-specific compounds—(Z)- 2-(3,3-dimethylcyclohexylidene)ethanol, (cis)-
1-methyl-2-(1-methylethenyl)cyclobutaneethanol, and 2-(1-methylethenyl)-
5-methyl-4-hexen-1-ol (lavandulol)—in amounts of 6.1, 1.2, and 0.82µg/day/
male. The first two compounds are components of the aggregation pheromone of
the boll weevil,Anthonomus grandis, grandlure II and grandlure I, respectively.
Grandlure I was the (1R,2S)-(+) enantiomer and lavandulol was a single enan-
tiomer, although the absolute configuration was not determined. Trace amounts
of the other two grandlure components (Z)-(3,3-dimethylcyclohexylidene)ac-
etaldehyde (grandlure III) and (E)-(3,3-dimethylcyclohexylidene)acetaldehyde
(grandlure IV) were also detected. (E,E)-1-(1-Methylethyl)-4-methylene-
8-methyl-2,7-cyclo-decadiene (germacrene-D), a known volatile from straw-
berry plants,Fragaria ananassa, was collected in increased amounts in the pres-
ence of pheromone-producing weevils. Male weevils only produced pheromone
on F. ananassaand not on scented mayweed,Matracaria recutita, or cow
parsley,Anthriscus sylvestris, although these are known food sources. In field
trials using various combinations of synthetic grandlures I, II, III, and IV and
lavandulol, significantly more weevils were caught in traps baited with blends
containing grandlure I and II and lavandulol than in those baited with blends
without lavandulol or unbaited controls. Addition of grandlure III and IV had no
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significant effect on attractiveness. Horizontal sticky traps were found to be more
effective than vertical sticky traps or standard boll weevil traps. In mid-season
females predominated in the catches, but later more males than females were
trapped.

Key Words—Strawberry blossom weevil,Anthonomus rubi, Curculionidae,
Coleoptera, aggregation pheromone, Grandlure, lavandulol, germacrene-D.

INTRODUCTION

The strawberry blossom weevil,Anthonomus rubiHerbst (Coleoptera:
Curculionidae), is a major pest of strawberry crops in the United Kingdom and
Europe (Cross and Easterbrook, 1998; Hoffman, 1954; Popov, 1996) and is some-
times a pest of raspberry (Alford, 1984). The weevil is univoltine, and adults
emerge in late April from overwintering sites of leaf litter and soil adjacent to
strawberry fields (Fenouhlet, 1907; Jary, 1932). It feeds initially on strawberry
foliage before mating commences at the onset of flower bud formation. Diapausal
adults emerge six to eight weeks after oviposition. It feeds in and around the straw-
berry crop for about two weeks until leaving the crop for an overwintering site in
late July/early August (Jary, 1932; Morris, 1977). Strawberry crop loss is a result
of the oviposition behavior of the female, which involves deposition of a single
egg in an unopened strawberry bud, followed by severing of the stalk below the
bud (Jary, 1932; Alford, 1984). A single female lays up to 50 eggs and potential
crop losses are great even at low population levels. Owing to the small size of
the weevil and the nature of the damage, effects on the crop are often unnoticed
until it is too late to take remedial action. Current control involves the routine
use of broad-spectrum insecticides, e.g., chlorpyrifos, which is unsatisfactory due
to high cost, environmental affects, and negative public perception. Thus, a more
cost-effective, benign, and acceptable control method is desirable.

Extensive work has been carried out on identification of pheromones and
their use within the Curculionidae (Bartelt, 1999), exemplified by the decades of
research conducted on the boll weevil,Anthonomus grandis(Coleoptera:
Curculionidae) (Hardee and Mitchell, 1997). Following identification of four
components of the male aggregation pheromone ofA. grandis, given the trivial
name grandlure, (Tumlinson et al., 1969), pheromones of several weevil species
have been identified. These include two from within the same subfamily asA.
grandis, the pepper weevilA. eugenii(Eller et al., 1994) and the pecan weevil
Curculio caryae(Hedin et al., 1996, 1997), both of which produce male aggrega-
tion pheromones incorporating Grandlure components.

Although there have been no reports of pheromonal attraction forA. rubi, the
successful identifications from within the same genus encouraged a preliminary
trapping study with this species, the results of which led to the investigation of the
composition of the pheromone.
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METHODS AND MATERIALS

Insect Material.In 1998, adultA. rubiwere collected from strawberry plants,
Fragaria ananassa, at Horticulture Research International, East Malling, West
Malling, UK, during early April, the time of weevil emergence. As there was no
report of sexual dimorphism within the species, these were sexed by placing a
group of four or five weevils together in a Petri dish containing filter paper, and
separating the pairs that displayed mounting behavior. Males and females were
maintained in separate plastic propagators (36× 22× 16 cm; B&Q, Eastleigh,
Hants, UK) at 20◦C and 16L:8D. Insects were provided withF. ananassaflowers
that were changed every three days.

In 1999, during the second week of March, deciduous tree leaf-litter was
collected in transparent polyethylene bags from beneath and around conifer trees
adjacent to strawberry fields at Boughton Monchelsea, Kent. These strawberry
fields had contained a large population of weevils the previous summer, just prior
to migration to overwintering sites. The litter was maintained at 20◦C and emerg-
ing weevils were transferred to individual holding chambers (13× 8 × 5 cm)
containingF. ananassaplants.

During the first week of April 1999, a second collection ofA. rubiwas made at
Boughton Monchelsea. These were weevils recently emerged from overwintering
and found on cow parsley,Anthriscus sylvestris.This date preceded the onset
of strawberry bud development. Weevils were kept in individual containers on
A. sylvestris.A third batch of blossom weevils was collected in the first week
of August from a strawberry farm at Doddington, Kent. These individuals were
found feeding on scented mayweed,Matracaria recutita.When placed together
they showed no sign of sexual behavior and were thus presumed to be the diapausal
first generation adults.

Collection of Volatiles.For collection of emitted volatiles, natural or synthetic
sources were placed in a glass chamber (10 cm long× 3 cm diam.). A diaphragm
pump (Capex Mk II, Charles Austen, Weybridge, Surrey, UK) was used to draw
air at 1 liter/min into the chamber through an activated charcoal filter (20 cm long
× 2 cm diam., 6–18 mesh) and out through a collection filter containing Porapak Q
(200 mg, 50–80 mesh, PhaseSep) held between plugs of silanized glass wool in a
Pasteur pipet. The Porapak was purified by Soxhlet extraction with chloroform for
8 hr, and filters were washed well with dichloromethane immediately before use.
Adsorbed volatiles were removed from the filters with dichloromethane (pesticide
grade; 1×0.5 ml, 1×1 ml). For pheromone identification, volatiles were collected
from one to three weevils onF. ananassaplants for 24 hr at 20◦C with a 16L:8D
cycle. Volatiles were also collected from weevils onA. sylvestrisandM. recutita.
Collections were also made from plants alone for comparison.

Gas Chromatography (GC).GC Analyses were conducted using Carlo Erba
Mega Series 5300 instruments equipped with fused capillary columns (25 m×
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0.32 mm ID) coated with polar CPWax 52CB (Carbowax 20 M equivalent;
Chrompack) or nonpolar CPSil 5CB (methyl silicone; Chrompack). The carrier
gas was helium at 50 kPa, and the oven temperature was held at 50◦C for 2 min
then programmed at 6◦C/min to 240◦C. Injection was splitless (200◦C) and de-
tection was by flame ionization detection (FID, 240◦C). Data was captured and
processed using EzChrom 6.1 software. Retention indices (RI) were calculated
relative to the retention times of straight-chain hydrocarbons. Collections of the
natural pheromone were quantified approximately by coinjection with undecane
(10 ng) and comparison of peak areas without consideration of response factors.

For determination of enantiomeric composition of chiral materials, analyses
were done using a Varian 3700 gas chromatograph with cyclodextrin capillary,
column (CP-Chirasil-Dexcb; 25 m× 0.32 mm ID; Chrompack). The carrier gas
was helium at 100 kPa and the oven temperature was held at 125◦C. Injection was in
split mode (50 : 1), and data handling was as above. Retention time comparisons
and coinjection of natural and synthetic samples were used for confirmation of
absolute configuration.

Gas Chromatography-Mass Spectrometry Analysis (GC-MS).GC-MS anal-
yses were carried out with a fused silica capillary column (25 m× 0.25 mm ID)
coated with polar CPWax 52CB or nonpolar CPSil 5CB linked directly to a
Finnigan 700 ion trap detector (ITD) operated in electron impact or chemical ion-
ization (isobutane) mode. GC conditions were as above for these columns. Spectra
were compared with those in the NBS/NIH/EPA library, the ITD terpenoid li-
brary (Adams 1989), and a library generated from samples analysed previously at
NRI.

Chemicals.(±)-cis-1-Methyl-2-(1-methylethenyl)cyclobutaneethanol (gran-
dlure I, purity 98%), (Z)-2-(3,3,-dimethylcyclohexylidene)ethanol (grandlure II,
purity 99.5%), and (E)-2-(3,3,-dimethylcyclohexylidene)ethanol (purity 99.5%)
were obtained from Bedoukian, Danbury, Connecticut. (Z)-2-(3,3-Dimethylcyclo-
heylidene)acetaldehyde (grandlure III) and (E)-2-(3,3-dimethylcyclohexylidene)
acetaldehyde (grandlure IV) were obtained as a mixture of grandlures
I–IV in relative proportions of 3:3:1:1 from Plato Industries, Houston, Texas.
(±)-2-(1-Methylethenyl)-5-methyl-4-hexen-1-ol (lavandulol, 95% purity) was
obtained from Fluka. (−)-(7S)-1-(1-Methylethyl)-4-methylene-8-methyl-2,7-
cyclodecadiene (germacrene-D) was the major component (approximately 20%)
in ylang ylang oil (Holland and Barrett, Nuneaton, Warwickshire, UK) and was
purified to 80% purity by flash chromatography on silica gel eluted with hex-
ane. Racemic germacrene-D fromSolidago altissimawas provided by Prof. Yoo
Tanabe of Kwansei Gakuin University Japan (Nishii et al., 1997). (1R,2S)-(+)-cis-
1-Methyl-2-1(1-methylethenyl)cyclobutaneethanol [(+)-grandlure I] was a gift
from Prof. Kenji Mori of Tokyo University in Japan (Mori and Fukamatsu, 1992).

Pheromone Dispensers.Pheromone blends (200 mg) were dispensed from
sachets prepared by heat sealing white polyethylene layflat tubing (2.5 cm×
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2.5 cm× 120µm thick; International Pheromone Systems Ltd., Wirral, UK). For
laboratory studies, dispensers were maintained in a laboratory wind tunnel (27◦C,
8 kph windspeed) and release rates were measured by periodic weighing and by
trapping of volatiles emitted over 1 hr at 27◦C as above. Volatile collections were
analyzed by GC on the nonpolar CPSil 5CB column using 1-undecanol (5µg) as
internal standard.

In the first field trial, grandlure was formulated as a 3:3:1:1 blend of grandlures
I–IV in red laminate squares1 (2.5 cm× 2.5 cm× 2 mm thick; Plato Industries).

Trapping Trials.Trapping trials were carried out in fields belonging to com-
mercial strawberry growers in Doddington, Kent, and West Peckham, Kent, or on-
station at HRI, East Malling, West Malling, Kent. Unless otherwise stated, traps
were white corrugated plastic sheets (20×20 cm) coated with polybutene adhesive
on both surfaces (Oecos Ltd., Kimpton, Herts, UK) positioned horizontally on top
of a wooden stake (60 cm). During initial trials carried out in 1998, trapped wee-
vils were observed to be escaping, and additional adhesive was used during 1999.
Live weevils or synthetic lures were placed in pink hair-rollers (Tesco, Cheshurst,
Herts, UK), capped at both ends with white, sterilin tube lids, and secured to the
center of the upper surface of the trap with a nail into the supporting stake. Live
weevils used as bait were provided with a cut strawberry flower, and the flower
and any dead weevils were replaced every second day. Traps were positioned 6
m apart in a 5× 5 Latin square (live baiting experiment) or randomized com-
plete block design with three replicates at each of three sites (synthetic pheromone
experiments).

In a comparison of trap designs, the above horizontal sticky trap was compared
with the standard boll weevil trap from Plato Industries (Mitchell and Hardee,
1974a) and a vertical white sticky trap (20× 20 cm; Oecos Ltd., Kimpton, Herts,
UK) positioned 60 cm above ground level in a 3× 3 Latin square design.

Weevils trapped during the 1999 trials were placed in hexane to remove excess
glue and stored in 70% ethanol before random samples were sexed using the coxal
thorn method (Balachowsky and Mesnil, 1935; Innocenzi et al., 2001).

Statistical Analysis.Total trap catches were transformed to log10(x + 1) to
normalize the variance. Two-way analysis of variance (ANOVA) was carried out
to test for any treatment× location interaction. After one-way ANOVA on the
transformed data, differences between means were tested for significance at the
5% level by the least significant differences (LSD) test.

RESULTS

Attractiveness of Male and Female Weevils.A preliminary trapping trial was
done at Hillberry Farm, East Malling, UK, from 5 to May 19, 1998, comparing
catches of weevils in traps baited with a maleA. rubi weevil, female weevil,
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F. ananassaplant only, grandlure dispenser, andF. ananassaplant, or unbaited
control. Fifteen weevils were caught in the five replicates, all on traps baited with
live males. The small numbers were possibly a reflection of the low population
due to the grower’s pest management regime, as well as the inability of the sticky
trap to retain the weevils. During each survey, the recorded weevils were observed
walking freely on the sticky traps.

Comparison of Volatiles from Male and Female Weevils.Gas chromato-
grams of volatiles collected fromA. rubi in 1998 did not show any consis-
tent differences between the sexes. However, in 1999, GC analyses of volatiles
from individuals collected as overwintering adults revealed three components

FIG. 1. Gas chromatograms (nonpolar CPSil 5CB column) of volatiles collected from male
(upper) and female (lower)A. rubi weevils.
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that were male-specific and another component found in relatively large amounts
in male volatiles but only trace amounts in volatiles from females (Figure 1).
Preliminary identifications were made by comparison of their EI mass spectra
and library spectra and comparison of GC retention indices with published data.
These preliminary identifications were confirmed by comparison of EI and CI
mass spectra, retention indices on polar and nonpolar GC columns, and GC
coinjection with the synthetic materials. The four components were found to
becis-1-methyl-2-(1-methylethenyl)cyclobutaneethanol (grandlure I), (Z)-2-(3,3-
dimethyl-cyclohexylidene)ethanol (grandlure II), lavandulol, and germacrene-D
(Figure 2), the latter being present in both male and female volatiles. These were
produced in mean quantities per male weevil per day of 1.2, 6.1, 0.82 and 0.72µg
(N= 8), for grandlure I, grandlure II, lavandulol, and germacrene-D, respectively.

Further examination of GC-MS analyses of volatiles from maleA. rubi
showed the presence of trace amounts of theE isomer of grandlure II (approxi-
mately 1% of theZ isomer by GC-MS analysis), and also both (Z)-(3,3-dimethyl-
cyclohexylidene)acetaldehyde (grandlure III) and (E)-(3,3-dimethylcyclohexyli-
dene)acetaldehyde (grandlure IV) (≤1% as compared with the (Z)-grandlure II by
GC-MS) (Figure 2). The retention indices (RI) of the compounds identified on
both polar and nonpolar GC columns are shown in Table 1. Thetrans isomer of
grandlure I, fragranol (Bohlmann et al., 1973), was not available for comparison,
but Yamazaki et al. (1994) reported this to elute clearly before thecis isomer on a
Carbowax GC column.

FIG. 2. Candidate pheromone components of maleA. rubi.
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TABLE 1. GC RETENTION INDICES(RI) OF PHEROMONECOMPONENTS

RI

Chemical CPWax CPSil

Grandlure I 1793 1190
(Z)-Grandlure II 1790 1203
(E)-Grandlure II 1801 1203
Grandlure III 1690 1219
Grandlure IV 1704 1228
Lavandulol 1677 1149

GC analyses of the volatiles from maleA. rubiweevils on a chiral cyclodextrin
column that separated the enantiomers of grandlure I (12.26 and 13.39 min) and
lavandulol (7.17 and 7.44 min) showed that the naturally produced compounds
were single enantiomers. Grandlure I was the (1R,2S)-(+) enantiomer by compar-
ison of retention times and coinjection with the synthetic compound (12.26 min).
The natural lavandulol cochromatographed with the second eluting enantiomer, but
the absolute configuration is unknown as authentic samples of the enantiomers were
not available. Racemic germacrene-D obtained fromSolidago altissimaextract
gave two peaks on the cyclodextrin column with retention times of 19.76 and 20.58
min for the (+) and (−) enantiomers, respectively. The compound produced by
maleA. rubiweevils had the (−) configuration by retention time comparisons and
coinjection with theSolidago altissimaextract and (−)-germacrene-D obtained
from ylang ylang oil (Nishii et al., 1997).

Volatile Collections from Weevils on Different Hosts.Volatiles from individual
weevils were collected in the presence ofF. ananassa.These weevils were then
maintained onF. ananassafor two weeks, after which volatiles were collected
from the same weevils in the presence ofA. sylvestris.Volatiles were also col-
lected from the weevils collected fromA. sylvestrisin the field in the presence of
A. sylvestrisor F. ananassa, the two plants being randomly assigned. The weevils
collected fromM. recutitaunderwent the same process in the presence of either
M. recutitaorF. ananassa.Volatiles were also collected from all three plants alone
and fromF. ananassasubjected to multiple cuts with microscissors.

Analyses of the collected volatiles by GC-MS showed that male weevils
produced the above chemicals only in the presence ofF. ananassa, and not in the
presence ofA. sylvestris.In GC-MS analysis of volatiles from weevils collected
in August in the presence of eitherF. ananassaor M. recucita, the pheromone
components were not detected. Volatiles from intact or cutF. ananassacontained
small amounts of germacrene-D.

Pheromone Dispensers.Release rates from the sealed polyethylene sachet
dispensers containing single components were constant (zero order). At 27◦C and
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8 kph windspeeed, rates were 1.0, 1.5, and 3.5 mg/day for grandlure I, grandlure
II and lavandulol, respectively, as measured by weight loss of duplicate sachets.

The composition of the blends released from sachets containing the mixtures
of components used in field trapping trials were measured by trapping and anal-
ysis of volatiles emitted. The mixtures were grandlure I+ II (20:80), grandlure
I + II + III + IV (25:58:8.5:8.5), Grandlure I+ II and (±)-lavandulol (17:66:17),
grandlure I+ II + III + IV and (±)-lavandulol (ratio 19:47:7:7:20). The results
over 36 days with a 200-mg initial loading are shown in Figure 3.

As expected from their individual release rates, the grandlure I+ II blend
released the two components in relative amounts similar to those in the starting

FIG. 3. Percentage composition of volatiles released from polyethylene sachet dispensers
containing four different blends of synthetic pheromone components at 27◦C and 8 kph
windspeed. (GI= grandlure I; GII= grandlure II; GIII= grandlure III; GIV= grandlure
IV; Lav = lavandulol; figures in parentheses are percentage in blend in sachet. Each sachet,
replicated twice, contained 200 mg).
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mixture, and this stayed constant during the period of measurement. With the three
component grandlure I+ II + lavandulol mixture, the lavandulol was released
proportionately faster and the proportion of this component in the blend released
declined.

The ratios of components released from the two mixtures containing the more
volatile, and labile aldehyde components, grandlures III and IV, also deviated from
the ratios in the starting mixture, especially in the presence of (±)-lavandulol.
The blend released initially contained grandlures III and IV in higher relative
proportions than in the blend in the sachet. However, whereas the proportion of
grandlure III in the blend released increased during the study period, that of the
trans isomer, grandlure IV, decreased over the first 20 days. This coincided with
the appearance of additional GC peaks, suggesting some chemical transformation.

Trapping Trials.In 1999, attractiveness of the proposed pheromone compo-
nents toA. rubi was evaluated in field trapping tests. A 3× 5 randomized block
design was set up at the three different sites using the four blends described above
and a control, unbaited trap.

In the mid-season phase from mid-May to mid June 1999, the numbers of wee-
vils caught in traps baited with blends of grandlure components alone (treatments
B and D) were not significantly different from the numbers caught in unbaited
traps (A) (Figure 4). Addition of (±)-lavandulol to either of these (treatments C

FIG. 4. Catches ofA. rubi weevils in traps baited with different synthetic blends at three
different sites, 1999 (three replicates at each site). Treatments in first experiment (40 days)
were: A= control; B= grandlure I+ II; C = Grandlure I, II, and (±)-lavandulol; D=
Grandlure I, II, III+ IV, E + Grandlure I, II, III, IV, and (±)-lavandulol; treatments in
second experiment (34 days) were as previously except F= (±)-lavandulol. Standard error
bars are shown for each treatment (n= 9); treatments with same letter above columns are
not statistically different (LSD,P= 0.05); overall differences among treatments are shown
in parantheses.
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TABLE 2. CATCHES OFA. rubi WEEVILS IN THREEDIFFERENT

TYPES OFTRAPa

Trap type Total catch mean± SEb

Horizontal sticky trap 15.5± 0.5 a
Vertical sticky trap 10.0± 2.0 b
Boll weevil trap 4.0± 0.0 c

aLures contained grandlure I+ grandlure II+ grandlure III+ grandlure
IV + lavandulol; 3 replicates, May 23–July 25, 1999.

bMeans followed by different letters are significantly different (data trans-
formed to log10(x+ 1) followed by ANOVA and LSD test,P= 0.05).

and E) increased the catch (P < 0.05). Addition of grandlure III and IV had no
significant effect on catches in the presence (E compared with C) or absence (D
compared with B) of (±)-lavandulol.

Prior to the late-season phase from mid-June to early August, the lures
were renewed, treatments rerandomized, and grandlure I+ II (B) replaced by
(±)-lavandulol (F) alone. Similar results were obtained with the two blends con-
taining grandlure components and (±)-lavandulol (C, E) catching more weevils
than the other treatments (Figure 4). Traps baited with grandlure I–IV (D) or
(±)-lavandulol (F) did not catch more than unbaited traps (A).

The horizontal sticky trap was found to be the most effective trap design for
trapping weevils when compared with a vertical sticky trap or the boll weevil trap
(Table 2).

Sex of Weevils.Both male and femaleA. rubi were caught in sticky traps
containing the attractive blends. However, the male to female ratio varied during
the trapping period with females predominating in mid-season, but more males
than females caught late season (Table 3).

TABLE 3. A. RubiWEEVILS CAUGHT WITH SYNTHETIC LURESDURING TWO TRAPPING

PERIODSa

Catch [% (N)] b

May–June 1999 June–August 1999

Sex Lure A Lure B Lure A Lure B

Male 36 (20) 40 (26) 75 ( 9) 80 (24)
Female 64 (36) 60 (39) 25 ( 3) 20 ( 6)

aActual Numbers Sampled are in parentheses.
bLure A: grandlure I+ II + lavandulol (1:4:1); lure B: grandlure I+ II + III + IV + lavandulol
(19:47:7:7:20).
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DISCUSSION

As with the three previously reported pheromones of weevil species in the
subfamily Curculioninae (Tumlinson et al., 1969; Eller et al., 1994; Hedin et al.,
1997), males of the strawberry blossom weevil,A. rubi, produce components of
grandlure, the pheromone of the boll weevil,A. grandis.In addition to all four
grandlure components, they also produce the acyclic monoterpene, lavandulol.
Both grandlure I and lavandulol produced by males were found to be enantiomer-
ically pure, although the absolute configuration of the latter has yet to be resolved.
The grandlure I was shown to be the (1R,2S)-(+)- enantiomer as inA. grandis,
where it has been shown that the opposite enantiomer is behaviorally inactive
(Dickens and Mori, 1989). Trapping results with racemic materials showed that
a minimum combination of grandlure I, grandlure II, and lavandulol was neces-
sary to attract significant numbers of male and femaleA. rubi. Addition of small
amounts of the aldehydes, grandlures III and IV, had no consistent significant effect
on catches.

Germacrene-D was present in all headspace analyses incorporating straw-
berry plants,F. ananassa.This is a known component ofF. ananassavolatiles
(Hamilton-Kemp et al., 1990), but the amounts collected increased more than 10-
fold in the presence of a pheromone-producing male. This increase may be due to
production by the weevils or a plant response to feeding-induced damage. Although
microscissor-damaged flowers and/or leaves did not produce elevated amounts of
germacrene-D, this type of artificial approach to mimic insect-plant feeding has
been shown to be unrepresentative (Loughrin et al., 1996; Dicke, 1999). Whether
insect or plant produced, further investigation of germacrene-D is warranted be-
cause pheromone–host-plant synergism is widely reported (Landolt and Phillips,
1997) and the attractiveness of the pheromone is enhanced by host volatiles in
many species of Curculionids (Dickens, 1989; Ridgway et al., 1990; Giblin-Davis
et al., 1994, 1996; Cerda et al., 1999).

Volatile collections on the different host plants—strawberry and cow parsley,
A. sylvestris—showed that males only produced the pheromone in the presence of
F. ananassa.Observations in the laboratory and field confirmed thatA. sylvestris
is a food source. This suggests that maleA. rubimay produce the pheromone from
chemicals derived from the oviposition host-plant or that the male only signals
when a suitable oviposition host has been located, the pheromone components be-
ing producedde novo.Pheromone biosynthesis inA. grandisis possible both from
plant-derived precursors (Thompson and Mitlin, 1979) and byde novosynthesis
(Mitlin and Hedin, 1974).

With A. rubi, the male/female mid-season response pattern to the pheromone
mirrors that found forA. grandis (Hardee et al., 1970) andA. eugenii(Eller
et al., 1994), in that catches during this mating and ovipositing period were dom-
inated by females. However, late season catches were unlike the 1:1 sex ratio
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reported in the American curculionids in that over 75% of theA. rubi catch was
male.A. rubi produces one generation a year that is diapausal, and the late season
catches were likely to include weevils in this physiological state. This is supported
by concurrent collection of males and females that showed no mating behav-
ior, and from which no pheromone components were collected. Villavaso and
Earle (1974) and Mitchell and Hardee (1974b) reported that diapausal boll wee-
vils were attracted to live, reproductive males and to the synthetic pheromone.
Caution is necessary when relating the sex ratio of synthetic lure catches to
the actual field sex ratio. Mitchell and Hardee (1974b), researchingA. grandis,
found synthetic lure/live-baited catches gave a different sex ratio to field-sampled
collections.

Comparison of the three trap designs, white horizontal sticky, white vertical
sticky, and boll weevil trap, showed that white horizontal sticky traps were more
effective at trappingA. rubi weevils. This may in part be due to the weevil’s
attraction to white (unpublished results) and/or the ability ofA. rubi to escape
from the boll weevil traps, as reported by Eller et al. (1994) forA. eugenii.Over
95% of the weevils were trapped on the underside of the horizontal sticky surface,
which suggests weevils fly to the vicinity of the pheromone source, then walk to it,
and rarely fly directly onto it. This supports the hypothesis that flying is arrested on
encountering high concentrations of aggregation pheromone (Dethier et al., 1960;
Kennedy, 1977; Plarre and Vanderwel, 1999). Short-range pheromones (Hedin
et al., 1979) as well as visual and acoustical cues may then take over. However,
under laboratory conditions,A. rubi males mount all individuals encountered,
regardless of sex, and the existence of a short-range, female-produced pheromone
is considered to be unlikely.

Henson et al. (1976) studied the chemical stability of each grandlure compo-
nent in isolation and found grandlures I and II to be stable, while grandlures III and
IV formed several products, including the corresponding acids. In this work, the
alcohols were stable in the absence of the aldehydes, but breakdown products were
formed when they were mixed with the aldehydes. Mass spectral data suggested
that the two predominant compounds were dehydration products of grandlures I
and II, possibly catalysed by the acids formed from oxidation of grandlures III and
IV.

The effect on trap catches of the individual lavandulol enantiomers and
germacrene-D will be addressed in future studies, as will also optimizing of the
component ratios and release rates of existing blends.
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Abstract—Abdominal defensive glands of both sexes of the Gulf fritillary
butterfly,Agraulis vanillae (Linnaeus) (Nymphalidae:Heliconiinae)emit a pro-
nounced odor when disturbed. We have identified 6-methyl-5-hepten-2-one;
oleic, palmitic, and stearic esters of the corresponding alcohol 6-methyl-5-
hepten-2-ol; hexadecyl acetate; 1,16-hexadecanediol diacetate; and 1,15-hexade-
canediol diacetate in the glandular exudate. Since we have determined that free-
flying birds or birds in a butterfly conservatory discriminate againstA. vanillae
as prey, we suggest that the constituents in the glands may play a defensive role
against potential avian predators.

Key Words—Agraulis vanillae, defensive glands, 6-methyl-5-hepten-2-one,
6-methyl-5-hepten-2-ol esters, 1,15-hexadecanediol diacetate 1,16-hexadecane-
diol diacetate.

INTRODUCTION

The Gulf fritillary butterfly,Agraulis vanillae(Nymphalidae), was first described
by Linnaeus (1758), who characterized it as a species whose brilliant coloration

∗To whom correspondence should be addressed.
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made it very conspicuous.Agraulisis the most primitive genus in the large neotrop-
ical subfamily Heliconiinae, a taxon that is famous for the development of mimicry
theory utilizing both brightly colored unpalatable and palatable species of butter-
flies (Müller, 1886; Ross, 1995). This generally tropical butterfly is also unusual in
its marked northern extension that reaches to Georgia, the Carolinas, and southern
Missouri and Nebraska (Glassberg, 1999) in the United States (Emsley, 1965). The
wing pattern is known for its striking contrast coloration with silver below the wings
and triangles and polygons of alternating silver, yellow, red, and brown above.
Tyrosine is responsible for the black and brown colors via melanin formation, while
tryptophan forms the red, light brown, and tan portions via 3-hydroxykynurenine
and ommochromes as shown by incorporation of these radiolabeled precursors
(Nijhout and Koch, 1991).

Eltringham (1925) has discussed the observation of M¨uller (1886) on the
emission of a “strong and nauseous smell” emanating from glands in the anal valvu-
lae of the males and from a yellow gland extruded on the abdominal dorsum of the
females ofA. vanillae.Müller (1886) called this species the Maracuja butterfly be-
cause the larvae generally fed on the maracuja (Passiflora edulis, Passifloriaceae),
also known as the passion flower, on which it does considerable damage. The
odor of the exudate from the females was said to resemble that of phenylcarby-
lamine (phenylisocyanide) (Eltringham, 1925), but then again “not unpleasant”
and “more complex than phenylcarbamylamine.” We report below the chemical
nature of some of the compounds in the exudates of male and femaleA. vanillae.
The above workers all described the repellent functions of these odorous secre-
tions, and we have made additional observations with predatory birds in view of
the possible unpalatability of both females and males ofA. vanillae.

METHODS AND MATERIALS

Extraction and Subsequent Survival.Eight males and five females were col-
lected from a personal butterfly garden belonging to Ross (1999) in Baton Rouge,
Louisiana on July 22, 1999. The butterflies were initially placed individually in
glassine envelopes for temporary storage. After being brought inside, each but-
terfly was handheld with pressure exerted on the thorax and upper abdomen. The
pressure forced extrusion of the glands, which were then punctured with a No.1
stainless steel insect pin. Squares of filter paper (7–8 mm) held with a watch-
maker’s pair of forceps were touched to the secretions for collection. The papers
were then stored in small glass vials, three for the females and two for the males,
each containing 1.0 ml of methyl alcohol. Separate pins were used for the males and
females. Forceps were cleaned first with soap and water and then with methyl al-
cohol between sampling from males and females. Following extraction (milking),
the butterflies were returned to their glassine envelopes, placed within lock-proof
sandwich bags (males and females separate), and then stored in a refrigerator until
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the following day. Milkings were done on four consecutive days; however, males
produced virtually no secretions on days 3 and 4, whereas females continued to
produce, albeit to a lesser degree, through day 4. By day 5, four of the males and
one of the females had died and milkings were discontinued.

The remaining eight live individuals were returned to the garden. Surprisingly,
after 15 min of resting in the summer sun, the butterflies began to fly, feebly at first,
but in time, more naturally. Since the garden is full of flowers, including lantana, a
favorite ofAgraulis, most of the released butterflies began to feed. When checked
3 hr later, three males and three females were still present and flying about with
no apparent difficulties. The following day only one male and two females were
seen. The females were flying about aPassifloravine attempting to oviposit, but
the milking procedures had apparently damaged some critical component of their
reproductive tracts since no deposition of eggs could be observed. Two females
continued to remain within the garden for a total of four days.

Chemical Analysis.Mass spectra were run using an LKB 2091 mass spec-
trometer operating in the EI mode with a 15-m× 0.25-mm DB-1 column with
0.25-µm film thickness operating from 78 to 300◦C at 8◦C/min, with a helium
flow rate of 10 ml/min. Samples (1µl) of the extracts dissolved in methanol were
injected at 250◦C using a splitless injector.

Samples of 6-methyl-5-hepten-2-one and 6-methyl-5-hepten-2-ol were
obtained from Aldrich (Milwaukee, Wisconsin). Hexadecyl acetate and 1,16-
hexadecanediol diacetate were prepared by reacting equimolar amounts of the
corresponding alcohols (Aldrich) with an excess of acetic anhydride in pyridine
overnight. Evaporation of the excess reagents and solvent left the crude acetates that
were used without further purification. The 1,2- and 2,3-hexadecanediol acetates
were similarly prepared from samples of the diols prepared from the correspond-
ing hydrocarbons in conjunction with elucidation of the structures of diols found
in chicken uropygial glands (Haahti and Fales, 1967). 1,3-Hexadecanediol diac-
etate was similarly prepared by acetylation of the corresponding diol prepared by
treating commercial tetradecanal from Fluka (Milwaukee, Wisconsin) with com-
mercial vinylmagnesium bromide (Aldrich). The resulting crude 1-hexadecen-3-ol
was treated with an excess of borane dimethylsulfide complex (Aldrich). The usual
oxidative work-up with sodium hydroxide and hydrogen peroxide provided a sam-
ple of crude 1,3-hexadecanediol that was ca. 80% pure by gas chromatography.

1,15-Hexadecanediol diacetate was prepared by allowing an excess of 2.6
M methyllithium in ether (Aldrich) to react with 1 meq ofω-pentadecalactone
(Aldrich) dissolved in 20 ml of hexane. After standing 10 min, dilute hydrochloric
acid was added and the solution extracted with more ether. After drying with
molecular sieves (3̊A, Fluka), the extracts were evaporated and a solid residue
obtained. This was easily recrystallized from 50% toluene in hexane, but NMR
revealed it to be a mixture. A portion of the sample was then separated on
100-µm-thick silica gel thin layer chromatography plates (Aldrich) with 2% ethanol
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in chloroform. Three zones with retention factors (Rf ) 0.63, 0.28, and 0.20 were
visualized with methyl red and their contents recovered by scraping and extraction
with 10% ethanol in chloroform. The zone atRf = 0.63 was found by MS to be
recoveredω-pentadecalactone. The zone withRf = 0.28 melted at 45–62◦C and
was found by GC-MS to be the desired 1-hexadecanol-15-one [m/z(%): 41(39),
43(100), 55(49), 67(14), 69(20), 71(29), 96(12), 180(3), 223(2), 226(1), 256(3,
M+)] contaminated with about 30% ethyl tetradecanoate, presumably from an
impurity of that acid in the lactone. Reduction of the keto alcohol with sodium
borohydride in ethanol overnight formed 1,15-hexadecanediol [m/z(%): 41(75),
43(60), 45(95), 55(100), 57(44), 67(40), 69(67), 71(28), 95(54), 96(41), 109(24),
111(25), 123(14), 124(15), 125(10), 137(8), 194(4), 196(6), 243(5), 258(0, M+)],
and acetylation with pyridine and acetic anhydride produced the diacetate, whose
mass spectrum and retention times were identical with the unknown diol diacetate
shown as peak 3 in Figure 2 below. The lower band ofRf = 0.20 was found to
be the 2-methyl-1,15-hexadecanediol, mp 63–67◦C, formed by secondary reac-
tion of the methyl ketone with excess methyllithium [m/z(%): 69(100), 71(55),
81(34), 83(78), 95(40), 97(45), 109(23), 111(18), 123(10), 125(8), 168(4), 180(3),
196(10), 221(4), 224(4), 239(9), 257(13, M-CH3), 272 (0, M+)].

Predatory Birds vs. Gulf Fritillary.Potential avian predators in the presence
of large populations ofA. vanillaewere observed in two situations. In the first,
50–70 butterflies were released weekly during 1996 into the “Butterflies in Flight”
exhibit at the Audubon Zoological Garden, New Orleans, Louisiana (the releases
were normal protocol for populating the conservatory). The exhibit included 60–70
free-flying birds, including aggressive insectivorous species such as red-rumped
caciques [Cacicus haemorrhous(Icteridae)] and superb starlings [Lamprotornis
superbus(Sturnidae)]. Avian predation onA. vanillaeand other butterflies was
monitored almost daily for nine months by G. N. Ross as well as by zoo employees
and volunteers for approximately 60 hr, which included examination of the ground
for detached wings.

Avian predation was also monitored in an outdoor butterfly garden (∼350 m2)
in Baton Rouge, Louisiana, between 1997 and 1999 (Ross, 1999).A. vanillae,
which utilizesPassiflora incarnataas a host plant (Ross 1996, 2000 b), was the most
common butterfly species by a factor of at least 10-fold. A variety of known avian
predators were present at all times in addition to a diversity of invertebrate species
with well-known predatory propensities. Efforts were made to directly observeA.
vanillaebeing utilized as a prey species or indirectly in terms of detached wings
being present on the ground.

RESULTS

Abdominal Glands and Their Secretions.The female possesses a pair of
posterior abdominal scent glands on the dorsum between abdominal segments 7
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and 8. These glands are bright yellow in color, spherical in shape (1.9–2.4 mm
in diameter), and appear spongy in texture. The paired structures are normally
inverted. However, when a butterfly is captured or disturbed, the glands are quickly
everted. Additionally, the dorsal membrane between abdominal segments 6 and 7
is partially extruded and appears bright yellow in color. If held within 15 cm, a
strong, very sweet odor is easily detected. If a gland is punctured with a fine pin, a
sizable quantity of bright yellow, clear fluid is emitted. This fluid has an acrid taste,
dries rapidly, and retains its color. The odor is not detectable after the fluid dries.

The male possesses a pair of bilobed, spherical structures (glands) 1.4–1.8 mm
in diameter within the valvae (claspers) of the abdominal tip. The structures appear
as bright yellow swollen pads when the claspers are extended, which occurs with
only the slightest provocation. The fragrance is more acrid and less sweet (more
alcoholic) than that produced by the females. If a gland is punctured, a small
amount (but less so than that of females) of clear yellowish fluid is released. The
fluid has the same fragrance as that emitted by an unaltered male. The taste is
acrid and similar to that of females, dries rapidly, and retains its color. The odor
dissipates on drying

Chemical Analysis.In spite of the subtle differences in odor described above,
samples of the fluid obtained from either male or female abdominal glands provided
essentially the same gas chromatograms and mass spectral analyses. Figure 1 shows
a chromatogram of the male exudate where the early-eluting peak (peak 1) was
identified as 6-methyl-5-hepten-2-one via a search of the NIST-NIH-EPA database

FIG. 1. Gas chromatogram of a methanol extract of male abdominal glands ofA. vanillae:
peak 1, 6-methyl-5-hepten-2-one; 2, hexadecyl acetate; 3, 1,15-pentadecanediol; 4, 1,16-
hexadecanediol diacetate; 5, palmitoyl ester of 6-methyl-5-hepten-2-ol; 6, oleoyl ester of
6-methyl-5-hepten-2-ol; 7, stearoyl ester of 6-methyl-5-hepten-2-ol.
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(NIST/NIH/EPA Mass Spectral Library, Standard Reference Data Program of the
National Institute of Standards and Technology, Gaithersburg, Maryland) and
by comparison of its mass spectrum and retention time with an authentic sam-
ple (Aldrich). Hexadecyl acetate (peak 2) was readily identified from its “acid
plus one” peak atm/z 61 and its M-60 ion atm/z 224, and its presence also
confirmed by comparison of its spectrum and retention time with an authen-
tic sample. Peak 3 is discussed in detail below. Peak 4 was identified as 1,16-
hexadecanediol diacetate through the database and by comparison with an authen-
tic sample.

Mass spectra of peaks 5, 6, and 7 all closely resembled each other with
abundant ions appearing atm/z 55, 69, 95, and 110 (Figure 2, peak 5). When
searched in the database, these ions produced the spectrum of 5-[(1,5-dimethyl-4-
hexenyl)oxy]-3-methyl-2-pentenoic acid ethyl ester where they were clearly due
to the (1,5-dimethyl-4-hexenyl)oxy- moiety. This fragment corresponds to the
alkoxy residue of 6-methyl-5-hepten-2-ol that is, in turn, the reduction product of
the ketone found in peak 1. Peaks 5, 6, and 7 then represent homologous long-chain
esters of that compound. Examination of minor peaks at higher mass identified
these as palmitic acid (m/z256), oleic acid (m/z282), and stearic acids (m/z284),
respectively. To confirm the first of these assignments (peak 5), the palmitoyl ester
was prepared from 6-methyl-5-hepten-2-ol (Aldrich) and palmitoyl chloride in
pyridine. The product was indeed identical in retention time and mass spectrum
with that obtained from the insect in peak 5. These compounds do not appear to
have been encountered previously.

The mass spectrum of peak 3 resembled that of peak 4 (1,16-hexadecanediol
diacetate) in many respects, including the loss of two molecules of acetic acid to
form ions atm/z222. However, peak 3 shows an ion atm/z87 not seen in the 1,16-
diol, and this suggests the linkage CH3CH = OAc+. In fact, one of us (H.M.F)
earlier noted a series of 2,3-alkanediols in the uropygial glands of birds (Haahti
and Fales, 1967), so 2,3-hexadecanediol diacetate was prepared from the diol syn-
thesized in connection with that study. The 2,3-diol diacetate (Figure 2, bottom
spectrum) did indeed show cleavage between the acetoxy groups producing ions at
m/z87 andm/zM-87 at 255, but its spectrum was not identical with that of peak 3.
An isomeric ion CH2(OAc)CH2

+ of m/z87 is theoretically available also from 1,3-
hexadecanediol diacetate, so this compound was synthesized by the action of vinyl-
magnesium bromide on tetradecanal followed by hydroboration, oxidation, and
acetylation. This compound (spectrum not shown) showed an abundantα-cleavage
peak containing both acetate units atm/z159 while the intensity atm/z87 was only
8%, so it was also ruled out. By now it was clear that the two acetate units are more
remotely located in the unknown. Based on the ion atm/z87, as well as the presence
in the extract of 1,16-hexadecanediol diacetate, we considered a likely candidate to
be the 1,15-diol isomer. This diol was prepared by reacting commercially available
ω-pentadecalactone (Aldrich) with methyllithium to form 1-hexadecanol-15-one
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FIG. 2. Mass spectra of peaks 3, 4, and 5 in the gas chromatogram of the abdominal glands
of A. vanillae.2,3-Hexadecanediol acetate is presented for comparison to other diacetates
(peaks 3 and 4).
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(with much of the tertiary alcohol 2-methyl-2,15-pentadecanediol as by-product).
Reduction of the ketone with sodium borohydride and acetylation with acetic anhy-
dride gave the desired 1,15-pentadecanediol diacetate, which was indeed identical
in retention time and mass spectrum with the compound represented by peak 3.

Predation on Agraulis vanillae. Predation on adults ofA. vanillae, flying in
a butterfly house, was never observed during the nine-month observation period.
More than 400 butterflies were released into the exhibit building that also contained
a population of free-flying insectivorous birds, including two species of aggressive
predators; the superb starling and the red-rumped cacique. In addition, evidence
of detached wings were never found on the ground. However, all species, other
than the those belonging to the subfamily Heliconiinae, were eagerly attacked and
eaten. (In time, many of the predatory birds had to be removed from the exhibit
because they were decimating all nonheliconian butterflies.) Thus, in an enclosed
environment, containing a significant population of predatory birds, adults ofA.
vanillaeare discriminated against as prey items.

Similar results were obtained in an outdoor butterfly garden in whichA.
vanillae was the dominant butterfly species by a factor of at least 10. Different
species of butterflies were observed to be fed upon by invertebrate predators that in-
cluded spiders (Araneidae), assassin bugs (Reduviidae), dragonflies (Libellulidae),
wasps (Vespidae), ambush bugs (Physmatidae), and praying mantids (Mantidae).
Vertebrate predators included anole lizards and a variety of free-flying birds. Preda-
tion on butterfly species, especiallyPhyciodes tharos(Nymphalidae:Melitaeinae),
Hermeuptychia hermes(Satyridae), andPapilio polyxenes(Papilionidae) was pro-
nounced but was never observed withA. vanillae.In spite of its abundance,A.
vanillaeis obviously not a commonly utilized prey species and is avoided by both
invertebrate and vertebrate predators.

DISCUSSION

The only truly volatile component found in both sexes in this study was 6-
methyl-5-hepten-2-one, a well-known ant alarm pheromone and defensive
allomone (Tomalski et al., 1987), and this compound may be objectionable to
birds as well. Use of the volatile ketone as a solitary defensive compound by
both cockroaches and beetles (unpublished data) clearly points to a similar role
in adultA. vanillae.To us, the odor of this ketone, which can be detected easily
when the butterfly is disturbed, does not recall the “phenylcarbamylamine” cited
by Eltringham (1925), but, of course, this is a subjective evaluation.

The simultaneous occurrence of this compound in its alcohol form in the ex-
tract where it is conjugated to palmitic, oleic, and stearic acids may be significant.
It is possible that this constitutes a method for its storage until required, whereupon
it may be available via the sequential action of a lipase and oxidase from another
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source or gland. The higher molecular weight diol diacetates may also be involved
here by dissolution of the ketone, reducing its loss through evaporation. An alter-
native possibility for the diol diacetates, for which we have no evidence, is that they
might have a function in the butterfly similar to that of the diols in the preen glands
of fowl, i.e., by rendering their wing coverings water repellent (Haahti and Fales,
1967). However, extensive investigations on the Heliconiinae, implemented more
than 100 years ago (M¨uller, 1886), emphasized that the secretions of the abdominal
glands of these nymphalids clearly possessed a defensive function that afforded
the butterflies considerable protection from predators. Although we cannot state
unambiguously that the glandular components ofA. vanillaeare responsible for
the apparent immunity of these butterflies from avian predation, we suspect that
the compounds in this abdominal exudate may play an important role in defensive
contexts. For example, we have observed that several ant species are effectively
repelled by the defensive secretion of the cockroachNeostylopyga rhombifolia
(unpublished data). This exudate is essentially pure 6-methyl-5-hepten-2-one. In
addition to deterring these predatory invertebrates, we have also observed that the
ketone-rich secretion ofN. rhombifolia(Blattidae) effectively repels the American
chameleon,Anolis carolinensis, a very aggressive vertebrate predator. These stud-
ies indicate that 6-methyl-5-hepten-2-one possesses deterrent properties against at
least some invertebrate and vertebrate predators.

Our studies on the level of avian predation on free-flyingA. vanillaeclearly
demonstrate that this eminently aposematic lepidopteran is virtually immune to
the predatory activities of insectivorous birds. This was particularly striking in a
butterfly conservatory where these lepidopterans shared their flying space with
birds that fed readily on butterfly species other thanA. vanillae(the same was true
in the butterfly garden). Observations ofA. vanillaeversus birds in the butterfly
exhibit indicated that birds took evasive action when they closed on the butterflies.
It appears that these insects possess a powerful organoleptic shield that appears
to insulate them from at least some avian and nonavian predators as well. Since
the odor of 6-methyl-5-hepten-2-one can be detected in the presence of feeding
A. vanillae, it is possible that the secretion of the abdominal glands may normally
leak, thus enabling this aposematic species to advertise its presence freely through
olfaction. Producing this ketone in sufficient quantity in order to be olfactorily
aposematic may be possible if these butterflies are indeed generating its alco-
holic precursor from the rich store of fatty acid esters of 6-methyl-5-hepten-2-ol.
Additionally, it appears as ifA. vanillaehas morphological strategies that allow
individuals to recover easily from an attack, another indicator that the species is
protected.

The extraordinary tenacity of the individual butterflies that had been subjected
to the milking procedures is probably yet another indication thatA. vanillae is
a protected species. Potential predators must learn which species to avoid, and
learning requires sampling. Consequently it is in the best interest of a protected
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prey to be able to survive an occasional attack and so most protected species have
developed morphological strategies that bestow some degree of toughness (Ross,
2000a.).
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Abstract—Tetramorium bicarinatum(Myrmicinae) is an ant species frequently
found in tropical and subtropical areas, particularly in Africa, Southeast Asia
(Japan), and South America (Brazil). The species is polygynous, reproduces by
budding, and has sterile workers. Since the nests are widely distributed in a given
area, the problem arises of territorial defense against conspecifics. Because not
all ants defend territories, we assessed the defensive behavior ofT. bicarinatum
workers through intraspecific and interspecific aggressiveness tests. A detailed
behavioral study of the interactions between workers from several different
colonies ofT. bicarinatum(originating from Japan and Brazil) showed that
workers do not discriminate against conspecific nonnestmate individuals, but
they are highly aggressive towards allospecifics (Myrmica rubra, Myrmicinae).
The results suggest that each colony from this ant species possesses a similar
colonial odor. Chemical analyses of the cuticular hydrocarbons of these species
were made with gas chromatography coupled to mass spectrometry. Results
showed that the different colonies ofT. bicarinatumpossess a common chemical
profile mainly composed of straight-chain alkanes and alkenes, whileM. rubra
possess more methyl-branched alkanes. We suggest that methyl alkane cues play
a determining role in colonial recognition and that these results could explain the
underlaying basis of the lack of intraspecific aggressiveness inT. bicarinatum.

Key Words—Formicinae, intraspecific aggressiveness, cuticular hydrocarbon
profile,Tetramorium bicarinatum.
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INTRODUCTION

Nestmate recognition is a fundamental feature of social insect behavior and allows
alien individuals to be rejected from the colony. The capacity to discriminate
nestmates from nonnestmates prevents robbery, predation, and parasitism; enables
the monopolization of resources in defended territories; and helps in eliminating
neighboring competitors (Wilson, 1971).

Nestmate recognition is due to nonvolatile olfactory cues borne on each indi-
vidual’s cuticle, cues that are shared by all nestmates and vary among nests (Howse,
1975; Hölldobler and Michener, 1980; Howard, 1993; Lenoir et al., 1999). Among
the cuticular lipids of ants that serve to prevent desiccation and regulate cuticular
permeability (Hadley, 1980), hydrocarbons are dominant (Lahav et al., 1999; for
reviews see Breed, 1998; Vander Meer and Morel, 1998; Lenoir et al., 1999). Sev-
eral authors have hypothesized that some methyl-branched hydrocarbons could be
involved in intracolonial recognition in ants (Bonavita-Cougourdan et al., 1987,
1990; Provost et al., 1992), and in social wasps (Dani et al., 1996; Gamboa et al.,
1996).

Each colony member possesses its own cues (or labels) that are correlated with
genotype (endogenous source) (for reviews see H¨olldobler and Michener, 1980;
Blum, 1987; Breed and Bennett, 1987; Vander Meer and Morel, 1998). These cues
are influenced by exogenous sources from the physical and social environment,
such as air, soil, food, nest materials, and colony structure (Carlin and H¨olldobler,
1986; Gamboa et al., 1991). Examples in the literature of nestmate recogni-
tion stress the importance of exogenous sources inAcromyrmex octospinosus
(Jutsum et al., 1979), endogenous sources inPseudomyrmex ferruginea(Mintzer
and Vinson, 1985), and a combination of both inSolenopsis invicta(Obin and
Vander Meer, 1988). Thus, numerous combinations of endogenous and exogenous
sources are possible as odor determinants constituting the specific chemical signa-
ture by which individuals recognize one another as members of the same colony
(Vander Meer and Morel, 1998).

Each colony member also possesses a reference model of the chemical sig-
nature (or sensory template located in the brain or in the antennal receptor cells)
encoding the labels that characterize nestmates. The acceptance or rejection of an
individual can be explained by a decision rule, depending on the degree to which
the chemical signature of the encountered individual and the reference model of
its partner overlap. This rule can be used to determine appropriate subsequent
behavior (Breed and Bennett, 1987; Errard and Hefetz, 1997). Moreover, since
the odor is dynamic because of a constantly changing chemical environment as
well as within-colony individual genetic variations, template plasticity must fol-
low (Vander Meer et al., 1989). For example, in a monogynous species (where
all the individuals of a colony are strongly related), the template must reflect the
cue changes in order to permit, at any given time, the resident colony individuals
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to exhibit aggressive behavior towards intruders such as conspecific, but nonnest-
mate individuals. In contrast, polygynous species often do not defend a territory
and do not recognize conspecific nonnestmates as intruders (Vander Meer and
Morel, 1998). Furthermore, Provost and Cerdan (1990) showed there is a cor-
relation between the number of queens and the degree of closure of the colony.
These authors showed that monogynous colonies of the antMessor barbarus
are more closed than colonies that have been made experimentally polygynous.
Keller and Passera (1989) suggested inLinepithema humilethat the presence of
several queens in the same colony (polygynous species) may result in a less dis-
tinct colony odor (more variable genetic cues) and decreased intercolonial ag-
gressiveness. This suggestion was confirmed by Morel et al. (1990), who have
shown that in the fire antSolenopsis invictapolygynous residents do not recognize
monogynous or polygynous intruders as different; however, monogynous resi-
dents are aggressive towards both types of intruders. Thus, in this case, the cues
for polygynous and monogynous intruders fit within the polygynous template.
Vander Meer et al. (1989) reported a generalized cue/template model where en-
vironmental cues were expected to vary quantitatively and qualitatively, whereas
heritable cues would vary only in the relative intensity of the compounds involved.
Later, it was suggested (Vander Meer and Morel, 1998) that the difference be-
tween monogynous and polygynous nestmate recognition lies in the template,
which in the latter case is broader and less distinct than that of their monogynous
counterparts.

On the other hand, Provost et al. (1994) have shown thatMessor barbarus
workers belonging to monogynous colonies were able to discriminate between
intruders from other monogynous colonies and those from polygynous ones.
They observed that one set of hydrocarbons (n-alkanes, mono-, di-, and trimethyl
alkanes) was characteristically associated with workers from monogynous
colonies. It also emerged that another set of hydrocarbons could be said to char-
acterize the digynous and trigynous colonies.

In the present study, we tested the intra- and interspecific defensive behaviors
of the antTetramorium bicarinatum(Formicidae, Myrmicinae) to understand the
mechanisms underlying its widespread success.T. bicarinatumis a species origi-
nating in Southeast Asia and is characterized as an accomplished tramp (Bolton,
1980). Its current biotope extends through all the tropical and subtropical areas,
particularly in Africa, South America, and Japan, having been distributed through-
out the world by humans (Bolton, 1980). This species has the following charac-
teristics: it is polygynous (about 50 queens for 1200 workers), the sterile workers
are small (3–3.5 mm), it reproduces by budding, and the nests are widely dis-
tributed over a given area (Bolton, 1980 and personal observations).Myrmica
rubra (Formicidae, Myrmicinae), which is an allospecific intruder, is a polygy-
nous and populous ant species (about 73 workers per queen and 1080 workers per
colony) that is found in Europe, especially Northern Europe (Bernard, 1968).
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In order to understand the basis of the discrimination process, we analyzed
intraspecific and interspecific aggressiveness among differentT. bicarinatum
colonies andM. rubracolonies, and the cuticular hydrocarbon profiles of workers
from each colony.

METHODS AND MATERIALS

Biological Material

The species studied,T. bicarinatumandM. rubra, were collected from dif-
ferent biotopes. Three colonies ofT. bicarinatumwere collected in Brazil: the
Itabuna site (B1) is located 20 km from the Ilheus site (B2); both are 1000 km
from the Crasto site (B3). Two colonies ofT. bicarinatumwere collected in Japan:
the Kume site (J1) is an island 500 km from the Meijy site (J2). Two colonies of
M. rubra were collected in France: the Gif-sur-Yvette site (F1) is 200 km from
the Sainte Marie Dumont site (F2). The differentT. bicarinatumcolonies had 2–3
queens and 25–70 workers and brood, and theM. rubra colonies had 3–4 queens
and 300–400 workers and brood (Table 1).

After collection, these mother colonies were reared in the laboratory in arti-
ficial plaster nests and maintained under standard conditions (23◦C± 2◦C, 70%
relative humidity, and a photoperiod of 10D : 14L). They were regularly fed with
a honey–apple mixture and mealwormsad libitum.

Tolerance Tests

In order to analyze the degree of tolerance among individuals from the dif-
ferent colonies, we removed workers from the mother colonies. These ants were

TABLE 1. ORIGIN OF COLONIES

Ant species and
colony symbol Ants origin Geographic area Date collected

T. bicarinatum
J1 Japan Kume (Okinawa) Sep 1991
J2 Japan Meijy (Tokyo) Oct 1996
B1 Brazil Itabuna (Bahia) Sep 1994
B2 Brazil Ilheus (Bahia) Sep 1994
B3 Brazil Crasto (Sergipe) Sep 1994

Myrmica rubra
F1 France Gif-sur-Yvette (Essonne) Jun 1997
F2 France Sainte Marie Dumont Jun 1998

(Calvados)
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marked with a color dot on the abdomen (one color for each colony), and nest-
mates were placed in the same experimental vial (Falcon, 15 ml, 12× 1.5 cm). The
different vials were placed in a neutral arena (35× 25 cm) equidistant from a cen-
tral source of food and opened. Twenty-four hours later we recorded the numbers
and the identities of dead workers, alive and uninjured workers, and injured and
fighting workers. We also recorded their respective localization in the different
vials and in the arena as a function of their origin.

Intraspecific Intercolonial Tolerance Tests.For T. bicarinatum, three vials
were placed in the arena, the first containing 50 workers from J1, the second 50
workers from B1, and the third 50 workers from B2.

For M. rubra, two vials were placed in the arena, the first containing 50
workers from F1 and the second 50 workers from F2.

Interspecific Tolerance Test.One vial contained 50M. rubra workers from
F1 and the second 50T. bicarinatumworkers from B1.

Aggressiveness Tests

For each confrontation, six workers were removed from the mother colonies.
An individual marked with a color dot on the abdomen served as the test ant. It
was confronted with five other individual nestmates or nonnestmates in a neutral
arena (Petri dish 5 cm in diameter).

The different types of confrontations are shown (Table 2): intracolonial in-
traspecific confrontations or control encounters (confrontations with conspecific
ants belonging to the same nest); intercolonial intraspecific confrontations (con-
frontations between conspecifics taken from Brazilian and Japanese colonies of
T. bicarinatum and between French colonies ofM. rubra; and interspecific

TABLE 2. DIFFERENTTYPES OFENCOUNTERSa

Intracolonial
intraspecific Intercolonial intraspecific Interspecific

B1(B1) B1(B2)-B2(B1) B1(F1)-F1(B1)
B2(B2) B1(B3)-B3(B1) J1(F1)-F1(J1)
B3(B3) B2(B3)-B3(B2)
J1(J1) B1(J1)-J1(B1)
J2(J2) B2(J1)-J1(B2)
F1(F1) B3(J1)-J1(B3)
F2(F2) B1(J2)-J2(B1)

J1(J2)-J2(J1)
F1(F2)-F2(F1)

a(See Table 1 for the origin of colonies). The colony origin of the
test ant (marked) is in parenthesis.
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confrontations (confrontation betweenT. bicarinatumfrom Brazil or Japan with
M. rubra allospecific individuals).

For 3 min (until the first physical contact with the marked ant), we recorded
the reaction of the ants towards the marked ant according to the following in-
dex of aggression: 1= inspection and antennal contact, 2= threat as indicated
by mandibular opening, 3= biting, 4= biting with stridulations, 5= curling
the abdomen in stinging attempts, 6= stinging. The frequency and duration of
each behavioral component were recorded by using a microcomputer (Psion event
recorder, Aware, Paris, France) and the overall aggressiveness (AI) exhibited in
each encounter was calculated as follows (Errard and Hefetz, 1997):

AI =
∑n

i = 1 AIi ∗ ti
T

whereAIi represents the index of aggression,ti the duration of each act, andT the
total interaction time.

We conducted 15 replications for each type of encounter. Individuals were
tested only once in a given encounter to avoid the possible effects of familiarization.
The results were analyzed by using ANOVA (Statistica for Windows 95).

Chemical Analysis

For extractions, 10 workers from each colony of both species (T. bicarinatum
andM. rubra) were killed by freezing. Each ant’s cuticular compounds were ex-
tracted by immersion in 2 ml of pentane for 10 min, and the total pentane extract
was drawn off and evaporated. Eicosane (n-C20) was used as an internal stan-
dard. Extracts were redissolved in 50µl of pentane, of which 2µl were injected
into a HP 5890 series II Plus gas chromatograph with a flame ionization detector
equipped with a capillary column (Chrompack CPSIL 5 WCOT, 25 m× 0.25 mm
ID). The injector was of the split-splitless type, and the injection was performed
for 15 sec in splitless mode. The carrying gas was helium at 1 bar, and the temper-
ature was programmed from 100◦C to 280◦C at 5◦C/min. The chromatograph was
coupled to a HP computer equipped with a HP 5890 Chemstation that provided the
data.

Cuticular washes from each group of 50T. bicarinatumworkers were pooled
and analyzed by GC-MS on a Varian 3300 linked to a nermag R10-10C quadrupole
mass spectrometer. Spectra were recorded in electron ionization mode at 70 eV
with a mass range of 40–540 atomic mass unit (amu). The samples were run on
an AT-5 (Alltech) capillary column (30 m× 0.32 mm ID, 0.3-µm film thickness,
Ross injector heated at 280◦C) whose temperature was programmed from 120◦C
to 300◦C at 8◦C/min. The carrier gas was helium at 1 bar.

ForM. rubra species, we used previous identifications of cuticular hydrocar-
bons (Bagn`eres and Morgan, 1991; Vienne, 1993).
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The identified peaks were recorded, numbered, and used for chemical anal-
ysis. For each cuticular profile, the relative value of each with respect to the total
was calculated and expressed as a percentage.

We used a hierarchical cluster analysis (Ward’s method, Euclidean distance,
Statistica for Windows 95) to estimate the similarity (or the divergence) of the
chemical profiles of the different colonies. The statistical analysis was performed
on 39 extracts (27T. bicarinatumextracts: 5 J1, 5 J2, 6 B1, 6 B2, 5 B3, and 12
M. rubra extracts: 5 F1, 7 F2) and 68 peaks.

RESULTS

Tolerance Tests

In the intraspecific tests withT. bicarinatumworkers taken from the three
colonies, J1, B1, and B2, we observed that, after 24 hr in the same area, all
workers were alive and none was injured (Table 3). A new distribution of the
ants was observed, some of them having moved from their vials and changed
places with nonnestmates. Workers from different mother colonies seemed to mix
without any aggressive behavior.

The results of the intraspecific tests withM. rubraworkers taken from the two
colonies, F1 and F2, are also depicted in Table 3. After 24 hr, we observed numerous

TABLE 3. TOLERANCETESTSa

Number, origin and localization
of workers after 24 hr

Tolerance Wounded
test Vial number

Number and
origin of live
workers in
each vial
(t = 0) Dead outside Fighting Alive

T. bicarinatum Vial 1 50 J1 0 J1 0 J1 0 J1 17± 2 J1
18± 2 B1
15± 3 B2

Vial 2 50 B1 0 B1 0 B1 0 B1 20± 8 J1
23± 5 B1
11± 5 B2

Vial 3 50 B2 0 B2 0 B2 0 B2 13± 4 J1
9± 5 B1

24± 2 B2
M. rubra Vial 1 50 F1 21± 9 F1 17± 5 F1 3± 3 F1 0 F1

10± 5 F2
Vial 2 50 F2 19± 7 F2 17± 8 F2 3± 2 F2 0 F2

8± 5 F1

aTolerance test betweenT. bicarinatumworkers taken from three different colonies: B1 and B2 (Brazil)
and J1 (Japan) (mean±SEM,N=3) and betweenM. rubraworkers taken from two different colonies:
F1 and F2 (France) (mean± SEM,N= 3).
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dead individuals, while the majority of live workers were outside the vials. In these
experiments, nonnestmates never cohabited peacefully, as was observed in the case
of T. bicarinatumspecies.

In the interspecific tests, allM. rubra workers were killed byT. bicarinatum
workers while allT. bicarinatumworkers were uninjured and alive.

Aggressiveness Tests (Table 2)

In all control encounters (intracolonial confrontations), the interactions among
nestmate individuals were not aggressive. Each individual recognized and tolerated
its marked nestmates. Aggressiveness indices revealed that the control encounters
in the seven different experiments were not significantly different (F = 4.48;
dl 5,89;NS). It also seems that the color dot we marked the ants with did not affect
the behavior of the other ants (visual cues) (Figure 1).

In all intercolonial, intraspecific confrontations (Figure 1),T. bicarinatum
workers did not react aggressively towards nonnestmates (AI= 0.57± 0.03).
The encounters among the ants originating from Brazil (AI= 0.46± 0.04) were
not different from the control encounters (F = 24.07; dl 4,80;NS). In encounters
involving ants originating from Japan, J1 workers from Kume island were not
aggressive towards J2 workers (AI= 0.87± 0.09), but the duration of antennal
interactions increased relative to control encounters (F = 46.47; dl 2,192;P <

0.001) and the encounters between Brazilian populations (F = 34.61; dl 1,108;
P< 0.001).

In contrast,M. rubrapresented intraspecific intercolonial aggressiveness with
some biting behaviors (AI= 2.89± 0.17), more than that noted in all intraspecific
T. bicarinatumencounters (F = 432.93; dl 1,253;P < 0.001) as depicted in
Figure 2.

Interspecific confrontations between Brazilian or JapaneseT. bicarinatum
individuals towardsM. rubra workers were more aggressive (much biting, AI=
3.12± 0.10) thanM. rubraworkers towardsT. bicarinatumworkers (AI= 1.74±
0.11,F = 75.46; dl 1,57;P< 0.001) (Figure 2).

Myrmica rubraworkers seemed more aggressive in intraspecific encounters
(threatening behaviors) than in interspecific encounters towardsT. bicarinatum
from Brazil or Japan, towards which they only exhibited longer antennations
(F = 30.70; dl 1,58;P < 0.001). In contrast,T. bicarinatumworkers were far
more aggressive towardsM. rubra workers than towards alienT. bicarinatum
workers, which were ignored (F = 636.68; dl 1,252;P< 0.001).

Chromatogram Analysis

Each colony possesses a specific chemical profile: 32 compounds for
T. bicarinatumfrom Kume (J1) and Meijy (J2); 31 compounds forT. bicarinatum
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from Itabuna (B1), Ilheus (B2) and Crasto (B3); and 64 compounds forM. rubra
from F1 and F2.

ForT. bicarinatum, the most easily quantifiable hydrocarbons were (Table 4,
Figure 3): 16n-alkanes, (n-C13–n-C15,n-C17,n-C19–n-C30), 18 mono- or di-alkenes

FIG. 3. Gas chromatograms of the cuticular hydrocarbon profiles ofT. bicarinatumworkers
from colonies J1 (Kume, Japan), J2 (Meijy, Japan) and B3 (Crasto, Brazil).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301381 June 8, 2001 13:24 Style file version Nov. 19th, 1999

1240 ASTRUC, MALOSSE, AND ERRARD
TA

B
LE

4.
C

H
E

M
IC

A
L

ID
E

N
T

IT
Y

O
F

M
A

JO
R

C
U

T
IC

U
LA

R
H

Y
D

R
O

C
A

R
B

O
N

S
O

FM
yr

m
ic

a
ru

b
ra

A
N

D
Te

tr
a

m
o

ri
u

m
b

ic
a

ri
n

a
tu

mW
O

R
K

E
R

Sa

M
.r

u
b

ra
T.

b
ic

a
ri
n

a
tu

m

P
ea

k
C

om
po

un
d

F
1

(E
ss

on
ne

)
F

2
(C

al
va

do
s)

J1
(K

um
e)

J2
(M

ei
jy

)
B

1
(I

ta
bu

na
)

B
2

(I
lh

eu
s)

B
3

(C
ra

st
o)

1
n-

C
13

0.
22

0±
0.

13
6

T
2

n-
C

14
0.

26
4±

0.
19

3
T

3
n-

C
15

:1
0.

26
8±

0.
15

7
T

0.
51

0±
0.

11
7

T
T

4
n-

C
15

4.
61

0±
1.

27
6

T
2.

23
6±

1.
57

1
0.

26
5±

0.
22

4
0.

23
6±

0.
12

16
5

n-
C

17
:2

0.
22

3±
0.

12
3

T
6

n-
C

17
:1

0.
23

4±
0.

18
7

T
0.

58
2±

0.
13

1
T

T
7

n-
C

17
0.

25
8±

0.
23

0
0.

16
8±

0.
06

8
0.

38
9±

0.
12

0
T

T
8

n-
C

19
T

T
0.

18
4±

0.
08

0
9

n-
C

20
T

T
0.

21
1±

0.
08

0
10

n-
C

21
T

T
0.

18
8±

0.
07

8
11

7+
9
+

11
M

e-
C 2

1
0.

91
8±

0.
50

1
0.

60
1±

0.
41

9
12

n-
C

22
3.

83
3±

1.
87

2
2.

81
8±

0.
24

9
0.

70
7±

0.
14

0
0.

75
7±

0.
06

2
0.

83
2±

0.
17

5
13

n-
C

23
:1

11
.7

37
±

0.
24

4
25

.2
48
±

1.
63

3
19

.8
30
±

2.
22

9
16

.4
46
±

0.
61

0
17

.6
24
±

1.
94

8
14

n-
C

23
1.

10
2±

0.
14

4
0.

97
5±

0.
11

2
21

.4
10
±

1.
08

7
25

.6
56
±

1.
95

0
22

.2
56
±

5.
38

3
31

.7
31
±

1.
38

3
31

.3
84
±

6.
72

6
15

7+
9
+

11
M

e-
C 2

3
0.

46
0±

0.
17

7
0.

50
9±

0.
27

7
16

n-
C

24
:2

0.
36

8±
0.

09
8

T
0.

18
6±

0.
06

7
T

0.
11

6±
6.

72
6

17
n-

C
24

:1
0.

93
4±

0.
18

7
0.

92
8±

0.
03

7
0.

69
2±

0.
09

8
0.

94
9±

0.
16

6
0.

88
1±

0.
10

5
18

n-
C

24
0.

97
3±

0.
16

1
0.

75
4±

0.
17

9
2.

10
8±

0,
18

1
2.

79
4±

1.
89

1
1.

89
3±

0.
41

0
1.

06
6±

0.
13

1
1.

21
2±

0.
27

1
19

n-
C

25
:2

9.
09

1±
1.

25
7

8.
48

0±
2.

16
3

11
.5

82
±

1.
54

1
10

.0
53
±

1.
17

3
5.

70
7±

1.
27

2
20

n-
C

25
:1

3.
22

7±
0.

29
3

2.
10

8±
0,

24
0

8.
58

9±
1.

03
5

12
.7

43
±

1.
85

5
12

.5
02
±

1.
06

9
12

.9
52
±

0.
71

8
11

.4
29
±

1.
19

2
21

n-
C

25
10

.6
99
±

0.
69

5
8.

24
6±

0.
42

1
9.

96
0±

0.
48

1
8.

02
8±

0.
31

9
12

.0
85
±

1.
31

5
10

.6
58
±

0.
49

9
10

.6
12
±

0.
85

9
22

9+
11
+

13
M

e-
C 2

5
2.

90
9±

0.
17

8
3.

22
4±

0.
09

6
23

7M
e-

C 2
5

1.
29

6±
0.

16
0

1.
74

2±
0.

05
9

24
5M

e-
C 2

5
1.

75
6±

0.
28

5
1.

41
8±

0.
06

8
25

9,
13

D
iM

e-
C 2

5
1.

08
1±

0.
26

2
0.

93
7±

0.
24

1
26

3M
e-

C 2
5

0.
16

9±
0.

13
9

0.
35

9±
0.

17
0

27
5,

11
D

iM
e-

C 2
5

0.
58

3±
0.

15
2

0.
88

4±
0.

17
7

28
n-

C
26

:2
1.

29
4±

0,
19

3
3.

83
0±

1.
26

1
T

T
0.

85
8±

0.
14

7
29

n-
C

26
:1

0.
36

8±
0.

09
5

T
T

T
0.

19
7±

0.
08

7
30

n-
C

26
1.

17
7±

0.
10

2
1.

12
2±

0.
23

6
0.

85
5±

0.
22

4
T

0.
39

8±
0.

09
4

0.
63

0±
0.

08
7

0.
70

2±
0.

09
3



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301381 June 8, 2001 13:24 Style file version Nov. 19th, 1999

LACK OF INTRASPECIFIC AGGRESSION IN ANTS 1241
31

5,
9,

13
T

riM
e-

C 2
5

0.
52

7±
0.

26
3

0.
61

9±
0.

18
2

32
10
+1

2+
14

M
eC

26
1.

26
5±

0.
29

2
1.

83
3±

0.
06

9
33

6M
e-

C 2
6

1.
03

2±
0.

46
6

0.
59

7±
0.

11
5

34
5M

e-
C 2

6
1.

03
1±

0.
73

4
0.

54
6±

0.
09

7
35

10
,1

2D
iM

e-
C 2

6
0.

10
0±

0.
06

4
0.

37
3±

0.
12

7
36

6,
10

D
iM

e-
C 2

6
0.

05
8±

0.
04

0
0.

23
2±

0.
13

1
37

un
kn

ow
n

2.
77

0±
0.

31
5

T
1.

61
5±

0.
10

4
2.

50
7±

0.
36

4
2.

49
0±

0.
46

9
38

n-
C

27
:2

1.
09

3±
1.

06
2

T
1.

89
7±

0.
18

6
1.

83
1±

0.
13

6
0.

21
6±

0.
15

0
39

n-
C

27
:1

3.
71

6±
0.

28
1

2.
50

2±
0.

15
8

7.
12

9±
0.

03
0

1.
42

8±
0.

11
6

2.
27

3±
0.

17
0

1.
93

5±
0.

12
0

3.
34

6±
0.

93
4

40
n-

C
27

3.
85

6±
0.

38
8

2.
83

4±
0.

11
2

2.
54

0±
0.

05
1

2.
15

8±
0.

29
2

1.
21

3±
0.

11
5

2.
52

5±
0.

22
8

1.
76

5±
0.

27
8

41
9+

11
+1

3M
e-

C 2
7

19
.4

14
±

2.
35

0
21

.2
71
±

1.
26

4
42

7M
e-

C 2
7

1.
83

0±
0.

23
9

1.
88

7±
0.

32
3

43
5M

e-
C 2

7
4.

56
3±

0.
29

4
3.

53
2±

0.
16

5
T

T
0.

58
8±

0.
10

7
44

11
,1

5D
iM

e-
C 2

7
3.

23
1±

0.
41

5
3.

25
1±

0.
33

2
45

3M
e-

C 2
7

2.
96

5±
0.

37
1

2.
88

5±
0.

19
4

46
7,

16
D

iM
e-

C 2
7

T
T

47
5,

11
D

iM
e-

C 2
7

3.
45

5±
0.

41
0

3.
54

8±
0.

28
0

48
n-

C
28

:2
2.

08
7±

1.
09

1
T

4.
39

7±
2.

29
7

1.
04

4±
0.

23
8

1.
56

1±
0.

59
5

49
n-

C
28

2.
90

9±
0.

35
7

1.
31

3±
0.

12
6

0.
76

5±
0.

17
9

T
T

T
0.

24
4±

0.
15

6
50

5,
9,

13
T

riM
e-

C 2
7

0.
07

3±
0.

07
3

0.
20

5±
0.

14
0

51
10
+1

2+
14

M
e-

C 2
8

2.
50

2±
0.

27
1

2.
69

6±
0.

19
6

52
n-

C
29

:2
2.

35
1±

0.
52

3
2.

87
2±

0.
13

5
1.

79
1±

0.
18

3
3.

51
9±

0.
25

5
2.

33
0±

0.
23

4
53

n-
C

29
:1

0.
17

1±
0.

12
6

0.
38

4±
0.

10
5

1.
07

7±
0.

07
5

T
T

T
0.

50
8±

0.
16

5
54

n-
C

29
1.

27
9±

0.
13

5
1.

30
3±

0.
16

4
1.

54
8±

0.
20

4
1.

70
5±

0.
16

2
0.

96
3±

0.
35

0
1.

13
3±

0.
09

8
2.

35
7±

0.
29

1
55

9+
11
+1

3+
15

M
e-

C 2
9

8.
67

5±
0.

33
0

9.
43

9±
0.

35
2

56
7M

e-
C 2

9
0.

58
6±

0.
15

2
0.

93
1±

0.
17

6
57

5M
e-

C 2
9

1.
54

5±
0.

20
3

1.
29

6±
0.

09
8

58
13

,1
7D

iM
e-

C 2
9

1.
75

9±
0.

14
3

2.
35

2±
0.

17
1

59
3M

e-
C 2

9
1.

68
7±

0.
50

8
1.

53
2±

0.
11

8
60

5,
11

D
iM

e-
C 2

9
1.

62
7±

0.
04

0
1.

79
6±

0.
09

5
61

n-
C

30
:2

T
T

T
T

0.
52

6±
0.

15
6

62
n-

C
30

0.
21

3±
0.

05
8

0.
86

0±
0.

26
6

T
T

T
T

0.
27

5±
0.

14
2

63
11
+1

3+
15

M
e-

C 3
0

0.
35

8±
0.

15
6

0.
89

6±
0.

14
6

64
5M

e-
C 3

0
0.

54
3±

0.
29

2
0.

74
8±

0.
18

8
65

n-
C 3

1:
2
+

n-
C

31
:1

1.
45

4±
0.

66
8

T
T

T
1.

12
0±

0.
17

4
66

11
+1

3+
15

M
e-

C 3
1

1.
37

9±
0.

35
2

2.
79

0±
0.

49
6

67
5M

e-
C 3

1
1.

17
4±

0.
11

6
1.

93
7±

0.
35

0
68

13
,1

7D
iM

e-
C 3

1
0.

12
8±

0.
12

8
0.

73
0±

0.
46

0

a
(M

e,
D

iM
e,

an
d

T
riM

e
co

rr
es

po
nd

to
m

et
hy

l,
di

m
et

hy
la

nd
tr

im
et

hy
l,

re
sp

ec
tiv

el
y)

.
Va

lu
es

in
di

ca
te

,
fo

r
ea

ch
co

m
po

un
d,

th
e

m
ea

n
re

la
tiv

e
pe

rc
en

ta
ge

(±
S

E
M

)
fo

r
a

10
-m

in
ex

tr
ac

tio
n

w
ith

pe
nt

an
e

(T
in

di
ca

te
s

tr
ac

e)
.

Va
lu

es
ar

e
ca

lc
ul

at
ed

fo
r

F
1

w
or

ke
rs

(
N
=

5)
,

F
2

w
or

ke
rs

(N
=

7)
,

J1
w

or
ke

rs
(N
=

5)
,J

2
w

or
ke

rs
(N
=

5)
,B

1
w

or
ke

rs
(N
=

6)
,B

2
w

or
ke

rs
(N
=

6)
,a

nd
B

3
w

or
ke

rs
(N
=

5)
.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301381 May 29, 2001 10:0 Style file version Nov. 19th, 1999

1242 ASTRUC, MALOSSE, AND ERRARD

(n-C15:1, n-C17:2, n-C17:1, n-C23:1, n-C24:2, n-C24:1, n-C25:2, n-C25:1, n-C26:2, n-
C26:1, n-C27:2, n-C27:1, n-C28:2, n-C29:2, n-C29:1, n-C30:2, n-C31:2, n-C31:1), and one
methyl-alkane (5Me-C27). Twenty-eight compounds are common to the different
colonies ofT. bicarinatumbut n-C13, n-C14, n-C15:1, andn-C17:2 were specific to
the Japanese colonies (J1 and J2), andn-C19, n-C20, n-C21, 5Me-C27 were specific
to the Brazilian colonies (B1, B2, B3).

For M. rubra species, the most quantifiable hydrocarbons were: 8n-alkanes
(n-C23–n-C30), 3 n-alkenes (n-C25:1, n-C27:1, n-C29:1), 40 mono-methyl alkanes,
10 di-methyl alkanes, and 2 trimethyl alkanes (Table 4).

The cuticular hydrocarbon composition of the ants studied was species spe-
cific. The profiles of the five different colonies ofT. bicarinatumappear similar,
and they differ from theM. rubraprofiles (F1 and F2) that possess 39 monomethyl,
10 dimethyl, 2 trimethyl alkanesM. rubra-specific compounds.

Hierarchical Cluster Analysis (HCA)

The schematic representation of the clustering obtained with the HCA algo-
rithm on the mean chemical data of each colony (Figure 4A) shows the nodes
separating into three groups. The first node (68.02) separatesT. bicarinatum
colonies (J1, J2, B1, B2, B3) fromM. rubra colonies (F1, F2), and the second
(15.97), which divides JapaneseT. bicarinatumcolonies (J1, J2) from Brazil-
ian T. bicarinatumcolonies (B1, B2, B3), is situated at a less significant level.
This cluster analysis reflects the proximity between Brazilian and Japanese
colonies.

From the detailed clustering obtained with the HCA algorithm on individual
T. bicarinatumdata (Figure 4B), two groups emerged (first node= 74.23), a group
including Brazilian individuals (B1, B2 and B3) and a second including Japanese
individuals. The second node (49.78) separates Japanese individuals from Kume
(J1) from those from Meijy (J2), while the third node (35.83) divides Brazilian
individuals from Crasto (B3) from those from Itabuna (B1) and Ilheus (B2). This
cluster analysis reflects the geographical proximity of B1 and B2, both collected
in Bahia state.

DISCUSSION

The behavioral and chemical results of this study corroborate the hypothesis
that recognition processes are based on the discrimination of colonial odor. Our
results show thatT. bicarinatumsocieties are open, in the sense intended by Le
Masne (1952), because workers exhibit no aggressive behavior towards alien con-
specifics. In fact, intraspecific confrontations never exceed antennation behaviors,
and nonnestmate conspecifics mix peacefully with different partners that have
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FIG. 4. Hierarchical cluster analysis (Ward’s method, Euclidean distances) conducted on
(A) the mean of the relative proportions of the 68 peaks of the workers cuticular profiles from
the two colonies ofMyrmica rubra(F1 and F2) and from the five colonies ofTetramorium
bicarinatum from Japan (J1 and J2) and from Brazil (B1, B2 and B3); (B) the relative
proportion of the 35 peaks inT. bicarinatumworkers from Japan (J1: 1, 2, 3, 4, 5; J2: 1, 2,
3, 4, 5) and from Brazil (B1: 1, 2, 3, 4, 5, 6; B2: 1, 2, 3, 4, 5, 6; B3: 1, 2, 3, 4, 5).

numerous allogrooming and trophallaxis behaviors. In contrast,M. rubra soci-
eties appeared more discriminating in intraspecific confrontations that frequently
ended in the death of individuals.Myrmica rubra interacted aggressively with
conspecifics (coming from nests 200 km apart) through threatening and biting be-
haviors. These results confirm those by Cammaerts and Cammaerts (1984), who
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showed thatM. rubra alien queens are less accepted by workers, the more distant
their nest.

Behavioral results demonstrating thatT. bicarinatumworkers do not act ag-
gressively towards alien conspecifics support the observations by Provost and
Cerdan (1990) onMessor barbarus, who showed that there was a positive corre-
lation between the number of queens in a colony and its alien conspecific toler-
ance. Therefore, with high population levels (about 12,500 workers) and numerous
queens (250–400 workers per queen) per colony,T. bicarinatumhas the profile of
a polygynous species, where there is no territorial defense and where alien con-
specifics are not recognized as intruders (Vander Meer and Morel, 1998). In fact,
the cuticular hydrocarbon profiles ofT. bicarinatumfrom the different colonies
reveal only a slight divergence, workers being tolerated and left alone by alien
conspecific individuals. The longer antennal contacts observed in encounters in-
volving Japanese workers from Kume Island are presumably due to the insularity
of this colony. This has led to divergent cuticular hydrocarbon profiles. Similar
results were observed by Dahbi and Lenoir (1998) in the antCataglyphis iber-
ica. These authors showed that when workers were separated for three months (in
groups with or without a queen), after regrouping, nestmate recognition remained
unchanged but they observed longer mutual antennal contacts between previously
separated workers without aggressive reactions. They concluded that this exten-
sion in antennal duration was probably due to the slight divergence observed in
the cuticular chemical profiles of the workers during separation.

However, in spite of a lack of intraspecific aggressiveness,T. bicarinatum
workers exhibit pronounced interspecific aggressiveness towardsM. rubra work-
ers. Since we have shown that the chemical cues ofT. bicarinatumdo not match
the chemical cues ofM. rubra, this suggests thatT. bicarinatumworkers are able
to discriminate these chemical profile differences.

Since the cuticular profile ofM. rubra is characterized by many branched
alkanes (mono-, di-, and trimethyl alkanes), we suggest that colony recognition is
strongly correlated to the composition of cuticular hydrocarbons, thus character-
izing the chemical signature ofM. rubra. This suggestion supports some previ-
ous studies. For example, several authors have shown that some methyl-branched
hydrocarbons seem to be particularly involved in intracolonial recognition. In
the social waspPolistes dominulus, Dani et al. (1996) suggested that dimethyl-
branched hydrocarbons seem to be important in distinguishing females according
to their colony of origin. InPolistes fuscatus, behavioral and chemical analyses
concluded that methyl-branched alkanes were relatively colony specific and that
straight-chain alkanes were not (Gamboa et al., 1996). In the antCamponotus va-
gus, Bonavita-Cougourdan et al. (1987) demonstrated that colony recognition was
strongly correlated with the variation of relative proportions of dimethyl alkanes in
different colonies. Provost et al. (1992) showed that inMessor barbarusthe straight
chain alkanes and certain dimethyl alkanes seem to be characteristic of the colony
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signature. This, however, may not be the case for other ant genera. For example,
the dimethyl alkanes present on the cuticular surface of severalCataglyphisant
species did not change drastically, showing that they do not have a communicative
role, and, therefore, were not subjected to the presumed interspecific competition
pressure (Dahbi et al., 1996).

Because these results suggest that branched hydrocarbons, particularly
dimethyl alkanes, are important in distinguishing nestmates according to their
colony, we hypothesize that the presence of these branched alkanes in the chemi-
cal signature ofM. rubracould be implicated in discrimination byT. bicarinatum.

This hypothesis is reinforced by the results of encounters betweenM. rubra
andT. bicarinatumthat show thatM. rubraworkers discriminate conspecific alien
individuals, whileT. bicarinatumindividuals induce only longer antennal contacts
without any aggressive behaviors. AsT. bicarinatumdo not possess branched hy-
drocarbons, we suggest thatM. rubraworkers do not strongly attackT. bicarinatum
workers because they do not recognize them as intruders. On the other hand,M.
rubra discriminate alien conspecific workers whose chemical profile differed only
quantitatively from their own.

Recently, it was experimentally demonstrated for the first time (Holway
et al., 1998) that the lack of territoriality in the unicolonial Argentine ant (Linep-
ithema humile) might account for their high population density. These authors
demonstrated that a reduced intraspecific aggressiveness allows spatially sepa-
rate colonies to fuse and achieve higher worker densities compared to colonies
that exhibit intraspecific aggressiveness. They concluded that there is a relation-
ship between reduced intraspecific aggressiveness and the concomitant abandon-
ment of territorial behavior, unique to introduced populations of the Argentine
ant, and that this contributes to the elevated population densities directly respon-
sible for its widespread success as an invader. These authors proposed that the
loss of intraspecific aggressiveness in this species might result either from the
lack of stimuli due to the high degree of genetic relatedness among introduced
colonies or from an innate loss of aggressiveness due to a break down in nestmate
recognition.

We can surmise thatT. bicarinatumspecies previously displayed intraspecific
competition (possessing cuticular branched hydrocarbons like other Myrmicinae)
and that this competitive ability has been lost during evolution, along with the
branched alkanes. Two possible scenarios can be proposed. (1) The loss of in-
traspecific competition might have preceded the branched alkane loss. In this case,
the chemicals have disappeared because they were not subjected to the presumed
selective pressure. (2) The loss of branched alkanes might have preceded, leading
to a lack of intraspecific competition, but with the alkanes being kept to prevent
desiccation and regulate cuticular permeability. Whatever the case,T. bicarina-
tum has maintained the ability to discriminate cuticular branched hydrocarbons,
as demonstrated by its aggressive behaviors towardsM. rubra species.
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Our study shows thatT. bicarinatumworkers exhibit a lack of territori-
ality against conspecifics over small and large spatial ranges (Brazilian and
Japanese colonies). Moreover, inT. bicarinatum, the insignificant intraspecific
aggressiveness seems to go along with strong interspecific competition, contribut-
ing to patterns of distribution and abundance in ant communities. In the same way,
Human and Gordon (1999) showed that the aggressive behaviors of the Argentine
ant may contribute to its competitive success against several native ants species,
which tended to retreat more frequently. These behavioral characteristics ofT. bi-
carinatumled us to confirm that this species is a highly successful tramp species
(Bolton, 1980).

In his review, Passera (1994) concluded that tramp species are similar to
polydomous ants with which they share the attributes of unicoloniality, colony
reproduction by budding, or reduced nuptial flight, but that these attributes are
more strongly expressed in tramp species. To these characteristics of polydomous
species, tramp species add small size, monomorphism, and short queen longevity,
so that finally only tramp species are truly domestic (dispersed throughout the
world by human commerce and live in close association with humans), ensuring
their ecological success.

Finally, if the lack of intraspecific aggressiveness is indeed due to the absence
of branched alkanes, our results provide the chemical signature of an invasive
species. This hypothetical additional character of tramp species could allow them
to be better tolerated by other species, while remaining aggressive against all
allospecific intruders, and could represent an important advantage for the invasive
strategies these species are seen to deploy. If a lack of dimethyl alkanes contributes
to the characteristics of a tramp species, surely other examples might also be
available.
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Abstract—Behavioral responses to chemical cues have been demonstrated
for a range of aquatic animals. Injury-released chemical alarm cues from con-
specifics are released when a prey’s predator is actively foraging. Detection
of these cues elicits antipredator behaviors that reduce the probability of preda-
tion. Amphipod crustaceans in the genusGammarusare widespread denizens of
ponds and streams. Antipredator responses byGammarusto conspecific alarm
cues, and subsequent reduction of predation risk, are known from experiments
in the laboratory. Here, we verify laboratory findings by demonstrating an avoid-
ance response to alarm cues using a field population ofG. lacustris.We used
small traps baited with sponge blocks containing either water (control) or injury-
released cues fromGammarus.We repeated the experiment twice. In both ex-
periments, significantly fewerGammaruswere captured in traps with alarm
cue sponges than in traps with water sponges. Predatory leechesDina parva
were attracted toGammarustraps in the first experiment but not the second
experiment. In the second experiment, we measured the individual weight of
captured amphipods. Two size classes were present; small (1–5 mg) and large
(35–108 mg). Both sizes contributed to the avoidance response. Within the large
size class, small individuals were significantly less responsive to the alarm cue
than large individuals, implying that small adultGammarusmay have different
cost/benefit decision criteria for risk assessment than largeGammarus.

Key Words—Gammarus, amphipod, crustacea, alarm cue, alarm signal,
predator–prey, avoidance behavior, leech,Dina parva.
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INTRODUCTION

Predator–prey interactions in aquatic environments are mediated, in part, by chem-
ical cues released from various sources including disturbed and/or injured prey, and
predators (Smith, 1992; Chivers and Smith, 1998; Kats and Dill, 1998; Tollrain
and Havell, 1999; Wisenden 2000). Injury-released chemical alarm cues are re-
leased after a successful predatory attack and indicate imminent and proximate dan-
ger to conspecifics of the prey (see Chivers and Smith, 1998, for review). Aquatic
taxa ranging from protozoa to amphibia use alarm cues to detect and avoid preda-
tors. Most of these studies have been conducted in the laboratory setting. While lab-
oratory studies provide a carefully controlled environment in which to test specific
hypotheses, the results lack the realism of the natural habitat. Field verification of
laboratory findings is an important part of the scientific study of chemical ecology.

Amphipods in the genusGammarusoccur commonly in aquatic environ-
ments. They are small (<2 cm) detritivores that associate closely with the substra-
tum and fall prey to a wide variety of predators. The substratum is often highly
structured and water clarity often limited, reducing the reliability of visual infor-
mation in assessing predation risk.Gammarusare well suited for the study of
chemically mediated predator–prey interactions because they can be studied in the
laboratory and in the field.

Laboratory populations ofGammarusshow antipredator behavior in response
to injury-released alarm cues of conspecifics (Williams and Moore, 1985; Mathis
and Hoback, 1997; Wudkevich et al., 1997). In a laboratory study, latency to first
capture by predatory green sunfishLepomis cyanelluswas significantly longer for
Gammarusexposed to conspecific alarm cues thanGammarusexposed to water
or heterospecific alarm cues (Wisenden et al., 1999).

It has not yet been established that free-livingGammarusrespond with an-
tipredator behavior to conspecific alarm cues in their natural habitat. We tested a
field population ofGammarusfor an avoidance response to alarm cues modeled
after similar experiments on small fishes (e.g., Mathis and Smith, 1992; Chivers
and Smith, 1994; Wisenden et al., 1995). Small sponge blocks soaked in water
(control) or injury-released alarm cues ofGammaruswere placed in small inverte-
brate traps. If fieldGammarusavoid alarm cues, then we predicted that traps with
alarm cues would catch fewerGammarusthan traps with water.

Recognition of conspecific alarm cues as indicators of risk generally occurs
at a very early stage of development and requires no previous experience (Pfeiffer,
1963; Waldman, 1982; Magurran, 1989). However, there is some evidence from
fishes that large individuals avoid alarm cues more effectively than small indi-
viduals (Mathis and Smith, 1992; Chivers and Smith, 1994; Chivers et al., 1995).
Large, old individuals are more experienced than small, young individuals and may
improve or acquire recognition of danger cues with age, particularly for responses
to heterospecific alarm cues (Chivers et al., 1995). Alternatively, larger individuals



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301382 May 29, 2001 12:17 Style file version Nov. 19th, 1999

GammarusCHEMICAL CUES 1251

may be more vulnerable to predation and, thus, exhibit a lower response threshold
than small individuals (Mathis and Hoback, 1997).

To investigate the effect of size on recognition of conspecific alarm cues
we weighed capturedGammarus.We predicted that if aversion of alarm cue was
acquired with age, or if cost /benefit decision criteria change with size, then large
Gammaruswould be caught in alarm cue traps in lower proportions than small
Gammarus.

METHODS AND MATERIALS

Experiment 1.Alarm cue was prepared from adultGammarus lacustrissam-
pled from Erhard Pond in fall of 1997, located approximately 70 km SE of Moor-
head, Minnesota, USA (46◦30′N, 96◦05′W). Erhard Pond does not contain any
fish species. A stock solution of alarm cues was prepared be reducing 15 adult
Gammarus(mean weight± SE= 52.1± 1.6 mg,N = 15) to a fine pulp with
mortar and pestle and diluting to a final volume of 37.5 ml with dechlorinated tap
water. Small blocks of cellulose sponge (2× 2× 1.5 cm) each received 1.5 ml of
the stock solution of alarm cues. This method of stimulus preparation is similar to
the one successfully used by Wudkevich et al. (1997) and Wisenden et al. (1999).
We thus prepared 15 sponges ofGammarusalarm cue and froze them at−20◦C.
Fifteen additional sponge blocks were soaked in 2.5 ml of dechlorinated tap water
to control for the effect of sponge and water and then frozen at−20◦C. Sponges
were kept on ice during transport to the study site and remained frozen until used
in the experiment to guard against any degradation of the cue.

We placed 30 invertebrate traps in Erhard Pond approximately 5 m apart
along the shore, at a depth of about 0.5 m. The traps consisted of a 1-q (946-ml)
wide-mouth Mason jar fitted snugly with a plastic funnel inserted into the jar
opening with the apex of the funnel directed inward. The funnel was held in place
by rubber bands attached to hooks on the outside of the funnel and the jar. Traps
were laid on their side on the pond bottom. Inside each jar we placed a sponge
soaked in either alarm cue or water. Traps were set in pairs (one control trap and
one experimental trap simultaneously) at 5-min intervals, then pulled exactly 1 hr
later at 5-min intervals in such a way that time in the water was held constant and
equal among trap pairs and sponge types. Trap contents were stored and returned
to the laboratory for counting.

Experiment 2.We repeated the experiment in spring 2000 at the same study
site using similar methods. AdultGammarusto be used for alarm stimulus were
collected a few days prior to the field test and brought to the laboratory. Some
of the adults were coupled in precopulatory amplexus. For each sponge
(3.5× 3× 2 cm), we individually crushed a male–female pair (mean±SE com-
bined weight of each male–female pair= 176.9± 4.2 mg;N = 17) to a fine pulp
with a mortar and pestle and diluted to a final volume of 10 ml with dechlorinated
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water. Thus, stimulus strength in the second experiment was about four times
stronger than in the first experiment. We prepared each of 17 sponges with 10 ml
of alarm cue and another 17 sponges each with 10 ml of dechlorinated water
(control). All sponge blocks were frozen at−20◦C, and transported to the study
site on ice to keep them frozen until needed.

Thirty-four traps were placed in the littoral zone within 1 m from the water’s
edge along the shoreline of Erhard Pond at approximately 5-m intervals. The traps
used in the second experiment were commercial traps (MT3 minnow traps, Aquatic
Ecosystems Inc.) and differed slightly from those used in the first experiment. The
commercial traps consisted of 1-q (946-ml) wide-mouth Mason jars with inverted
plastic funnels adapted to thread directly onto the jar mouth. The traps were laid
on their side on the pond bottom as in the first experiment. Each trap contained
one sponge block (control or alarm cue) and was set and retrieved in control–alarm
pairs at 5-min intervals as for the first experiment. Time in the water was exactly
1 hr. Trap contents were returned to the laboratory to be counted and weighed to
the nearest milligram. LargeGammaruswere weighed individually.Gammarus
<5 mg were too small to weigh individually. SmallGammarusfor each trap were
combined and weighed en masse to determine average weight.

Statistical Analysis.Statistical tests for avoidance behavior are one-tailed
because we predicted a priori thatGammaruswould avoid conspecific alarm cue.
All other statistical tests are two-tailed.

RESULTS

Experiment 1.The median number (and 25th percentiles) ofGammarusper
trap was 90 (50–117.5) and 40 (30–66.5) for control and alarm cue traps, respec-
tively (Figure 1). Significantly moreGammaruswere captured in control traps
than alarm cue traps (Wilcoxon Mann Whitney test:z= 1.95,P< 0.026). These
data are consistent with an avoidance response to conspecific alarm cues.

LeechesDina parvaentered traps withGammarusalarm cue significantly
more frequently than control traps (Figure 2). There was a median (and 25th
percentiles) of 0 (0–1) and 2 (0.5–3) leeches in control and alarm cue traps, re-
spectively (Wilcoxon Mann Whitney test:z= 2.57,P= 0.025). Five of 15 control
traps caught at least one leech, whereas 11 of 15 alarm cue traps caught at least
one leech (Figure 3). There was no correlation between number ofGammarus
and number of leeches per trap for all traps combined (R2= 0.0003,F= 0.007,
P= 0.931), within alarm cue traps (R2= 0.0022,F= 0.029,P= 0.866) or within
control traps (R2= 0.0007,F= 0.008,P= 0.927).

Experiment 2.The median number (and 25th percentiles) ofGammarusper
trap was 6 (5–9) and 3 (2–5) for control and alarm traps, respectively (Figure 4).
Significantly moreGammaruswere captured in control traps than in alarm cue
traps (Wilcoxon Mann Whitney test:z= 2.84,P= 0.002). These data, collected
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FIG. 1. Box and whisker plot of median, 25th percentiles, and range of number ofGammarus
caught in the first experiment. Traps were baited with sponges containing eitherGammarus
injury-released alarm cues or water (control).

FIG. 2. Box and whisker plot of median, 25th percentiles, and range of the number of
leeches caught in the first experiment. Traps were baited with sponges containing either
Gammarusinjury-released alarm cues or water (control).
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FIG. 3. Number ofGammarusper trap plotted against the number of leeches per trap in
the first experiment. Open symbols, traps with water sponges; closed symbols, traps with
alarm cue sponges.

at a different time of year and with slightly different gear and stimulus strength,
corroborate data from the first experiment. Only four of 17 alarm cue traps and
three of 17 control traps caught leeches. Because the majority of traps caught no
leeches, the median (±25th percentiles) number of leeches entering both trap types
was 0 (0–0) (Wilcoxon Mann Whitney test:z= 1.29,P= 0.197).

There were two distinct size classes in the catch (Figure 4). Small (1–5 mg) and
large (35–108 mg)Gammarusboth contributed to the overall avoidance response.

FIG. 4. Box and whisker plot of median, 25 percentiles and range of the number of
Gammarusper trap in the second experiment. The large size class (N = 72) ranged from
32 to 108 mg, the small size class (N= 104) ranged from an average of 1 to 5 mg. Solid
bars, alarm cue traps; open bars, control traps.
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FIG. 5. Percent of the catch in each trap type in the second experiment represented by the
large size class ofGammarusranging from 32 to 108 mg. Fitted lines are second-order
polynomial functions. Alarm cue traps, solid bars and solid line; control traps, open bars
and dashed line.

However, the effect of alarm cue was not significant within the small size class
(Wilcoxon Mann Whitney test:z= 1.09,P= 0.276) or (barely) the large size class
(Wilcoxon Mann Whitney test:z= 1.95,P= 0.051) partly due to the low overall
numbers of animals captured in the second experiment.

Within the large age class, small individuals did not avoid traps containing
alarm cue as much as large individuals (Figure 5). We divided the size range of
Gammarusinto equal thirds creating small (32–57.3 mg) and large (82.7–108 mg)
size categories with the adult size class. SmallGammarusrepresented 30.4% of
the individuals caught in alarm cue traps, whereas smallGammarusrepresented
only 10.2% of the catch in control traps (χ2 = 4.44,P< 0.05). LargeGammarus
represented 17.4% and 20.4% of catches in alarm cue and control traps, respectively
(χ2= 0.09,P> 0.9). Similar analysis of length distribution of the small size class
(<5 mg) was precluded by the low accuracy of weight measurements at the limit
of the range of our electronic balance. We do not have individual weights for small
Gammarus.

DISCUSSION

These data provide an important verification of laboratory findings. Field
populations ofGammarus lacustrisavoided injury-released conspecific alarm cues
in two separate experiments at different times of year and by using slightly different
methods. Chemical alarm cues serve as an important indicator of predation risk
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for Gammarusin the field, and presumably antipredator behavioral responses such
as avoidance behavior serve to decrease the probability of predation (Hews, 1988;
Mathis and Smith, 1993; Wisenden et al., 1999).

Responses by very smallGammaruscontributed to the overall avoidance
response, suggesting that recognition of conspecific injury-released cues as in-
dicators of predation risk is either innate or acquired at a very early stage of
development. Innate responses to conspecific alarm cues are thought to be the case
for various fish species (Pfeiffer, 1963; Waldman, 1982; Magurran, 1989), but to
our knowledge this is the first such evidence for an aquatic arthropod.

Within the adult size class ofGammarus, small individuals were dispropor-
tionately represented in alarm cue traps. We do not interpret this to indicate acquired
recognition of conspecific alarm cues over time and experience (cf. Chivers et al.,
1995) because very small juvenileGammarusresponded to the alarm cue.

LargeGammarusmay respond most strongly to conspecific alarm cues be-
cause they have a greater cost–benefit trade-off than smallGammarus.Large adult
Gammarusare more responsive to risk of fish predation than small adult
Gammarus(Mathis and Hoback, 1997). Although fish predators are absent from
our study site, a variety of waterfowl use the site and presumably prey on
Gammarus.Largex Gammaruswould be easier to detect by tactile probing of
the vegetation and provide more energy per unit of foraging time.

Alternatively, cost–benefit trade-offs in risk assessment could depend on for-
aging opportunities for individuals at varying levels of social hierarchy, competitive
ability, or somatic resources. Trade-offs between risk and foraging are well known
(e.g., Milinski and Heller, 1978; Milinski, 1985; Godin and Sproul, 1988; Lima
and Dill, 1990). Hungry (Smith, 1981; Brown and Smith, 1996), and low condi-
tion (Wisenden, Rush, and Sargent unpublished) fish do not respond to conspecific
alarm cues with an overt behavioral response. SmallGammarusmay tolerate more
predation risk while foraging because of subordinate status or weak competitive
abilities. Social interactions, dominance hierarchies, and territorial behavior among
Gammarusare not well understood with respect to risk avoidance.

Leeches are significant predators ofGammarusand detect prey by chemical
and tactile means (Dahl and Greenberg, 1997; Dahl, 1998). Leeches were attracted
to traps with injury-releasedGammaruscues, leaving open the possibility that
Gammarusavoided alarm cue traps because of the presence of leeches rather
than recognition of alarm cues per se. However, there was no correlation between
the number of leeches and the number ofGammaruscaught per trap. Moreover,
leeches were attracted to theGammaruscue in the first experiment only, and not
in the second experiment, where cue concentration was four times higher. Thus,
Gammarusaversion to the alarm cue in the first experiment was likely attributable
to the alarm cue and not leeches.

Ostariophysan fishes possess specialized epidermal cells that contain an alarm
pheromone. This pheromone is released when the skin is damaged; it signals alarm
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to conspecifics and also serves as an attractant to predators (Mathis et al., 1995).
Attracting predators can benefit the individual sending the signal because sec-
ondary predators attempt piracy or cannibalism that afford the prey an opportunity
for escape (Chivers et al., 1996). The predator attraction hypothesis is the only
mechanism for the evolution of ostariophysan alarm substance cells to receive ex-
perimental support. Leech attraction to injury-released cues ofGammarusraises
the possibility that a similar alarm signal/predator attractant cue may be released
from injuredGammarus.Leeches do not engulf their prey. Presumably, there is the
potential for large amounts of internal fluids fromGammarusto be released in the
process of being consumed by a leech, inadvertently informing otherGammarus
of predation risk, but also attracting other leeches. Although special glands or cells
that may contain a specialized pheromone are not known forGammarus, chemical
deterrents are known to occur in a number of aquatic arthropods in the insect or-
ders Coleoptera and Hemiptera (Scrimshaw and Kerfoot, 1987). Further study is
required to determine ifGammaruspossess specialized structures and the nature
of competitive foraging among two or more leeches.

In addition to verifying laboratory results and revealing potential size-
dependent behavioral decision criteria, these data establish a convenient field
technique for further testing the role of chemical cues in mediating predator prey
interactions in aquatic invertebrates. It is our hope that future work will be stimu-
lated in this direction.
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Abstract—In a study aimed at the chemical characterization of constituents of
the ventral gland secretion of the male dwarf hamster,Phodopus sungorus sun-
gorus, 48 compounds, including saturated alcohols, saturated and unsaturated
ketones, saturated and unsaturated straight-chain carboxylic acids, iso- and an-
teisocarboxylic acids, 3-phenylpropanoic acid, hydroxyesters, 2-piperidone, and
some steroids were identified in the secretion. The position of the double bonds
in γ -icosadienyl-γ -butyrolactone andγ -henicosadienyl-γ -butyrolactone, and
the position of methylbranching in seven C16–C21 saturated ketones could not
be established. Several constituents with typically steroidal mass spectra also
remained unidentified. The female dwarf hamster’s ventral gland either does not
produce secretion or produced so little secretion that it was impossible to collect
enough material for analysis.

Key Words—Phodopus sungorus sungorus, dwarf hamster, mammalian semio-
chemicals, mammalian pheromones, exocrine secretion, ventral gland secretion.
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INTRODUCTION

The dwarf hamster,Phodopus sungorus, also known as the Djungarian striped or
hairy-footed hamster, is a small rodent found on different types of steppes charac-
terized by extreme temperature differences such as the dry steppes of Mongolia,
Western Siberia, where air temperatures vary between+30◦C in summer and
−40◦C in winter (Heldmaier, 1975), and in the eastern parts of the Lake Baikal
region (Pogosianz and Sokova, 1967), as well as on the steppes of Kazakhstan,
Manchuria, and North China (Wynne-Edwards and Lisk, 1984). The dwarf ham-
ster is unusually resistant to low temperatures (Veselofsky and Grundova, 1965).
It was found (Heldmaier, 1975) that they tolerated severe cold stress, but were less
able to withstand heat.

Phodopusbelongs to the family Cricetinae, of which they are one of the
smallest species with a body length between 67 and 102 mm (Flint, 1966). Two
subspecies of the dwarf hamster are mentioned in the literature, namelyP. s.
sungorus(Pallas), which is found in the western regions of their habitat, and the
eastern subspeciesP. s. campbelli(Thomas). However, the majority of authors
make no distinction between the subspecies. A few minor differences between
the subspecies have been reported.P. s. campbelliis gregarious (Wynne-Edwards
and Lisk, 1984), whileP. s. sungorusappears to be more solitary (Reasner and
Johnston, 1988). The seasonal pelage color change from dark grey in summer to
white in winter is, for example, also quite pronounced inP. s. sungorus(Heldmaier,
1975).

Although their cold resistance is noteworthy, the most unusual characteristic
of these hamsters is their highly photoperiodic nature. It seems that rather than
hibernate, they have adapted strategies for survival of severe winter conditions
by making use of the extreme seasonal changes in photoperiod, which are char-
acteristic of their natural habitat. During short photoperiods (≤8 hr of light), as
experienced in the Siberian winter, a reduction in body weight occurs, pelage color
changes dramatically, male testicle regression occurs and reproductive ability is
diminished (Hoffmann, 1973), sexual development is slowed down (Brackmann,
1977; Yellon and Goldman, 1984), and a reduction in the ventral gland size is also
observed (Sunderk¨otter et al., 1990).

According to Heisler (1984), the olfactory marking behavior in this hamster
includes marking with feces, urine, and secretions from the ventral gland, as well
as sand-bathing behavior, in which the animal rolls on its back, not necessarily only
in sand. The marking behavior of both males and females in neutral areas, in areas
where males had previously marked, and in areas where females had previously
marked was investigated. The marking frequency was found to be low in both
sexes and lower in females than in males. The hamsters were observed to mark the
periphery of the test area more frequently than they marked in the nonperipheral
areas, and while the males did not mark more frequently in an area that had already
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been marked by a male, they did show an increased marking frequency in areas
previously marked by females.

Feoktistova (1994) investigated the behavioral responses of adult, sexually
experienced males ofP. sungorustoward different olfactory cues, such as urine,
bedding material, and integumentary skin gland secretions of conspecific males and
diestrous females. Habituation studies showed that males were able to discriminate
between the odors of males and females. The odors of urine, bedding material,
and the secretion of the sacculi, located at the opening of the cheek pouches
of conspecific males, elicited a high level of midventral gland marking, while
the same odors of females resulted in anogenital marking. The low population
density, nocturnal activity, and arid habitat of the dwarf hamster are expected to
favor marking activity in these animals.P. s. sungorushas well developed glands,
of which the ventral sebaceous gland (glandula abdominales) located along the
axis body line before the genitals, is one of the most important. The gland becomes
visible at an age of about 4 weeks, and it functions only during the reproductive
period. The hamsters use the secretion of this gland for marking their home ranges.

In contrast to the large volume of literature on olfaction in other rodent species,
no comprehensive chemical investigation of the constituents of the secretions of the
dwarf hamster has so far been undertaken. The aim of the present study is to initiate
chemical investigations into the nature of the exocrine secretions in hamsters,
specifically inP. s. sungorus, in order to provide information that could lead to
new avenues of investigation of chemical communication systems in hamsters. It
is hoped, for example, that the compounds found in the secretions will generate
ideas as to their possible origin and/or purpose, and will enable biologists to use
them in behavioral studies. Using compounds present in the hamster secretions in
research on rodent olfactory receptors and behavior, makes much more sense than
using arbitrarily selected compounds totally unrelated to substances involved in
the semiochemical communication of these animals.

METHODS AND MATERIALS

General.Dichloromethane (1 ml) (Merck, residue analysis grade), was con-
centrated to 10µl, analyzed for impurities, and found to be pure enough for
extraction of small quantities of semiochemicals. Syringes were cleaned with this
solvent. Glassware used for the collection and extraction of samples was washed,
rinsed with distilled water, heated in an annealing oven at 500◦C for at least 30 min,
and cooled immediately prior to use to remove all traces of adsorbed organic
material.

Analytical Methods. Gas chromatographic analyses were carried out with
a Carlo Erba 5300 gas chromatograph equipped with a flame ionization detector,
Grob split-splitless injector, and glass columns manufactured by the Laboratory for
Ecological Chemistry, University of Stellenbosch. Glass capillary columns, coated
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with a 0.25-µm film of the apolar stationary phase PS-089-OH, which is a silanol-
terminated 95% dimethyl–5%-diphenyl siloxane copolymer, were used throughout
the study. Helium was used as carrier gas at a linear velocity of 28.6 cm/sec at 40◦C.
The detector and injector were used at 280◦C and 220◦C, respectively. Samples
were injected in the split mode (split ratio 6 : 1) and an oventemperature of
approximately 30◦C. The oven was heated ballistically to 40◦C and programmed at
2◦/min from 40◦ to 260◦C (hold). Gas chromatographic retention time comparison
of the constituents of the secretion with the commercially available and synthesized
reference compounds was done by coinjection of the reference compound and
glandular extract to determine whether the component under investigation was
enriched by the reference compound.

Quantitative gas chromatographic analyses were done with the same instru-
ment and column, and data acquisition with Borwin Intuitive Chromatography
Software (JMBS Developments, 38600 Fontaine, France) using hexadecanoic acid
as external standard. Ventral gland secretion (4.8 mg) was collected, extracted with
dichloromethane as described below, and the extract concentrated to 20µl of which
1-µl quantities were injected for analysis.

A Carlo Erba QMD 1000 GC-MS system was used to record electron impact
(EI) mass spectra (70 eV) employing the GC parameters specified above. The
interface temperature was maintained at 250◦C. The ion source temperature was
200◦C, and the source pressure varied betweenca. 2 × 10−5 torr at a column
temperature of 40◦C, decreasing to 1×10−5 torr towards the end of the temperature
program at a column temperature of 260◦C. A scan rate of 0.9 scan/sec, with an
interval of 0.1 sec between scans, was employed. Chemical ionization (CI) mass
spectra with methane as reactant gas were recorded on a Finnigan 4500 quadrupole
GC-MS system. The interface temperature was 220◦C, and spectra were recorded
at 60 eV and at a source temperature of 150◦C. Under these conditions the pressure
in the source was approximately 7× 10−5 torr. Spectra were recorded at a rate of
2 scans/sec. Accurate mass measurements of the synthetic compounds were done
on an AMD 604 magnetic sector mass spectrometer. The spectra were recorded at
an ionization potential of 70.7 eV and a source temperature of 192◦C. The resolving
power was 4000, and a scan rate of 1 scan/sec was used, with a recovery time of
0.5 sec. A sampling frequency of 100 kHz was used, and the source vacuum was
1.4× 10−5 torr. In the case of samples introduced on the probe, the probe was
heated from 20◦ to 350◦C.

1H and 13C NMR spectra of synthesized compounds were obtained on a
Varian VXR-300 spectrometer at 299.9 MHz and 75.42 MHz, respectively. The
13C spectra were obtained by using a 45◦ pulse angle and a pulse repetition time
of 0.8 sec. Chloroform-d1 (Merck, 99.8% isotopic purity) was used as solvent and
tetramethylsilane (TMS) as internal reference.

Determination of Double Bond Positions of Constituents.Dimethyl disul-
fide (DMDS) derivatives were prepared from the unsaturated constituents of
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the secretion according to the procedure described by Vincenti et al. (1987). A
dichloromethane extract of the secretion was concentrated in a Reacti-Vial using
a slow stream of purified nitrogen. The residual material was dissolved in carbon
disulfide (50µl) and treated with an excess (5-µl) of a solution of iodine in ether
(60 mg/ml) and 50µl of dimethyl disulfide. The Reacti-Vial was sealed and the re-
action mixture heated in an oven at 60◦C for 40 hr; then the iodine was reduced with
aqueous sodium thiosulfate solution (5%). Separation of the aqueous and organic
layers was facilitated by centrifuging the reaction mixture at 3000 rpm. The organic
layer was transferred to another vial and concentrated to 5µl for GC-MS analysis.

Sample Collection and Preparation. Djungarian dwarf hamsters,P. s. sun-
gorus, were bred from stock obtained from a breeding colony of the Zoological
Institute at the University of Bonn. All adult animals were kept indoors in sepa-
rate wire cages (36× 25× 23 cm) with an exercise wheel, except when males
and females were put together for breeding purposes. The animals were kept at a
constant temperature of 22◦C in a laboratory free from artificial odors. To simu-
late summer conditions, the animals were exposed to natural light during daytime
(Stellenbosch 33◦50′ southern latitude) and, in addition, fluorescent lights were
left switched on permanently resulting in a minimum light intensity of 200 lux
during the nighttime. Each hamster was supplied with half a coconut shell that
served as a hut into which it could withdraw into almost total darkness. To avoid
contamination of the secretions with plant volatiles, shavings from old, dry poplar
logs were provided for bedding material. When breeding, animals were also pro-
vided with cellulose tissues. All bedding and cellulose materials were renewed
at weekly intervals. All hamsters were providedad libitum with water and food
containing sunflower seeds. Twice a week they were supplied with slices of apple,
carrot, and lettuce. No problems were experienced with maintaining and breeding
the hamsters under these conditions.

Teflon stoppers and lengths of stainless-steel wire (15×0.4 mm) were washed
with detergent solution; rinsed with distilled water, methanol, and dichloromethane,
and dried in an oven at 110◦C. Using precleaned tweezers, the stainless-steel wires
were inserted into the tapered end of the Teflon stoppers. The other ends of each
of the wires were bent to form a small eyelet having a diameter of approximately
1 mm with which the secretion could be removed from the gland. Ventral gland
secretion was collected individually from mature males in their summer state on
a weekly basis. Although a hairless secretory area was clearly visible on females
in this state, they did not produce enough substance for collection. The waxy se-
cretion was collected by scooping it from the glandular area with a precleaned
stainless-steel eyelet. The Teflon stoppers were inserted into the flared ends of
small glass vials to provide an air-tight stopper for the vials The samples were
stored at−20◦C for future use.

For analysis, initially the collected secretion was scraped off the wire loop and
transferred to a Reacti-Vial containing dichloromethane. However, a substantial
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proportion of the sample was lost in this process. To minimize the loss of sample, the
stainless steel eyelet containing the sample was therefore cut off and allowed to fall
into a Reacti-Vial containing 30µl of dichloromethane. The material was sonicated
for 20 min, and then the light brown, turbid extract was centrifuged at 2500 rpm
for 15 min in order to separate the extract into a clear dichloromethane extract
and a turbid supernatant layer. The bottom layer was removed from underneath
the supernatant layer with a 100-µl syringe and transferred to a clean Reacti-Vial
in which the extract was concentrated in an inert atmosphere to a concentration
suitable for GC and GC-MS analysis.

Reference Compounds. In addition to authentic commercially available ref-
erence compounds, the following compounds were synthesized for retention time
and mass spectral comparison with constituents of the ventral secretion.

2-Heptadecanol (17); Figure 1 was prepared by NaBH4 reduction of 2-hepta-
decanone. HR-MS:m /z(M-H2O)+ 238.267, calcd. for C17H34 238.266.13C NMR
(CDCl3): δ = 68.20 (d, C-2), 39.41 (t, C-3), 31.95 (t, C-15), 29.4–29.8 (t, C-6–
C-14), 29.38 (t, C-5), 25.80 (t, C-4), 23.49 (q, C-1), 22.71 (t, C-16), 14.12 (q,
C-17).

(Z)-6-Heptadecen-2-one, (Z)-8-heptadecen-2-one (13), (Z)-6-nonadecen-2-
one, (Z)-8-nonadecen-2-one (28), (Z)-10-nonadecen-2-one, (Z)-12-nonadecen-2-
one (29), and theirE isomers were prepared by alkylation of ethyl acetoacetate
with the appropriate (E)- and (Z)-alkenyl bromides, hydrolysis of the condensation
product, and decarboxylation of the resultingβ-ketoacid according to the following
procedure described for the preparation of (Z)-8-nonadecen-2-one.

A solution of tetrabromomethane (41.5 mg, 0.125 mmol) in dry acetonitrile
(230µl) was added to a solution of (Z)-5-hexadecen-1-ol (30 mg, 0.125 mmol)
(Pherobank, Wageningen, The Netherlands) and triphenylphosphine (32.8 mg,
0.125 mmol) in acetonitrile (230µl) in a 3-ml Reacti-Vial at room temperature
and the reaction mixture stirred magnetically at room temperature for 24 hr. The
resulting bromide and traces of unchanged starting compounds were extracted
with n-pentane from the acetonitrile by magnetically stirring the reaction mix-
ture with then-pentane (300µl), centrifuging the mixture at 1000 rpm for a few
minutes and removing the supernatant pentane layer with a 500-µl syringe. The
extraction was repeated five times. The reaction product was purified by bulb-
to-bulb distillation to give (Z)-1-bromohexadec-5-ene, 36 mg (95%) bp 102 (air
bath)/7.5× 10−4 mm Hg. The alkenyl bromide, containing less than 0.1% of the
unchanged 5-hexadecen-1-ol as the only impurity (GC-MS), was used to alkylate
ethyl acetoacetate. Ethyl acetoacetate (1.35 g, 10.4 mmol) was deprotonated by
adding it to a solution of sodium ethoxide (10.4 mmol) in absolute ethanol (50 ml).
The resulting anion was alkylated by magnetically stirring a sample (600µl) of
this solution in a 3-ml Reacti-Vial with (Z)-1-bromohexadec-5-ene (36 mg, 0.119
mmol) at 90◦C for 11 hr during which time a precipitate of NaBr was formed. The
ethanol was evaporated at room temperature by using a slow stream of purified
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FIG. 1. Structures of representative examples of the compounds identified in the ventral
secretion of the male dwarf hamster,Phodopus sungorus sungorus.
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argon, after which the ethyl ester was hydrolyzed by stirring the residue in the
Reacti-Vial with NaOH solution (1.5 M, 200µl, 0.3 mmol) at room temperature for
24 hr. The unsaponified material and unchanged bromide were extracted twice with
n-pentane (300µl) by stirring the reaction product with the solvent, centrifuging
the mixture at 1000 rpm, and removing the supernatant organic layer with a 500-
µl syringe. The saponified material was acidified with H2SO4 (1.5 M) and the
resulting ketoacid decarboxylated by heating the reaction mixture at 90◦C until
no further formation of gas bubbles in the Reacti-Vial (closed with a screw cap)
could be observed. The organic material was extracted three times withn-pentane
and washed free from H2SO4 with distilled water. Slow evaporation of the solvent
gave (Z)-8-nonadecen-2-one (28) as a colorless oil (3.8 mg) containing 2.5% of
theE isomer (GC-MS).13C NMR (CDCl3): δ = 209.24 (s, C-2), 130.22 (d, C-9),
129.48 (d, C-8), 43.78 (t, C-3), 31.93 (t, C-17), 29.85 (q, C-1), 29.77–28.83 (t,
C-5, C-6, C-11–C-16) 27.25 (t, C-7)*, 27.03 (t, C-10)*, 23.79 (t, C-4), 22.69 (t,
C-18), 14.11 (q, C-19) (* assignments interchangeable).

1-Hydroxyhexadec-2-yl pentanoate (47) and 2-Hydroxyhexadec-1-yl pen-
tanoate (48) were prepared by the Al2O3-catalyzed reaction of 1,2-epoxyhexa-
decane with pentanoic acid as described by Burger et al. (1999a). The two isomers
were formed in a ratio of 3 : 2. HR-MS (mixture of the two isomers):m /zM+

342.309, calcd. for C21H42O3 342.313.Major component: 13C NMR (CDCl3):
δ = 174.37(s, C-1), 75.50 (d, C-2′), 64.99 (t, C-1′), 34.30 (t, C-2), 31.95 (t, C-14′),
30.56 (t, C-3′), 29.4–29.7 (t, C-5′–C-13′), 27.16 (t, C-3), 25.33 (t, C-4′) 22.72 (t, C-
15′), 22.28 (t, C-4), 14.13 (q, C-16′), 13.72 (q, C-5).Minor component: 13C NMR
(CDCl3): δ = 174.05 (s, C-1), 70.10 (d, C-2′), 68.58 (t, C-1′), 33.96 (t, C-2), 33.40
(t, C-3′), 31.95 (t, C-14′), 29.4–29.7 (t, C-5′–C-12′), 29.38 (t, C-13′), 27.05 (t, C-3),
25.39 (t, C-4′), 22.72 (t, C-15′), 22.28 (t, C-4), 14.13 (q, C-16′), 13.72 (q, C-5).

2-Piperidone (1). Cyclopentanone oxime was dried over phosphorus pen-
toxide and subjected to Beckmann rearrangement in concentrated H2SO4 to give
2-piperidone (δ-valerolactam) (Becker et al., 1973). HR-MS:m /z M+ 99.066,
calcd. for C5H9NO 99.068.13C NMR (CDCl3): δ = 172.65 (s, C-1), 42.20 (t,
C-5), 31.51 (t, C-2), 22.28 (t, C-4), 20.88 (t, C-3).

RESULTS AND DISCUSSION

A typical total ion chromatogram of an extract of the ventral secretion of
a male dwarf hamster is given in Figure 2 and the compounds identified in the
secretion are listed in Table 1. Mass spectral data are given for only a few typical
examples of the different compound classes present in the secretion, because the
spectra of compounds within each class are quite similar and the spectral data of
these typically long-chain compounds contain relatively little structural informa-
tion. The structures of representative examples of each compound type are given
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FIG. 2. Total ion chromatogram of an extract of the ventral secretion of a male dwarf
hamster,Phodopus sungorus sungorus.

in Figure 1. Tentative identification of the constituents of the secretion was based
on low-resolution EI mass spectra and CI mass spectral information obtained with
methane as reactant gas. Final confirmation of many of the proposed structures
was obtained by co-injection of an extract of the secretion with authentic synthetic
material.

It is not possible to determine unequivocally the position of double bonds in
unsaturated ketones from the low-resolution mass spectral data of their dimethyl
disulfide (DMDS) adducts, because one CO and two CH2 groups are isobaric,
so that the DMDS derivative of one alken-2-one can give rise to two diagnostic
ions with the same nominal masses (although having different accurate masses) as
those from another isomeric DMDS derivative. Both theE andZ isomers of each
of the pairs of alken-2-ones had therefore to be synthesized for retention-time
comparison. There appeared to be two series of unsaturated ketones present in
the secretion, one with the double bond in the 8 position and another one with the
double bond equidistant from the methyl terminal end of the ketones. Although the
position of the double bond of the unsaturated ketone19could not be determined,
it is quite likely that it belongs to the first of these series and could therefore be
(Z)-8-octadecen-2-one.

Although several presumably methyl-branched 2-alkanones having spectra
similar to those of the unbranched ketones are present in the secretion, these
compounds are present in such low concentrations that it was impossible to de-
termine the position of the methyl branching from the available mass spectral
data. The molecular masses of some of these ketones could be established from
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TABLE 1. COMPOUNDSIDENTIFIED IN VENTRAL SECRETION OFDWARF

HAMSTER

Peak EI Mass spectral data, Quantity
(Figure 1) Compound m /z(%) (ng/animal)

15 1-Hexadecanola,c 0.04

17 2-Heptadecanola−c 0.3
31 2-Nonadecanola−c 266(0.4), 238(0.5), 227(0.4), 181(0.5), 0.5

168(0.5), 154(0.8), 140(1), 125(1),
111(7), 97(18), 83(19), 7(15), 69(18),
57(33), 55(30), 45(100), 43(47)

43 2-Henicosanola,d 0.05

26 Hexadecane-1,2-diola−c 227(15), 125(7), 117(6), 111(24), 1.3
97(58), 83(73), 71(38), 69(75), 61(22),
57(82), 55(88), 43(100), 41(75)

32 Heptadecane-1,2-diola−c 7.1

4 2-Tridecanonea,b,c,e 0.1
5 2-Pentadecanonea−d 0.4
9 2-Hexadecanonea−d 0.05

16 2-Heptadecanonea−d 254(2), 239(1), 196(2), 194(2), 152(1), 0.2
138(1), 127(3), 96(7), 85(15), 71(44),
59(68), 58(100), 55(25), 43(97),
41(30)

23 2-Octadecanonea,b,d,e 0.3
30 2-Nonadecanonea,d 4.9
37 2-Icosanonea,b,d 0.1
42 2-Henicosanonea,b,c 1.2
52 2-Tricosanonea,b,d 0.2
6 Branched 2-hexadecanonea,b,d 0.1

12 Branched 2-heptadecanonea,b,d 0.2
20 Branched 2-octadecanonea,b,d 1.0
27 Branched 2-nonadecanonea,b,d 282(1), 224(0.1), 220(1), 96(5), 0.3

85(10), 71(38), 59(72), 58(100),
55(22), 43(100), 41(25)

35 Branched 2-icosanonea,b,d 2.2
39 Branched 2-henicosanonea,b,d 0.1
36 Branched 2-icosanonea,b,d 0.3
8 (Z)-8-Hexadecen-2-onea,b,d 0.06

13 (Z)-8-Heptadecen-2-onea−d 0.02
14 (Z)-10-Heptadecen-2-onea,b,d 0.05
19 (Z)-8-Octadecen-2-onea,b, f 0.09
22 (Z)-11-Octadecen-2-onea,b,d 0.07
28 (Z)-8-Nonadecen-2-onea−d,g 280(0.2), 265(0.1), 262(0.2), 222(1), 0.7

198(2), 184(1), 152(2), 135(4), 125(10),
111(8), 97(17), 96(15), 82(19), 81(18),
71(33), 58(25), 55(43), 43(100), 41(39)
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TABLE 1. (Continued)

Peak EI Mass spectral data, Quantity
(Figure 1) Compound m /z(%) (ng/animal)

29 (Z)-12-Nonadecen-2-onea−d,g 0.6
40 (Z)-8-Henicosen-2-onea,b,d,g 0.2
41 (Z)-14-Henicosen-2-onea,b,d,g 0.2

21 Hexadecanoic acida−c 4.9
34 Octadecanoic acida−d 2.2
45 Icosanoic acida,c,d 312(6), 269(3), 213(3), 0.5

185(4), 171(3), 157(1),
143(2), 129(20), 115(7),
97(18), 83(23), 73(65),
71(33), 61(20), 60(65),
57(69), 55(68), 43(100),
41(58)

53 Docosanoic acida−d 0.2
55 Tetracosanoic acida,c,d 0.1
10 13-Methyltetradecanoic acida−d 0.3
18 14-Methylpentadecanoic acida,c,d 0.1
24 15-Methylhexadecanoic acida−d 270(4), 227(6), 125(4), 0.6

171(3), 157(1), 143(2),
129(16), 115(6), 97(15),
83(20), 73(61), 71(26),
69(35), 61(15), 60(60),
57(58), 55(59), 43(100),
41(67)

38 17-Methyloctadecanoic acida−d 0.1
44 18-Methylnonadecanoic acida,c,d 0.1
49 19-Methylicosanoic acida−d 0.2
7 11-Methyltridecanoic acida−d 0.2

25 14-Methylhexadecanoic acida−d 270(4), 241(2), 227(3), 0.1
213(3), 185(4), 171(4),
157(3), 139(5), 129(16),
111(10), 97(23), 83(28),
73(55), 71(35), 69(44),
61(10), 60(55), 57(87),
55(98), 43(100), 41(86)

33 (Z)-9-Octadecenoic acida−e,g 282(0.4), 264(2), 256(0.5), 0.8
227(0.7), 222(1), 213(1.5),
151(2), 137(3), 123(5),
111(10), 97(30), 83(42),
73(27), 69(65), 67(33),
60(25), 57(42), 55(100),
43(80), 41(88)

3 3-Phenylpropanoic acida,c,e 150(27), 131(3), 104(44), 0.2
91(100), 79(10), 118(20),
77(24), 65(17), 51(20), 39(13)

(Continued)
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TABLE 1. (Continued)

Peak EI Mass spectral data, Quantity
(Figure 1) Compound m /z(%) (ng/animal)

47 1-Hydroxyhexadec-2-yl pentanoatea−c,e 0.2
48 2-Hydroxyhexadec-1-yl pentanoatea−c,e 0.4
50 1-Hydroxyheptadec-2-yl pentanoatea,b,e 255(0.5), 227(2), 157(0.5), 0.5

116(8), 101(10), 85(100),
69(13), 57(48), 55(23),
48(48), 41(25)

51 2-Hydroxyheptadec-1-yl pentanoatea,b,e 323(0.5), 241(2), 145(5), 0.8
116(25), 101(45), 85(100),
69(20), 57(58), 55(24),
43(52), 41(33)

54 2-Hydroxyicos-1-yl acetatea,c,e 0.1
58 4-(Hexadecadien-1-yl)-butanolidea,e, f,h 0.8
62 4-(Heptadecadien-1-yl)-butanolidea,e, f,h 376(1), 358(0.5), 332(0.5), 0.7

221(1), 166(1), 151(2),
125(5), 111(16), 97(37),
85(100), 83(42), 69(50),
57(72), 55(75), 43(89), 41(53)

1 2-Piperidonea−c,e 99(100), 70(30), 58(7), 1.0
56(15), 55(38), 43(65),
42(78), 41(59), 30(89)

2 Unidentifieda,b 0.3
59 Cholesterola−c,e 5.6
56 Unidentifieda 0.3
57 Unidentifieda 0.4
60 Unidentifieda 0.2
61 Unidentifieda 1.0
63 Unidentifieda 1.3
64 Desmosterola,c,e 0.5
65 Lanosterola,e,i 0.2
46 Unidentifieda,b 0.9

aLow resolution EI mass spectral data.
bCl(CH4) mass spectral data.
cRetention time comparison.
dRelative retention time interval comparison.
ePublished data.
f Position of double bond uncertain.
gEI mass spectral data on DMDS derivative.
hConfiguration of double bond uncertain.
i Tentative identification.

their Cl(CH4) mass spectra. The secretion contains unbranched as well as iso-
and anteiso-branched fatty acids and it is, therefore, quite likely that most of the
branched 2-alkanones could also be the iso ketones, while the unidentified ketone
36 could be 18-methyl-2-nondecanone. The retention-time increments observed
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for the branched and unbranched carboxylic acids, for example, those between the
C20 and C17 acids, correlate very well with the increments between the branched
and unbranched ketones and therefore appear to confirm this assumption. Unfor-
tunately, it was not possible to determine the position of the double bonds in the
two γ -lactones58 and62. As can be expected, their mass spectra do not contain
the required structural information and their DMDS derivatives could not be found
in the total ion chromatogram of a sample of the secretion subjected to DMDS
derivatization, probably because the high masses of the derivatives precluded their
elution from the capillary column.

According to its Cl(CH4) mass spectrum, constituent2 has a molecular mass
of 166, and the compound apparently has an acetyl function. Its mass spectrum
is similar to that of 1-acetylhydrindane, which also has a molecular mass of 166.
However, the mass spectrum of this constituent has a prominent ion atm /z109
(23%), which is relatively weak in the NBS library spectrum of 1-acetylhydrindane.
Furthermore, the mass spectrum of the constituent2 does not have an ion atm /z
148 which is present in the library spectrum. This constituent is, therefore, listed
as unidentified in Table 1.

All of the constituents eluting in the high-molecular-weight range of the total
ion chromatogram appear to be steroids. Some of these compounds remained
unidentified in the present investigation and will be subjected to further scrutiny
in future research on the dwarf hamster, because of their possible involvement in
the chemical ecology of the animal.

Varying quantities of ventral secretion were collected from individual males.
Table 1 contains quantitative data obtained from a rather large quantity (4.8 mg) of
secretion collected from one male animal. These data are included merely to serve
as a guideline for biologists planning behavioral studies on the dwarf hamster. The
variation in the quantity of ventral secretion collected from individual animals,
the probably incomplete extraction of, especially, the more polar compounds with
a small volume of dichloromethane, and the fact that different samples of the
secretion possibly contain different concentrations of moisture that is not detectable
by FID are considered to be responsible for a larger factor of uncertainty than the
use of an external standard and the unaccurate determination of the volume to
which the sample was finally concentrated.

Carboxylic acids have been identified in many mammalian exocrine secre-
tions. The longer-chain acids seem to be less common, especially in secretions
investigated during the 1960s and 1970s, possibly because long-chain acids did
not elute from some of the stationary phases and packed columns used during
the earlier years of gas chromatography, or eluted as such broad peaks as to be
almost undistinguishable from the baseline. Fatty acids were found in the anal
sac secretions of many carnivores (Albone, 1984a) and in many other mammalian
secretions. The preputial gland secretion of the musk rat,Ondatra zibethica, for
example, contains a number of saturated, monounsaturated, and diunsaturated,



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301383 June 5, 2001 11:26 Style file version Nov. 19th, 1999

1272 BURGER ET AL.

C12–C20 fatty acids (Ritter et al., 1982). Fatty acids are also found in human vagi-
nal secretions (Huggins and Preti, 1976) and in the interdigital secretion of the
reindeer,Rangifer tarandus(Brundin et al., 1978). Many of the short-chain acids
found in these secretions are iso- or anteiso-branched. 3-Phenylpropanoic acid3
was identified, among others, in the anal sac secretion of the red fox,Vulpes vulpes,
and the lion,Panthera leo(Albone and Eglinton, 1974), and in the urine of coyote,
Canis latrans(Murphy et al., 1978).

Long-chain carboxylic acids (C15–C25) were found in the occipital secretion
of the bactrian camel,Camelus bactrianus, together with some shorter-chain acids
(Ayorinde et al., 1982). Long-chain fatty acids are particularly abundant in the
interdigital secretions of bontebok,Damaliscus dorcas dorcas, and blesbok,D.
d. phillipsi, containing the saturated unbranched C6–C8, C10, C12, C14–C18, and
C20 fatty acids (Burger et al., 1999a). With the exception of the C7, C8, C10, and
C20 homologs, these acids are also present in the preorbital gland secretions of
these two subspecies, which also contain the C19 acid (Burger et al., 1999b). The
interdigital secretions of these two subspecies also contain oleic acid (Z9-C18). The
preorbital secretion of the grysbok,Raphicerus melanotis, contains the C14–C18

and C20 fatty acids (Burger et al., 1996) and that of the steenbok,R. campestris,
C8, C10, C12, C14–C16, C18, C20, and unsaturated fatty acids (Burger et al., 1999c).
Only the three C16–C18 fatty acids are present in the preorbital secretion of the
oribi, Ourebia ourebi(Mo et al., 1995) and the C8, C10, C12, C14–C16, C18, C20

fatty acids and several unsaturated analogs in the preorbital secretion of the grey
duiker,Sylvicapra grimmia(Burger et al., 1990).

With a few exceptions, long-chain alcohols have not been found in many
mammalian exocrine secretions. The identification of the C12, C14, C16, and C18

alkanols in human vaginal secretions (Huggins and Preti, 1976) is one of these
examples. Of the four long-chain C16, C17, C19, and C21 alkanols (15, 17, 31, and
43) present in the ventral secretion of the dwarf hamster, the C16 and C21 alkanols
have been identified in the interdigital secretion of the bontebok and blesbok
(Burger et al., 1999a), and the C16 alkanol in the preorbital secretion of the steenbok
(Burger et al., 1999c), as well as in the tarsal volatiles of the reindeer,Rangifer
tarandus tarandus(Andersson et al.,1975). Although the preorbital secretion of
the grysbok contains at least 22 alkanols, alkenols, and alkadienols (Burger et al.,
1996), the four alkanols found in the ventral secretion of the dwarf hamster are not
among them.

Ketones are reasonably common in mammalian exocrine secretions, and
Albone (1984b) has cited several examples of secretions containing a few short- to
medium-chain ketones. Jemiolo et al. (1987) have found several saturated, unsat-
urated, and methyl-branched unsaturated ketones in the urine of the house mouse,
Mus musculus. The ventral secretion of the dwarf hamster, however, seems to be
unique in that it contains at least 25 alkan-2-ones and alken-2-ones from C13 to
C23. Only a few of the shorter-chain members of the group of ketones present in
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the ventral secretion of the dwarf hamster were found in other animals, for ex-
ample, 2-pentadecanone (5) and 2-heptadecanone (16) in the perineal secretion
of the guinea pigs,Cavia apereaandC. porcellus(Wellington et al., 1979) and
pentadecan-2-one in the dorsal secretion of the springbok,Antidorcas marsupialis,
(Burger et al., 1981).

Unfortunately, the position of the double bonds in the two monounsaturated
γ -lactones (58 and62) could not be determined. One is immediately reminded
of a similar compound, (Z)-6-dodecen-4-olide, that was identified as a compo-
nent of the extract of the male tarsal hair tuft of the black-tailed deer,Odocoileus
hemionus columbianus(Brownlee et al., 1969) and later shown to originate from
the urine of the animal (M¨uller-Schwarze et al., 1978). The same compound was
identified in the interdigital secretions of the bontebok and blesbok, secretions
that also contain theδ-lactone, dodecan-5-olide (Burger et al., 1999a). The abso-
lute configuration of this compound in the bontebok has not yet been established.
Hexadecan-5-olide and its C17 and C18 homologs are present in the preorbital se-
cretion of the bontebok and blesbok (Burger et al., 1999b). Dodecan-4-olide has
been found in the occipital secretion of the bactrian camel (Ayorinde et al., 1982),
theγ - andδ-lactones, pentan-4-olide, hexan-4-olide, and hexan-5-olide, have been
identified in human urine (Zlatkis and Liebich, 1971); and the C8–C12 γ -lactones
in human skin lipids (Labows et al.,1979). The C15–C18 and C20 alkan-4-olides
and C16 alkan-5-olide were identified in the preorbital secretion of the grysbok
(Burger et al., 1996) and the C16 and C18 alkan-4-olides in the preorbital secretion
of the grey duiker (Burger et al., 1990).

Albone (1984c) discussed the possibility that 2-piperidone identified in the
anal sac secretions of the dog,Canis familiaris, coyote,C. latrans, and mink,
Mustela vison, could possibly be formed by the elimination of water from the
precursor 5-aminovaleric acid that is formed by fermentation processes in the anal
sac (Albone et al., 1976). 2-Piperidone has also been identified in human vaginal
secretions (Huggins and Preti, 1976).

The ventral secretion of the dwarf hamster contains five long-chain hydroxy-
esters;47, 48, 50, 51, and54. Although these hydroxyesters are not accompanied
by long-chain epoxides in the ventral and other secretions, it is nevertheless ac-
cepted as a working hypothesis that they are formed through nucleophilic substi-
tution of the corresponding epoxides by the corresponding carboxylic acids. The
preorbital secretion of the grysbok contains 2-hydroxyoctadecan-1-yl acetate and
2-hydroxyicosan-1-yl acetate (Burger et al., 1996). The related steenbok’s preor-
bital secretion contains 17 of these hydroxyesters, from 2-hydroxyheptadecan-1-
yl acetate to 1-hydroxydocos-2-yl butanoate and 2-hydroxydocos-1-yl butanoate
(Burger et al., 1999c), and the interdigital secretions of the bontebok and blesbok
contain 12 hydroxyesters, from 2-hydroxyoctadecan-1-yl acetate to 2-hydroxy-
docosan-1-yl butanoate (Burger et al., 1999a). It is not clear whether these com-
pounds have any semiochemical function because they are not very volatile.
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Similarly it is not clear whether steroids such as the ubiquitous cholesterol, its
derivative desmosterol, and lanosterol have a semiochemical function other than,
possibly, serving as controlled-release carrier materials. Cholesterol and desmos-
terol have also been identified in the interdigital secretions of bontebok and blesbok
(Burger et al., 1999a).
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SUNDERKÖTTER, C. H., WITTKOWSKI, W., and HOFFMANN, K. 1990. Fenestrated capillaries in the
ventral sebaceous gland of the Djungarian hamster,Phodopus sungorus. Acta Anat.139:45–48.

VESELOFSKY, Z., and GRUNDOVA, S. 1965. Beitrag zur Kenntnis des Dsungar-Hamsters,Phodopus
sungorus. Z. Saeugetierkd.30:306–311.

VINCENTI, M., GUGLIELMETTI, G., CASSANI, G., and TONINI, C. 1987. Determination of double bond
position in diunsaturated compounds by mass spectometry of dimethyl disulfide derivatives.Anal.
Chem.59:694–699.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301383 June 5, 2001 11:26 Style file version Nov. 19th, 1999

1276 BURGER ET AL.

WELLINGTON, J. L., BYRNE, K. J., PRETI, G., BEAUCHAMP, G. K., and SMITH, A. B. 1979. Perineal
scent gland of wild and domestic guinea pigs. A comparative chemical and behavioural study.J.
Chem. Ecol.5:737–751.

WYNNE-EDWARDS, K. E., and LISK, R. D. 1984. Djungarian hamsters fail to conceive in the presence
of multiple males.Anim. Behav.32:626–628.

YELLON, S. M., and GOLDMAN, B. D. 1984. Photoperiod control of reproductive development in the
male Djungarian hamsterPhodopus sungorus. Endocrinology114:664–670.

ZLATKIS, A., and LIEBICH, H. M. 1971. Profile of volatile metabolites in human urine.Clin. Chem.
17:592–594.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP170-301384 May 29, 2001 11:23 Style file version Nov. 19th, 1999

Journal of Chemical Ecology, Vol. 27, No. 6, 2001

MAMMALIAN EXOCRINE SECRETIONS XVI.
CONSTITUENTS OF SECRETION OF SUPPLEMENTARY

SACCULI OF DWARF HAMSTER,Phodopus sungorus sungorus

B. V. BURGER,1,* D. SMIT,1 H. S. C. SPIES,1 C. SCHMIDT,2 U. SCHMIDT,2

and A. Y. TELITSINA3

1Laboratory for Ecological Chemistry
Department of Chemistry, University of Stellenbosch

Stellenbosch 7600, South Africa
2Zoological Institute, University of Bonn

Poppelsdorfer Schloss, D-53115 Bonn, Germany
3Institute of Animal Evolutionary Morphology and Ecology, Russian Academy of Sciences

Leninsky 33, Moscow 117071, Russia

(Received January 3, 2000; accepted January 29, 2001)

Abstract—As a first step in a study of the role of the secretion of the supplemen-
tary sacculi (buccal secretion) of the dwarf hamster,Phodopus sungorus sun-
gorus, almost complete chemical characterization of the secretion was achieved.
The 35 compounds identified include carbon dioxide, hydrogen sulfide, a large
number of carboxylic acids (representing the bulk of the organic volatile fraction
of the secretion), phenol, 2-piperidone, indole, two long-chain hydroxyesters,
cholestrol, desmosterol, and lanosterol. The position of the double bonds in
γ -icosadienyl-γ -butyrolactone andγ -henicosadienyl-γ -butyrolactone could not
be determined, and these two compounds remained only partially characterized.
Large variations were found in the relative concentrations in which the short-
chain carboxylic acids are present in the secretions of individual animals, and
although this aspect was not investigated in sufficient detail in the present in-
vestigation, the difference in the carboxylic acid profiles of the secretions of
individual animals could play a role in individual recognition in this animal.

Key Words—Phodopus sungorus sungorus, dwarf hamster, mammalian semio-
chemicals, mammalian pheromones, exocrine secretion, buccal gland secretion,
supplementary sacculi.
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INTRODUCTION

Certain aspects of the biology of the dwarf hamster,Phodopus sungorus
sungorus, were summarized in the previous article in the series on mammalian
exocrine secretions (Burger et al., 2001). In addition to the ventral gland, both
male and female dwarf hamsters produce a buccal secretion from the supplemen-
tary sacculi situated at the opening of their cheek pouches. Very little information
is available on this subject. Functions attributed to this secretion include com-
munication of information about sex, identity, female breeding condition, and
even regulation of certain physiological functions inP. s. campbelli(Vasilieva and
Feoktistova, 1994). These authors reported the results of a study on the role of
the sacculi in the development of juveniles. It was found that surgical removal of
the sacculi did not influence development of the pups when they could consume
secretion from parents and littermates but that restriction or inability to consume
secretion led to a significant increase in the pup mortality, with conditions such as
nonspecific enterocolitis and disbacteriosis, and a significant delay in growth and
reproductive development. An increase in adrenal gland weight occurred in such
animals, and the effects of deprivation were found to be more pronounced in male
pups.

The buccal secretion thus appears to play an important role in the survival
and development of juvenile dwarf hamsters. Although polar involatile compounds
could be responsible for at least some of the functions attributed to the secretion,
it was decided to start with the investigation of the volatile organic fraction as a
first step towards the complete chemical characterization of the secretion. We now
report the identification of practically all its volatile organic constituents.

METHODS AND MATERIALS

General and Analytical Methods. The procedures and instrumentation used
in the identification of the constituents of the buccal secretion of the hamster were
described by Burger et al. (2001) in the previous paper in this series. In addition to
the column coated with 95%-dimethyl–5%-diphenylsiloxane copolymer used for
analysis of the ventral secretion of the male dwarf hamster, a glass capillary column
(40 m× 0.3 mm) coated with 0.375µm of OV-1701 was used for qualitative as
well as quantitative analyses of the buccal secretion of male and female dwarf
hamsters. The GC and GC-MS parameters used for analysis with the PS-089
column were also used for analyses on the OV-1701 column. These analyses were
done on both columns using extracts of the buccal secretions of individual animals
and the analyses were repeated using solventless sample introduction techniques.
Small quantities of the secretion (ca.0.2 mg) were, for example, introduced into
the injector of the GC and the GC-MS instrument using a sample introduction
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probe (Burger et al., 1990), and similar sample sizes were also introduced as a
smear on the inside of a clean injector liner. When solventless sample introduction
was used, the volatile material was cryotrapped on the column with dry ice. For
quantitative analyses, the injector was operated in the splitless mode and the data
acquisition and processing software specified in the previous paper in this series
(Burger et al., 2001) were used.

Sample Collection and Preparation.The sticky, whitish secretion was col-
lected separately from the supplementary sacculi of males and females in their
summer state, i.e., with the day length exceeding 10 hr. Samples were collected
on a weekly basis. Grasping a hamster firmly by the scruff of the neck caused the
animal to open its mouth, and the waxy secretion was collected by scooping it from
the glandular area with the device used for the collection of the animal’s ventral
secretion (Burger et al., 2001). The material was transferred from the wire loops
to a Reacti-Vial containing dichloromethane using another piece of stainless-steel
wire, after which the contents of the vial were thoroughly mixed using a thin glass
rod. This caused the secretion to be spread out on the wall of the vial. The ma-
terial in the vial was sonicated for 10 min, centrifuged for 15 min at 2500 rpm,
and the dichloromethane extract containing the organic material transferred to a
clean Reacti-Vial with a 100-µl syringe. The extract was concentrated in an inert
atmosphere (Burger et al., 1999a) for GC and GC-MS analysis. Secretion intended
for quantitative analyses was collected on a wire loop as described above. A small
sample (ca. 0.2 mg) of the material was accurately weighed into a sample intro-
duction probe (Burger et al., 1990) or a clean glass liner and immediately analyzed
to avoid losing the more volatile constituents of the secretion. Hexadecanoic acid
was used as external standard in the quantitative analyses.

Reference Compounds. Some of the compounds identified in the secretion
are commercially available, while others were available from previous research
projects. The following compounds were synthesized during the present study.

3-Phenylpropanoic acid (19). Cinnamic acid (3.06 g, 20 mmol), dissolved
in degassed methanol (25 ml), was hydrogenated at room temperature and atmo-
spheric pressure in the presence of Pd on activated carbon (5%, 300 mg) until 1.02
equivalents of hydrogen had been taken up. The catalyst was filtered off and the
methanol removed on a rotary evaporator. The product containing some residual
catalyst was taken up in dichloromethane, the solution filtered through a layer
of silica gel, and the solvent evaporated to give 3-phenylpropanoic acid (2.66g,
85.8%).13C NMR (CDCl3): δ = 179.36 (s, C-1), 140.14 (s, C-1′), 128.56 (d, C-3
and 5), 128.26 (d, C-2 and 6), 126.38 (d, C-4), 35.63 (t, C-2), 30.57 (t, C-3).

2-Hydroxyoctadec-1-yl acetate (31). A mixture of the hydroxyester (31) and
1-hydroxyoctadec-1-yl acetate was synthesized by the Al2O3-catalyzed reaction
of 1,2-epoxyoctadecane with acetic acid as described by Burger et al. (1999a). The
title compound (27) and 1-hydroxyoctadec-1-yl acetate were formed in a ratio of
1 : 3 (GC-MS). HR-MS (mixture of the two isomers):m /zM+ 255.262, calcd. for
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C20H40O3 255.269.Major component: 13C NMR (CDCl3): δ = 171.48 (s, C-1),
75.74 (d, C-2′), 64.82 (t, C-1′), 31.95 (t, C-16′), 30.51 (t, C-3′), 29.30–30.5
(t, C-5′– C-15′), 25.33 (t, C-4′), 22.71 (t, C-17′), 21.20 (q, C-2), 14.12 (q, C-18′).
Minor component(31): 13C NMR (CDCl3): δ = 171.20 (s, C-1), 69.99 (d, C-2′),
68.81 (t, C-1′), 33.37 (t, C-3′), 25.38 (t, C-4′) 29.30 (t, C-5′–C-15′), 31.95 (t,C-16′),
22.71 (t, C-17′), 20.89 (q, C-2), 14.12 (q, C-18′).

2-Hydroxyicos-1-yl acetate (32). A mixture of the hydroxyester (32) and
1-hydroxyicos-2-yl acetate was prepared from 1,2-epoxyicosane as described
above. The two isomers were present in the product in a ratio of 1 : 2 (GC-MS). HR-
MS (mixture of the two isomers):m/zM+ 356.332, calcd. for C22H44O3 356.329.
Major component:13C NMR (CDCl3): δ = 171.55 (s, C-1), 75.75 (d, C-2′), 64.81
(t, C-1′), 31.95 (t, C-18′), 30.52 (t, C-3′), 29.3–30.5 (t, C-5′–C-17′), 25.33 (t, C-4′),
22.71 (t, C-19′), 21.22 (q, C-2), 14.13 (t, C-20′). Minor component(32): 13C NMR
(CDCl3): δ = 171.27 (s, C-1), 70.00 (d, C-2′), 68.80 (t, C-1′), 33.38 (t, C-3′),
31.95 (t, C-18′), 29.3–31.0 (t, C-5′–C-16′), 29.18 (t, C-17′), 25.39 (t, C-4′), 22.71
(t, C-19′), 20.90 (q, C-2), 14.13 (q, C-20′).

RESULTS AND DISCUSSION

A typical total ion chromatogram of an extract of the buccal secretion of a
male dwarf hamster is given in Figure 1. Tentative identification of the constituents
of the secretion was based on low-resolution mass spectral data, supported by
information obtained by their chemical ionization mass spectra, generated with
methane as reactant gas. Final confirmation of most of the proposed structures
was obtained by coinjection of an extract of the secretion with authentic synthetic
material.

Solventless sample introduction made it possible to identify even highly
volatile constituents of the secretion such as carbon dioxide (which was to be
expected in the material and is probably extracted from the animal’s breath),
hydrogen sulfide, and trimethylamine. The bulk of the volatile organic fraction of
the secretion consists of short-chain carboxylic acids. These compounds together
with the hydrogen sulfide and trimethyl amine are responsible for the unpleasant
odor of the animal’s breath.

A few diunsaturated compounds could not be fully characterized because
dimethyl disulfide (DMDS) derivatization did not yield informative mass spectral
data. This was probably due to the high molecular masses of the derivatives, which
are expected to elute as flat peaks in the upper isothermal part of the chromatogram
of the material subjected to DMDS derivatization. The interpretation of the mass
spectra of long-chain hydroxyesters has been discussed by Burger et al. (1996).
In the present study the identification of the hydroxyesters31 and32 was based
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FIG. 1. Total ion chromatograms of the secretion of the supplementary sacculi (buccal
secretion ) of the dwarf hamster,Phodopus sungorus sungorus: (A) Analysis of unprocessed
secretion on a relatively polar column (OV-1701) using solventless sample introduction;
(B) Extract of the secretion analized on an apolar column (PS-089).

mainly on their coelution with the synthetic hydroxyesters because they are present
in the secretion in such low concentrations that some of the less abundant ions
were not visible in the high-molecular-weight range of their mass spectra. The two
unsaturatedγ -lactones,33 and36, which are also present in the ventral secretion
of the dwarf hamster (Burger et al., 2001), remained incompletely characterized
in the present investigation. The compounds identified in the buccal secretion are
listed in Table 1 together with information on the analytical techniques employed
in their identification, and some quantitative data on the constituents present in
male and female secretions. Several compounds identified in the animal’s buccal
secretion are also present in its ventral secretion. In addition to the structures of
representative examples of these compounds given in the paper on the ventral
secretion (Burger et al., 2001), the structures of some of the compounds that are
not common to both secretions are given in Figure 2.

Typically about 1–4 mg of secretion could be collected from one animal, but
some of the animals from our colony consistently produced almost no secretion.
The quantitative determination of the volatile organic constituents of the secretion
posed a problem because polar compounds such as the short-chain carboxylic acids
were not quantitatively extracted with small quantities of dichloromethane from
the mucoid material in which they are produced. The highly volatile constituents
are lost during concentration of extracts when larger quantities of solvent are used.
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FIG. 2. Structures of some representative examples of the compounds identified in the
buccal secretion of the dwarf hamster,P. s. sungorus.

Solventless sample introduction, on the other hand, discriminates to a certain ex-
tent against the heavy constituents of the secretion. Furthermore, the FID in GC
analyses and the mass spectrometer in GC-MS analyses both have different quanti-
tative responses to small and large molecules, while CO2 and H2S are not detected
by FID. Ideally the volatile organic constituents present in the headspace gas of
the secretion should be determined at temperatures corresponding to the hamster’s
body temperature in their summer and winter states. Furthermore, the extreme
polarity differences between highly polar compounds such as ethanoic acid and
the less polar long-chain constituents of the secretion, make it difficult to suggest
an universal stationary phase for sample enrichment. Headspace analysis of the
buccal secretion was not done in the present investigation. The quantitative data in
Table 1 were obtained by combining the results of analyses using different capillary
columns and sample introduction techniques in GC as well as GC-MS analyses.
Although the quantitative results probably represent a relatively accurate picture
of the quantitative composition of the secretion analyzed, the data are considered
to be somewhat preliminary at this stage and are given merely as a guideline for
biologists planning behavioral studies on the dwarf hamster. Nevertheless, the re-
sults do give quite a reliable picture of the ratio in which compounds within limited
volatility ranges are present in the secretion. Some of the largest quantitative dif-
ferences among the buccal secretions from individual animals were found among
the short-chain carboxylic acids, and the role of these compounds in individual
and sexual recognition inP. sungorusshould be investigated in more detail.

The highly volatile compounds, carbon dioxide (1), hydrogen sulfide (2),
and trimethylamine (3) were detected in the secretion because solventless sample
introduction techniques were employed in GC and GC-MS analyses in addition
to conventional analysis of extracts. These compounds are almost completely lost
from an extract if the solvent has to be evaporated to concentrate an extract for anal-
ysis. The presence of carbon dioxide in the secretion is to be expected because it is
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extracted from expired breath of the animal by the moisture-containing secretion.
Hydrogen sulfide does not feature in reports on mammalian exocrine secretions,
probably because it is not detected by FID. It will also not be registered in the total
ion chromatogram if the mass spectra are scanned from a mass higher thanm/z
34. Hydrogen sulfide, trimethylamine, and the short-chain fatty acids, of which
almost all the unbranched, iso- and anteiso-branched members from C2 to C6 are
present in the buccal secretion, are probably responsible for the obnoxious smell
of the dwarf hamster’s breath and the secretion. A mixture of similar volatile
fatty acids has been identified in many mammalian secretions, such as, for exam-
ple, the interdigital secretion of the reindeer (Brundin et al., 1978), the perineal
scent gland of guinea pigs (Wellington et al., 1979), and human vaginal secretion
(Huggins and Preti, 1976). The microbial production of trimethylamine, indole
(18), other amines, organosulfur compounds, and fatty acids from amino acids
in mammalian exocrine secretions has been reviewed and discussed by Albone
(1984). The occurrence of long-chain saturated and unsaturated fatty acids, 2-
piperidone (16), and 3-phenylpropanoic acid (19) in mammalian exocrine secre-
tions was discussed briefly in the previous paper in this series (Burger et al., 2001).

Long-chain acetates are not common in mammalian secretions. Several have,
however, been identified in the male abdominal scent gland of the jird,Meriones
tristrami (Kagan et al., 1983), the preputial secretion of the mouse,Mus musculus
(Spener et al., 1969), and the preorbital secretion of the male oribi,Ourebia orebi
(Mo et al., 1995).

Phenol (13) and its derivatives, such as the three isomeric cresols, other alkyl-
substituted phenols, and phenolic acids, are present in many mammalian secre-
tions. Phenol andp-cresol were found in human vaginal secretions (Huggins and
Preti, 1976);p-ethylphenol,p-propylphenol, and pyrocatechol in castoreum of the
beaver,Castor fiber, (Lederer, 1946, 1949); phenol,m- andp-cresol, andm- and
p-propylphenol in aged urine of some African Bovidae (Madubunyi et al., 1996);
and phenol,m-cresol,m-ethylphenol, andm-propylphenol in the interdigital secre-
tions of the bontebok,Damaliscus dorcas dorcas, and the blesbok,D. d. phillipsi
(Burger et al., 1999a). The preorbital secretions of the antelope we have so far in-
vestigated do not contain phenols and phenolic compounds. As far as mammalian
exocrine secretions are concerned, phenol and phenolic compounds are apparently
found in glandular structures in which the conditions are favorable for survival of
microorganisms and the accumulation of the secretions of the gland and/or the
products of microbial activity.

Oxindole (21) as its steroid conjugate has been identified in the urine of
children (Voeltler et al., 1971). Acetophenone has been identified in the urine of
the red fox,Vulpes vulpes(Jorgenson et al., 1978), andp-hydroxyacetophenone in
castoreum of the beaver (Lederer, 1946, 1949).

Hexanal (7) is a potent odor with a threshold value to the human nose slightly
lower than that of limonene (Ohloff, 1978), which has been identified in human
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breast milk (Stafford et al., 1976). It has also been found in interdigital and pre-
orbital secretions of the bontebok,Damaliscus dorcas dorcasand blesbok,D. d.
phillipsi (Burger et al., 1999a,b), and in the preorbital secretions of the steenbok,
Raphicerus campestris(Burger et al., 1999c). In the interdigital secretions of the
bontebok and blesbok, this aldehyde is accompanied by another nine saturated and
unsaturated C7–C10 aldehydes. The origin of aldehydes in mammalian secretions
has not been established, but in addition to the possibility that they are produced
by the exocrine glands of the mammals or by microbial action, short- to medium-
chain aldehydes are also produced by the autoxidation of unsaturated lipids such
as, for example, unsaturated triglycerides.

Unbranched short- to intermediate-chain alkanes have been identified in
human effluvia (Ellin et al., 1974). The alkanes found in some mammalian ex-
ocrine secretions are mostly unbranched with intermediate to long chain lengths
consisting of even as well as odd numbers of carbon atoms (Burger et al., 1990,
1999a–c). It has to be accepted that these compounds are produced by the glands
or by microflora present in the glandular structures because there does not seem to
be evidence that their presence can be ascribed to contamination of the secretions
with, for example, petroleum products. The twoγ -lactones (33 and36) that are
also present in the ventral secretion of the male dwarf hamster remained uniden-
tified in this investigation. 2-Hydroxyicos-1-yl acetate (32) was also found in the
male ventral secretion, but instead of 2-hydroxyoctadec-1-yl acetate (31), present
in the buccal sectretion, the ventral secretion contains the 1-hydroxyhexadec-2-yl
and 2-hydroxyhexadec-1-yl pentanoates and their hydroxyheptadecyl analoges.
The presence of theseγ -lactones, hydroxyesters, and the steroidal compounds
cholesterol (34), desmosterol (37), and lanosterol (38) in the dwarf hamster was
briefly referred to in the article on the ventral secretion of the animal (Burger
et al., 2001).
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Abstract—Genetic and environmental variability, and their interactions,
influence phytochemical composition and, in turn, herbivore performance. We
evaluated the independent and interactive effects of plant genotype, nutrient
availability, and defoliation on the foliar chemistry of quaking aspen (Populus
tremuloides) and consequences for performance of gypsy moths (Lymantria dis-
par). Saplings of four genotypes were grown under two conditions of nutrient
availability and subjected to three levels of artificial defoliation. Concentrations
of all secondary and primary metabolites evaluated responded to at least one
or more of the experimental treatments. Of the secondary metabolites, phenolic
glycosides were affected strongly by genotype, less so by nutrient availability,
and not induced by defoliation. Condensed tannins were strongly dependent
upon genotype, soil nutrient availability, and their interaction, and, in contrast
to phenolic glycosides, were induced by artificial defoliation. Of the primary
metabolites, foliar nitrogen was affected by genotype and soil nutrient availabil-
ity. Starch concentrations were affected by genotype, nutrient availability, def-
oliation and interactions among these factors. Foliar water content responded to
genotype, nutrient availability, and defoliation, and the effect of nutrient availabi-
lity depended on genotype. Herbivore performance on these plants was strongly
influenced by plant genotype and soil nutrient availability, but much less so by
defoliation. Although several of the compound types (condensed tannins, starch,
and water) responded to defoliation, quantitative variation in these compounds
did not contribute to substantive changes in herbivore performance. Rather, the
primary source of variation in insect performance was due to plant genotype
(phenolic glycoside levels), while nutrient availability (foliar nitrogen levels)
was of secondary importance. These results suggest that genetic variation in
aspen plays a major role in determining patterns of insect performance, whereas
environmental variation, such as was tested, here is of negligible importance.

∗ To whom correspondence should be addressed. e-mail: osier@entomology.wisc.edu. Current address:
Department of Biology, Fairfield University, Fairfield, Connecticut 06430.
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Key Words—Plant–insect interactions, genotypic variability, fertilization, de-
foliation, quaking aspen,Populus tremuloides, gypsy moth,Lymantria dispar,
phenolic glycosides, condensed tannins.

INTRODUCTION

Quantitative variation in both primary and secondary plant chemistry is largely re-
sponsible for patterns of herbivore performance and distribution across available
hosts (Krischik and Denno, 1983; Schultz, 1988; Bernays and Chapman, 1994;
Berenbaum, 1995). Variation in phytochemistry is due to plant genotype, environ-
ment, and interactions between genotype and environment (Karban, 1992). Numer-
ous studies have evaluated the independent effects of genotype (e.g., Foulds and
Grime, 1972; Bowers and Stamp, 1992; Orians et al., 1993; Hwang and Lindroth,
1997; Rousi et al., 1997; Han and Lincoln, 1997) and environmental factors such
as nutrient availability (e.g., Larsson et al., 1986; Bryant et al., 1987a,b; Bj¨orkman
et al., 1991) and herbivore damage (e.g., Baldwin, 1988; Karban, 1993; Julkunen-
Tiitto et al., 1995) on plant chemistry and plant–herbivore associations. However,
the relative importance of, and interactions among, genetic and environmental
factors remains poorly understood (Karban, 1992; Stiling and Rossi, 1996).

We used an experimental system including quaking (=trembling) aspen (Pop-
ulus tremuloides) and the gypsy moth (Lymantria dispar) to test the effects of
plant genotype, two environmental factors (nutrient availability and foliar dam-
age), and their interactions on phytochemistry and herbivore performance. Quak-
ing aspen is adapted to a variety of habitats (Mitton and Grant, 1996) and is the
most widely distributed tree species in North America (Dickmann and Stuart,
1983). Quaking aspen has high genetic variability; variation can be observed
for leaf and bark morphology, leaf phenology, and growth rate (Barnes, 1969;
Dickmann and Stuart, 1983; Perala, 1990; Mitton and Grant, 1996). Moreover,
clones vary in susceptibility to disease and herbivores (Barnes, 1969; Dickmann
and Stuart, 1983; Perala, 1990). Across its range, quaking aspen is attacked by over
100 species of insects, a number of which are prone to population outbreaks
(Perala, 1990). One such insect is the gypsy moth, which causes significant, but
not uniform, defoliation to aspen during outbreaks in the Great Lakes region of the
United States.

This system is well suited to studies of genotype× environment interac-
tions because variation in aspen phytochemistry is known to have both genetic
and environmental components (Lindroth and Hwang, 1996) and because induced
responses have been documented forPopulusspecies (Nef, 1988; Mattson and
Palmer, 1988; Havill and Raffa, 1999). Variation in phytochemistry among clones
has consistently been found to impact herbivores, and high concentrations of phe-
nolic glycosides have strong and typically negative effects on herbivore devel-
opment (Hemming and Lindroth, 1995; Hwang and Lindroth, 1997, 1998) and
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fecundity (Osier et al., 2000). Although less well studied than genotypic effects,
environmental factors also alter phytochemistry and herbivore performance on as-
pen. For example, availability of resources (nutrients, CO2, light) affects aspen
phytochemistry and herbivore performance (Bryant et al., 1987b; Lindroth et al.,
1993; Kinney et al., 1997; Hemming and Lindroth, 1999; Agrell et al., 2000). In-
duced chemical responses in aspen are less well understood. Previous research has
documented rapidly induced responses in secondary chemistry as a result of foliar
damage. Responses have included slight increases in phenolic glycoside content
(Lindroth and Kinney, 1998) and increases in condensed tannin (Clausen et al.,
1989; Roth et al., 1998) and total phenolic (Mattson and Palmer, 1988) concen-
trations. The demonstrated impact of such induced chemical changes on insect
performance, however, has been small (Lindroth and Kinney, 1998) to nonexistent
(Roth et al., 1998). Varied responses among studies with aspen suggest that genetic
or environmental factors may modulate the induction response.

METHODS AND MATERIALS

Experimental Design.The experiment was a completely randomized design
with four aspen genotypes, two levels of soil nutrients, and three levels of defoli-
ation. Each combination of aspen genotype, nutrient availability, and defoliation
(24 treatment combinations) was replicated with four independent saplings in a
fully factorial design (a total of 96 saplings).

Aspen Clonal Material, Propagation and Growth Conditions.The four
experimental genotypes represent a range of low to high levels of constitutive
resistance (Hwang and Lindroth, 1997, 1998). Responses of the genotypes to
nutrient availability and damage were unknown. The genotypes originated from
root material collected from several sites in south-central Wisconsin (Hwang and
Lindroth, 1997). Genotypes A, B, C, and D correspond to Wau 1 (Waushara
County), Dan 1 and 2 (Dane County), and Sau 3 (Sauk County), respectively,
of Hwang and Lindroth (1997). Root material for use in this study was obtained
from saplings maintained for several years in a common garden on the University
of Wisconsin–Madison campus.

The four aspen genotypes were propagated from root cuttings (as in Hwang
and Lindroth, 1997) in summer 1996. Suckers were planted in 1-liter pots and
grown outside until leaf drop in autumn 1996. Saplings were bare-rooted and
overwintered in moist peat moss at 4◦C. In the spring of 1997, saplings were
potted individually in 16-liter pots containing a 7:3 mixture of sand and local
field soil (silt loam). To manipulate nutrient availability, Osmocote 8–9 month
slow release fertilizer (18:6:12 N-P-K+ micronutrients) was added at a rate of
3.5 g/liter to high-nutrient pots; low nutrient pots received no fertilizer. Saplings
were watered and maintained throughout the summer of 1997. In the spring of
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1998, high-nutrient plants were treated (top dressed) for a second time with the
same dose of fertilizer as used previously.

Artificial Damage.Saplings were defoliated May 14, 1998, to coincide with
the period when attack by outbreaking herbivores, such as young gypsy moth or
forest tent caterpillars, would be expected. The goals of our simulated herbivore
feeding were to remove leaf area to produce carbon stress (mimicking leaf area
removed by feeding) and to maximize damage along the cut edge [assuming the
cue for induction would come from the remaining damaged portion of the leaf
(Mattson and Palmer, 1988)]. To accommodate both goals, leaves were cut across
the mid-rib near the base of the leaf. This procedure removed 90% of the area of
each leaf damaged, yet produced a long cut edge. Herbivore damage was simulated
using hair-thinning shears, which produce a more ragged cut than regular shears.
The damage treatment had three levels: 0, 25, and 75% of the leaves on a plant
damaged. Within each branch, leaf plastochron index 1, 2, 3, or 4 was chosen
randomly as the starting point. In the 25% damage treatment, every fourth leaf
from the starting point was damaged, and in the 75% damage treatment, every
fourth leaf from the starting point was skipped.

Although studies have shown that mechanically damaged foliage is not al-
ways of identical quality to herbivore-damaged foliage (Baldwin, 1990; Hartley
and Lawton, 1991), we chose to artificially damage our saplings for several rea-
sons. First, artificial damage can be inflicted more uniformly across genotype and
nutrient treatments than can damage by free-feeding insects. For example, we knew
from previous studies that the well-defended genotype used in this study (genotype
D) is extremely unpalatable to herbivores (Hwang and Lindroth, 1997, 1998) and
that it would not be possible to inflict a uniform amount of insect damage among
the replicates of this genotype. Second, free-feeding insects would likely feed se-
lectively on the best foliage, leaving the poorer foliage for insect bioassays and
chemistry collections. Such experimental artifacts would falsely indicate induc-
tion. Finally, a recent study with hybrid poplar (Havill and Raffa, 1999) showed
that artificial damage and damage from feeding herbivores generated foliage of
statistically similar quality for gypsy moths. Moreover, it showed that genotypes
that responded to any induction stimulus (artificial damage or gypsy moth dam-
age) were likely to respond similarly to others, that is, no genotype× elicitor type
interaction was found.

Rationale for Magnitude of Treatments Applied.For the test of genotypic
variation, we chose genotypes that span the known range of resistance against
foliar-feeding Lepidoptera such as the gypsy moth, forest tent caterpillar, big
poplar sphinx moth, and Canadian tiger swallowtail. Thus, our aspen genotypes
represented a range of low (genotype A), moderate (genotypes B and C), and high
(genotype D) levels of phenolic glycosides (Hwang and Lindroth, 1997). Likewise,
for our nutrient treatment we applied levels that span the range from very poor
growth (our low nutrient level) to optimal growth without overfertilization (our
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high nutrient level) (Hemming and Lindroth, 1999). The nutrient levels we used
produced 2.5-fold variation in size after one year (based on an index of height×
basal diameter2). Foliage of low-nutrient plants was more yellow, although not
chlorotic, when compared to the deep green foliage of high-nutrient plants (Osier,
personal observation). For the defoliation experiment, we used levels that span
the range of defoliation experienced by aspen in the field (control, minimal dam-
age without substantial carbon stress, and severe damage) as recommended by
Neuvonen and Haukioja (1985).Populusspecies can withstand 25% defoliation
(our low level) with no growth inhibition, whereas≥75% defoliation (our high
level) results in carbon stress and growth loss (Hodson, 1981; Bassman et al., 1982;
Reichenbacker et al., 1996).

Insect Bioassays.To match the phenology of the larvae and foliage of the
experimental saplings, bioassays began on May 24 (approximately four weeks
after budbreak and 10 days after defoliation). At this time, the foliage was of
appropriate age and toughness (fully expanded and nearly fully mature) for fourth
stadium gypsy moths. Fourth instars were used in bioassays because responses to
phytochemistry of this developmental stage are representative of much of the larval
developmental period (Lindroth and Bloomer, 1991; Hwang and Lindroth, 1997;
Hemming and Lindroth, 1999). Due to quarantine restrictions, bioassays were
conducted using excised foliage in Percival growth chambers within the University
of Wisconsin Biotron. Growth chambers were maintained at a 15L:9D photoperiod
and 25/10◦C to simulate early summer conditions in Madison, Wisconsin (National
Climatic Data Center).

Gypsy moth egg masses were provided by USDA-APHIS (Otis Air National
Guard Base, Massachusetts). Egg masses were surface sterilized in a solution
of 0.1% sodium hypochlorite with 1% Tween 80 (Sigma, St. Louis, Missouri)
as a surfactant. All larvae were reared on aspen foliage known to contain low
concentrations of plant secondary compounds until the end of the third stadium.
Upon molting into the fourth stadium, larvae were assigned randomly among the
treatments. To reduce the potential of bias due to loss of experimental cells, multiple
larvae (subsamples) were reared on foliage from each of the four replicate saplings
per treatment combination: three larvae were reared per sapling for genotypes A,
B, and C, and six larvae per sapling for genotype D (more larvae were used
per sapling for genotype D because of anticipated mortality due to high levels
of constitutive resistance). Because the sapling served as the experimental unit,
average performance of each group of larvae reared on foliage from a particular
sapling was used for statistical analysis. To control for the effects of leaf age in
insect bioassays and chemistry collections, we collected foliage from only the
initial leaf flush (which comprises>95% of available leaves in the spring) and
avoided new leaves at indeterminately growing shoot tips. Foliage was removed in
a haphazard manner from the remaining undamaged foliage located on the upper
third of each sapling. To maintain leaf turgor and freshness, floral waterpiks were
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used and foliage was changed at least every three days; treatment of foliage in
this way has been shown to maintain foliar concentrations of aspen compounds
important for insect feeding (Lindroth, unpublished data).

Larvae for use in the bioassays were restricted to females because with the
experimental design employed (relatively low replication and minimal subsam-
pling), there was a high probability of losing experimental cells due to nonuni-
form distribution of gender across replicates (i.e., all males or females on a
sapling). Gender of newly molted fourth-instar larvae was determined by use
of known weight distributions from previous studies. This approach was highly
successful, as>95% of the larvae used in the experiment were females. At the
conclusion of each bioassay, gender was definitively determined by inspection
of the genital pores of the fifth stadium larvae. Males were removed from the
study.

Final larval mass, stadium duration, and consumption were recorded for the
fourth stadium. Herbivore relative growth rate (RGR) and efficiency of conver-
sion of ingested food to biomass (ECI) were calculated as in Waldbauer (1968).
Calculation of relative growth rate was modified to use initial biomass rather than
average biomass as the relative term (Farrar et al., 1989).

Chemical Analyses.Foliage was collected from experimental saplings on
May 29, 1998, two weeks after defoliation and approximately midway through
the insect bioassays. Fifteen leaves were collected per sapling by snipping leaves
cleanly at the petioles; removing leaves in this way has been shown not to induce a
response from the ramet (Mattson and Palmer, 1988). After removal, leaves were
transported to the laboratory in plastic bags on ice, flash-frozen in liquid nitrogen,
freeze-dried in a cooled specimen chamber (−10◦C), ground through 40 mesh in
a Wiley mill, and stored at−20◦C until analysis. Treatment of aspen leaf material
in this manner preserves labile compounds such as phenolic glycosides (Lindroth
and Koss, 1996).

Percent water was determined gravimetrically, by the ratio of leaf dry mass
to fresh mass. To measure nitrogen levels, Kjeldahl acid digestions were con-
ducted using the method of Parkinson and Allen (1975), followed by nitrogen
quantification using the micro-Nesslerization method of Lang (1958). Glycinep-
toluene-sulfonic acid (5.665% nitrogen) was similarly digested and served as the
standard. Condensed tannins were exhaustively extracted from leaf tissue in 70%
acetone at 4◦C (with 10 mM ascorbic acid as an antioxidant). To quantify con-
densed tannins in the extract, we used the butanol–HCl method of Porter et al.
(1986). As the standard, we used condensed tannins purified from aspen by the
method of Hagerman and Butler (1980). Concentrations of phenolic glycosides
were determined by high performance thin-layer chromatography as described by
Lindroth et al. (1993). Salicortin and tremulacin purified from aspen leaves served
as standards. Starch was determined by the enzymatic method of Schoeneberger
et al. (unpublished method).
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Statistical Analyses.The effects of aspen genotype, soil nutrient availability,
defoliation, and their interactions on aspen phytochemistry and insect performance
data were analyzed using fixed-effects analysis of variance [PROC MIXED, Ver-
sion 8 (SAS Institute, 1989)] with a completely randomized design. Criticalα

was 5% for this study. When subsampling was used (i.e., multiple insects reared
per sapling), a mean was generated so that the unit of replication was the sapling
(N = 4). We did not use analysis of covariance for the analysis of herbivore perfor-
mance parameters, contrary to the recommendation of Raubenheimer and Simpson
(1992). Because of the subsampled nature of this design, variation in initial lar-
val weights among saplings was very low after generating means within saplings.
Therefore, ANCOVA was not used, as specified by the model fitting guidelines of
Littell et al. (1996).

To relate gypsy moth performance to quantitative variation in aspen phyto-
chemistry, we used stepwise multiple regression [PROC REG, Version 8 (SAS
Institute, 1989)]. Stepwise regression in SAS uses a combination of forward se-
lection (α = 0.10) and backward elimination (α = 0.10) to fit a model. We used
group means for each defoliation×genotype×nutrient combination (N = 24). To
illustrate the relative proportion of variance explained by individual independent
variables (phytochemicals), the contributions of individual coefficients of deter-
mination (partialR2) to the total (R2) are described when applicable. This is a
valid approach in multiple regression when independent variables (phytochemical
concentrations) in the model are not intercorrelated (Sokal and Rohlf, 1995). This
was the case for the phytochemicals related with insect relative growth rate and
final mass in this study (Table 1 and Table 3). To investigate relationships among
phytochemicals and between constitutive and induced levels of plant secondary
compounds, we used correlation analyses [PROC CORR, Version 8 (SAS Institute,
1989)].

TABLE 1. CORRELATION MATRIX OF RELATIONSHIPSAMONG ASPENPHYTOCHEMICALS

FROM 24 COMBINATIONS OF PLANT GENOTYPE, NUTRIENT AVAILABILITY , AND

DEFOLIATIONa

Phenolic Condensed
glycosides tannins Nitrogen Starch

r P r P r P r P

Condensed tannins −0.283 0.180
Nitrogen −0.105 0.625 −0.770 <0.001
Starch −0.374 0.072 0.165 0.440−0.268 0.203
Water −0.649 <0.001 −0.410 0.046 0.700 <0.001 0.164 0.442

aPearson product–moment correlations are based on the mean values for each treatment.
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RESULTS

Phytochemistry.Concentrations of both secondary and primary metabolites
were universally affected by plant genotype and soil nutrient availability and in
some cases were influenced by defoliation (Figures 1 and 2). Significant interac-
tions among the factors were generally uncommon. Foliar concentrations of plant
secondary metabolites (phenolic glycosides and condensed tannins) responded
differently to the treatments (Figure 1). Phenolic glycoside concentrations were
highly variable among genotypes and were slightly higher under conditions of
high nutrient availability, but were unaffected by defoliation (Figure 1). Phenolic

FIG. 1. Norm of reaction plots for phenolic glycoside and condensed tannin concentrations
of aspen foliage in relation to nutrient availability and defoliation.P values indicate the
results of three-way ANOVA: genotype (G)df= 3; nutrient availability (N)df= 1; defo-
liation (D) df = 2; G× N df = 3; G× D df = 6; N × D df = 2; G× N D df = 6. Each
line represents a single aspen genotype. Vertical lines represent 1 standard error (calculated
based on the pooled variance) of the mean.
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FIG. 2. Norm of reaction plots for foliar nitrogen, starch, and water concentrations of aspen
foliage in relation to nutrient availability and defoliation. Format as in Figure 1.

glycoside concentrations were strongly dependent upon aspen genotype, which
accounted for 93% of the variation explained (Figure 3). In contrast, concentra-
tions of condensed tannins were strongly affected by all three treatments (Figure 1).
Tannin concentrations averaged 1.8-fold higher under low nutrient availability and
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FIG. 3. Proportion of “explained variation” in relation to aspen genotype (G), nutrient avail-
ability (N), defoliation (D), and their interactions for phytochemical variables. For each
variable, experimental treatments and interactions are ranked in decreasing order (clock-
wise from 12 o’clock) of the proportion of variation explained. Proportion of “explained
variation” was calculated as: mean square for each treatment/total mean square explained.
For the sake of clarity, only variation due to significant parameters is shown (in all cases
variation due to nonsignificant factors was<1% of the total).
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TABLE 2. CORRELATIONSBETWEENINDUCED LEVELS OFCONDENSEDTANNINS AND

CONSTITUTIVE RESISTANCE(CONDENSEDTANNINS, PHENOLIC GLYCOSIDES, OR THEIR

COMBINATION) UNDER LOW AND HIGH NUTRIENT AVAILABILITY a

Induced levels of tannins under the experimental treatments

Low damage, Low damage, High damage, High damage,
Low nutrient High nutrient Low nutrient High nutrient

Constitutive levels r P r P r P r P

Condensed tannins 0.566 0.435−0.132 0.867 0.914 0.086 0.973 0.027
Phenolic glycosides 0.968 0.032−0.682 0.318 −0.311 0.689 −0.621 0.379
Combined 0.572 0.428 −0.826 0.174 0.328 0.672 −0.087 0.913

aPearson product–moment correlations are based on a mean value per treatment (N = 4 clones).

were induced by defoliation. In addition, the effect of defoliation was influenced by
nutrient availability; condensed tannins were more strongly induced under condi-
tions of low nutrient availability. Soil nutrient availability accounted for the greatest
amount of the variation (82%) among treatments, whereas plant genotype, defoli-
ation, and the nutrient× defoliation interaction accounted for only 13, 3, and 1%
of the variation, respectively (Figure 3). Under conditions of low damage, induced
levels of condensed tannins related positively to phenolic glycosides (low nutri-
ent availability) (Table 2). Under conditions of severe damage, however, induced
levels of tannins related positively to constitutive levels of tannins (Table 2).

Similar to the secondary metabolites, patterns of responses of primary meta-
bolites varied among the treatments (Figure 2). Foliar nitrogen was minimally
variable among the genotypes and increased 1.4-fold with nutrient addition, but
was not affected by defoliation (Figures 2 and 3). Foliar concentrations of starch
were variable among genotypes and reduced by nutrient addition and defoliation.
Although all factors interacted significantly, the magnitude of the defoliation ef-
fect was reduced dramatically by high nutrient availability for some genotypes
(Figures 2 and 3). Concentrations of foliar water were significantly affected by
plant genotype, soil nutrient availability, and defoliation, but the magnitude of
variation in response to these treatments was small compared to that of the other
phytochemicals measured (Figure 1).

Insect Performance.Plant genotype and nutrient availability affected all
gypsy moth performance parameters, whereas defoliation affected only herbivore
relative growth rate (Figures 4 and 5). Insect relative growth rate was strongly
affected by aspen genotype, which accounted for the greatest proportion (78%) of
the variation (Figures 4 and 6). Nutrient availability, although highly significant,
had less of an effect on growth rate than did plant genotype (Figures 4 and 6).
Larvae grew faster feeding on foliage from the high-nutrient treatment, and this
effect depended upon plant genotype (Figure 4). Relative growth rates were weakly
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FIG. 4. Norm of reaction plots for gypsy moth relative growth rate, final mass, and develop-
mental time in relation to nutrient availability and defoliation. Format as in Figure 1.
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FIG. 5. Norm of reaction plots for gypsy moth consumption and utilization efficiency in
relation to nutrient availability and defoliation. Format as in Figure 1.

affected by the defoliation treatments; insects feeding on defoliated plants grew
more slowly than did those feeding on undamaged plants (Figure 4). Treatment
effects on the dry mass of newly molted fifth-stadium larvae and on developmental
time paralleled those of relative growth rate, except that a defoliation effect was not
observed (Figures 4 and 6). Food consumption by larvae varied among the aspen
genotypes and increased an average of 1.6-fold under low nutrient availability.
Consumption was not, however, affected by defoliation treatment (Figures 5 and
6). Similarly, the efficiency of conversion of ingested food to biomass (ECI) was
moderately affected by aspen genotype, enhanced by high nutrient availability,
and unaffected by defoliation (Figures 5 and 6).

Relationship of Herbivore Performance to Phytochemistry.Stepwise regres-
sions indicate that gypsy moth performance was related to concentrations of a
number of phytochemicals; these correlations accounted for a large proportion of
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FIG. 6. Proportion of “explained variation” in relation to aspen genotype (G), nutrient avail-
ability (N), defoliation (D), and their interactions for insect performance variables. For each
variable, experimental treatments and interactions are ranked in decreasing order (clock-
wise from 12 o’clock) of the proportion of variation explained. Proportion of “explained
variation” was calculated as: mean square for each treatment/total mean square explained.
For the sake of clarity, only variation due to significant parameters is shown (in all cases
variation due to non-significant factors was<1% of the total).
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TABLE 3. PHYTOCHEMICAL COMPONENTSACCOUNTING FORVARIATION IN GYPSY

MOTH PERFORMANCEa

Partial regression
Regression model components

Parameter Equation R2 P Variable R2 P

Relative Y= 0.27− 0.02(PG) 0.957 <0.001 PG 0.818 <0.001
growth rate + 0.07(N)+ 0.01(S) N 0.128 <0.001

S 0.012 0.030
Final dry mass Y= 33.34− 1.19(PG) 0.931 <0.001 PG 0.782 <0.001

+ 4.39(N) N 0.149 <0.001
Developmental Y= 74.18+ 0.19(PG) 0.834 <0.001 PG 0.731 <0.001

time − 0.97(W)− 0.18(CT) W 0.063 <0.020
CT 0.040 <0.039

Consumption Y= 177.31+ 2.28(CT) 0.905 <0.001 CT 0.781 <0.001
− 2.70(PG)−18.79(N) PG 0.083 0.002

N 0.041 0.008
ECI Y= −92.10+ 7.59(N) 0.964 <0.001 N 0.872 <0.001

+ 1.35(W) W 0.092 <0.001

Partial regression components for developmental time, consumption and ECI should be interpreted
with caution due to intercorrelation of independent variables (seeStatistical Analysessection).
aStepwise multiple regressions,α = 0.10 was used as the criterion for acceptance to, or rejection from,
the model. CT= condensed tannins, N= nitrogen, PG= phenolic glycosides, S= starch, W=water.

the total variation in herbivore performance (Table 3). Relative growth rates were
related negatively to foliar phenolic glycoside concentrations and positively to fo-
liar nitrogen and starch concentrations (Table 3, Figure 7). Quantitative variation
in these three types of compounds explained 96% of the among-treatment variation
in relative growth rate (Table 3). Variation in phenolic glycoside concentrations
explained a much greater proportion of the total variation in relative growth rate
(82%) than did nitrogen (13%) or starch (1%). As was the case for relative growth
rate, insect final mass was related negatively to phenolic glycoside concentrations
and positively to nitrogen concentrations, explaining a total of 93% of variation
(Table 3). Developmental time of gypsy moths was positively related to phenolic
glycosides and negatively related to water and condensed tannin concentrations.
These three foliar constituents accounted for a total of 83% of the variation in
developmental time, and phenolic glycosides appeared most important (Table 3).
Insect consumption was related positively to concentrations of condensed tannins
and negatively to concentrations of phenolic glycosides and nitrogen. These three
variables explained a total of 90% of the variation in insect consumption (Table 3).
Two variables, nitrogen and water, explained 96% of the variation in insect growth
efficiency (ECI; Table 3).
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FIG. 7. Relationship of gypsy moth growth to concentrations of phytochemicals implicated
as important by stepwise regression analyses. (a) The relationship of relative growth rate
to phenolic glycoside concentrations; (b) the variation in relative growth rate unexplained
by phenolic glycosides (residuals) plotted against foliar nitrogen concentrations; and (c)
the variation in relative growth rate unexplained by both phenolic glycosides and nitrogen
plotted against foliar starch concentrations.
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To highlight how variation in phytochemical concentrations related to exper-
imental treatments and likely determined patterns of herbivore performance, we
present a series of figures illustrating results of the regression analyses for a single
performance parameter (Figure 7). Insect relative growth rate was strongly and
negatively related to phenolic glycoside concentrations. Variation in phenolic gly-
coside concentrations (along thex axis) is largely associated with aspen genotype
(Figure 7a). A plot of the residuals (unexplained variation) from the first regres-
sion analysis versus nitrogen concentrations reveals a strong positive relationship
(Figure 7b). Data points along thex axis are no longer grouped by genotype, but by
nutrient availability, suggesting that soil nutrient availability is driving much of the
variation in nitrogen concentrations. Finally, the remaining residuals are weakly
and positively related to starch concentrations (Figure 7c). Variation in starch was
affected by all treatments and their interactions, so position along thex axis is not
clearly dominated by one or a combination of these.

DISCUSSION

Phytochemistry.Plant genotype, soil nutrient availability, and defoliation
treatments affected phytochemical concentrations, although the magnitude and
direction of responses to these treatments differed among chemical constituents.
Aspen genotype was responsible for most of the variation in phenolic glycoside
concentrations, while nutrient availability had a secondary effect. Nutrient addi-
tion resulted in a slight, but significant, increase in concentrations of phenolic
glycosides. Such a response is not consistent with the predictions of the carbon–
nutrient balance hypothesis (Bryant et al., 1983), growth–differentiation balance
hypothesis (Herms and Mattson, 1992), or the protein competition model of phe-
nolic allocation (Jones and Hartley, 1999). That phenolic glycosides responded
positively to nutrient addition was unexpected given that in previous studies con-
centrations either responded as would be predicted (Hemming and Lindroth, 1999)
or not at all (Kinney et al., 1997).

Condensed tannins responded most strongly to the nutrient treatment and
were less influenced by plant genotype, defoliation, and the defoliation by nutrient
interaction. As predicted by the carbon–nutrient balance hypothesis (Bryant et al.,
1983), the growth–differentiation balance hypothesis (Herms and Mattson, 1992),
and the protein competition model (Jones and Hartley, 1999), concentrations of
condensed tannins were markedly lower under conditions of high nutrient avail-
ability. The short-term induction response of condensed tannins in our saplings
is consistent with that of other studies using quaking aspen (Roth et al., 1998;
Lindroth and Kinney, 1998). Furthermore, the induction response was amelio-
rated by the addition of nutrients. Such a pattern suggests a passive response due
to altered carbon–nutrient balance, as demonstrated by Hunter and Schultz (1995)
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for Quercus prinus, rather than an active defensive response on the part of the plant.
Although the responses of tannins to nutrient addition accord with the predictions
of the carbon–nutrient balance hypothesis, other phytochemical evidence suggests
that the induction response is indeed an active response by the plant to defoliation,
rather than a passive response driven by nutrient loss due to defoliation. The de-
foliated saplings appear to be under carbon (rather than nutrient) stress, indicated
by the very low starch concentrations in these plants (as compared to undefoliated
plants). The low carbon–nutrient ratios in the defoliated plants would predict low
levels of tannins, rather than the dramatic increases observed.

The overall weak response of phenolic glycosides to environmental factors
(both nutrient availability and defoliation) is consistent with other studies of aspen
and is a striking contrast to the strong response of condensed tannins (Lindroth
et al., 1993; Kinney and Lindroth, 1997; Roth et al., 1998; Hemming and Lindroth,
1999; Agrell et al., 2000). Although differences in environmental plasticity be-
tween phenolic glycosides and condensed tannins were striking, different suites
of compounds within a plant can behave differently in response to environmental
variability (Koricheva et al., 1998; Kein¨anen et al., 1999).

Although physiological responses to environmental conditions are important
in determining allocation to phenolic glycosides and condensed tannins, alloca-
tion was found be largely genetically determined. The question arises as to what
factors contribute to the maintenance, at the population level, of polymorphisms
in concentrations of these secondary compounds. Polymorphisms in defensive al-
location are likely driven, in part, by costs of production and storage (sensu Herms
and Mattson, 1992). This appears to be the case with phenolic glycosides in quak-
ing aspen, which are produced at a cost to growth (Osier and Lindroth, unpublished
data). For condensed tannins, however, no ecological cost of production has been
observed.

Trade-offs between constitutive defense and inducibility are considered as ev-
idence that defenses are costly, although few such relationships have been demon-
strated (Karban and Baldwin, 1997). In contrast to predictions, we found positive
relationships between damage-induced changes in condensed tannins and consti-
tutive levels of secondary metabolites under several nutrient–defoliation regimes.
This is especially true for plants that were severely defoliated, as plants that had the
highest constitutive levels of tannins also exhibited the strongest induced response.
Our results differ from two other studies that reported negative correlations be-
tween induced and constitutive levels of phenolics in poplars. Mattson and Palmer
(1988) reported a negative relationship between induced and constitutive levels
of total phenolics in aspen clones with high levels of total phenolics, although a
strong negative relationship was not observed across the entire range of genotypes
used in that study. Nef (1988) found a negative relationship between induced and
constitutive levels of total phenolics for three poplar hybrids. Both of these studies
suggest that a negative relationship between induced and constitutive resistance
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should be expected in aspen, but our results are strongly contradictory. One dif-
ference between our work and that of other researchers is that previous studies
relied upon the method of Folin and Denis (1912), which measures not only “total
phenolics,” but also other compounds (e.g., reducing sugars) not quantified in our
study.

Foliar nitrogen varied primarily in response to nutrient availability. Responses
accorded well with predictions of the carbon–nutrient balance hypothesis (Bryant
et al., 1983), as has been shown previously for aspen (Kinney and Lindroth,
1997; Hemming and Lindroth, 1999). Also similar to previous work (Hwang and
Lindroth, 1997, 1998; Osier et al., 2000), foliar nitrogen varied among genotypes,
although not dramatically so. Foliar starch concentrations decreased as a result of
both nutrient addition and defoliation, as predicted by the carbon–nutrient balance
hypothesis (Bryant et al., 1983; Tuomi et al., 1988). Moreover, the effect of de-
foliation was dependent upon nutrient availability; plants stressed by low nutrient
availability experienced the greatest decrease in starch concentrations. Foliar water
concentration was affected by plant genotype, soil nutrient availability, defoliation,
and the interaction of genotype and nutrient availability. Although foliar water is
important for herbivores (Scriber and Slansky, 1981), the variation in this study
was small and unlikely to affect herbivore performance.

Herbivore Performance.Gypsy moth relative growth rates were most strong-
ly affected by aspen genotype, less so by nutrient availability, and only minimally
by defoliation and the interaction of genotype and nutrient availability. That plant
genotype had a large effect on relative growth rates was not surprising, given
that differences among aspen genotypes have been found to have similar effects in
previous studies (Hemming and Lindroth, 1995; Hwang and Lindroth, 1997, 1998;
Osier et al., 2000). Although the effect of genotype was expected to be strong, its
magnitude far exceeded that of the environmental treatments. As expected, insects
performed better on fertilized plants. The pattern for herbivore final dry mass
and developmental time closely followed the pattern for herbivore relative growth
rate, except there was no defoliation main effect and the effect of soil nutrient
availability did not depend upon genotype.

Phenolic glycoside concentrations were implicated as the primary determi-
nant of host quality; insects feeding on foliage from saplings containing high
concentrations of phenolic glycosides took longer to develop and attained a lower
final mass, as has been found previously (Hemming and Lindroth, 1995; Hwang
and Lindroth, 1997, 1998; Osier et al., 2000). Studies in which purified phe-
nolic glycosides were added to either foliage or artificial diet confirm the role
of phenolic glycosides in altering host quality (Lindroth and Hemming, 1990;
Hemming and Lindroth, 1995). In addition to phenolic glycosides, variation in ni-
trogen concentrations (due primarily to nutrient treatment) provided explanatory
power for herbivore growth rate and final mass. This result is not surprising given
the variation in nitrogen levels observed and that such variation is an important
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determinant of insect performance (Mattson, 1980; Scriber and Slansky, 1981;
Slansky, 1993).

Food consumption by gypsy moths was most dramatically influenced by
nutrient availability. As is commonly observed (Mattson, 1980), larvae fed in a
compensatory manner on the poorer quality foliage in the low-nutrient treatment.
Although little evidence exists for aspen condensed tannins functioning as feeding
deterrents or toxins to insects (Lindroth and Hwang, 1996), high concentrations
of these compounds may have diluted nutrients and led to compensatory feeding.
This response has been found previously (Osier et al., 2000) for condensed tannins
in aspen and is similar to the response of insects to indigestible dietary components
such as cellulose (Slansky, 1993). Larvae fed less on foliage containing high levels
of phenolic glycosides and nitrogen, likely due to their feeding deterrent and nu-
tritive properties, respectively. Although less important than nutrient availability,
the magnitude of the genotype effect on consumption was similar to that observed
previously for insects reared on aspen (Hwang and Lindroth, 1997, 1998). Insects
fed foliage grown under low nutrient availability were much less efficient in con-
verting food to body mass than were insects fed foliage from high-nutrient plants.
As expected, the larvae were most efficient at converting ingested food to biomass
when foliage contained high concentrations of nitrogen and water (Mattson, 1980;
Scriber and Slansky, 1981; Slansky, 1993). Surprisingly, and in contrast to earlier
research (Hwang and Lindroth, 1997), phenolic glycosides were not implicated as
determinants of gypsy moth growth efficiency in this study. The absence of rela-
tionships may, in part, be a statistical artifact. Foliar water concentrations related
strongly and negatively to those of phenolic glycosides (Table 1), and water may
have served as a proxy for phenolic glycosides in the regression model.

The lack of a substantial damage-induced change in food quality was sur-
prising given the importance of induced responses in many other systems (Karban
and Baldwin, 1997). Absence of an effective induction response may explain why
aspen forests are susceptible to outbreaks of spring-feeding insects such as gypsy
moths, forest tent caterpillars (Malacosoma disstria), and large aspen tortrix (Cho-
ristoneura conflictana). Even though the defoliation treatment did not appear to
markedly affect gypsy moth performance, we note that the aspen saplings did
respond with a rapid induction of condensed tannins. This response may confer
resistance against other types of enemies such as browsing mammals or pathogens
at the site of wounding. Additionally, the possibility exists that extended duration
of defoliation or repeated defoliation may alter the induction response observed
(Karban and Baldwin, 1997). Other unpublished work with aspen, however, sug-
gests that repeated defoliation (D. Parry, personal communication) or defoliation
in the previous year (Osier and Lindroth, unpublished data) produces responses
similar to those in this study.

Relative Importance of Plant Genotype and Environment.Results from other
studies that compare the relative roles of plant genotype and environmental
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conditions have implicated either genotype (Abrahamson et al., 1988; Hakulinen
et al., 1995; Horner and Abrahamson, 1999) or environment (Orians and Fritz,
1996; Rossi and Stiling, 1998) as primary causes of variation important for herbi-
vores. Studies withSalix sericea(another member of the Salicaceae) found results
very different than ours; genotype was of relatively little importance compared to
soil nutrient availability in determining the abundance of a suite of herbivores in
the field (Orians and Fritz, 1996). Employing an experimental design similar to
ours, a study withBetula penduladetermined that fertilization explained most of
the variation in insect performance and plant genotype explained less (Mutikainen
et al., 2000). As with our study, however, defoliation (a delayed induced response)
was relatively unimportant for insect feeding.

In addition to highlighting the importance of plant genotypic variation, our
study revealed few interactions between genotype and environment for phytochem-
icals important for insect herbivores. The paucity of interactions between genotype
and environment in our study is not surprising, given that such interactions have
rarely been found to play a major role in other systems (Houle and Simard, 1996;
Stiling and Rossi, 1996; but see also Horner and Abrahamson, 1999).

Because the relative strength of each treatment applied is important when at-
tempting to rank treatment types, we endeavored to apply levels of each treatment
that were biologically realistic and of comparable strength to the other treatments
(see Methods and Materials). Even when environmental treatments were pushed
nearly to extremes, environment and genotype× environment interactions were
markedly less important than genotype in this study. Our results suggest that pat-
terns of insect performance among aspen clones in the field are likely due to genetic
variability rather than to environmental heterogeneity in nutrient availability or de-
foliation.
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Abstract—Brown treesnakes are an invasive species to the island of Guam that
have caused extensive ecological and economic damage. Efforts to control the
snake population have included trapping using live mouse lures, but for logistical
and economic reasons a synthetic lure is needed. When searching for live food,
brown treesnakes use both visual and odor cues. However, when searching for
carrion, odor cues are sufficient. Attempts to develop synthetic lures based on
chemical reconstruction of the complex carrion odor have not succeeded. We
provide evidence that a microbial–substrate interaction is important for bait take
by brown treesnakes. Microbial cultures taken from mouse carrion indicate that
Enterobacter agglomeransis the predominant bacterium, and field tests suggest
that this organism may be important to odor production that attracts brown
treesnakes. This information may prove useful in the development of microbial-
based biological reactors that could be formulated to produce a continuous
stream of odor of sufficient complexity so as to be attractive to foraging snakes.

Key Words—Bacteria, bait,Boiga irregularis, brown treesnake, carcass,
carrion, decomposition,Enterobacter agglomerans, lure, odor, rot

INTRODUCTION

The brown treesnake (Boiga irregularis) was accidentally introduced to Guam
in the 1940s or early 1950s (Savidge, 1987; Rodda et al., 1992). Since then the
island’s snake population has increased dramatically, at times reaching densities of
50–100 snakes/ha (Rodda et al., 1992). The ecological and economic effect of the
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snake has been devastating, ranging from power outages to extirpation of avifauna
and herpetofauna (Savidge, 1984, 1987; Fritts et al., 1987; Conry, 1988; Engbring
and Fritts, 1988; Rodda and Fritz, 1992a). Guam’s importance as a shipping hub
makes the spread of brown treesnakes from Guam a threat to other sensitive Pacific
Island ecosystems (e.g., Fritts, 1988). As part of a containment policy, the U.S.
Department of Agriculture employs a variety of methods to reduce the likelihood
that brown treesnakes will be exported inadvertently from Guam. These methods
include trapping, search dogs, and hand removal of snakes from fences during
spotlight searches (U.S. Department of Agriculture, 1996).

Trapping is a highly effective method for removing snakes from an area
(Rodda and Fritts, 1992b; U.S. Department of Agriculture, 1996; Engeman et al.,
1998). However, since live mice are used as lures, this method involves substantial
logistical effort in field and laboratory maintenance, which in turn limits the number
of traps that can be employed, especially for large-scale operations (Fritts et al.,
1989; Shivik and Clark, 1999a). As a consequence, considerable research effort
has been invested in searching for artificial lures that would reduce reliance on live
mice, and hence reduce the labor needed to carry out an effective control operation
using traps.

For live prey, brown treesnakes attend to both visual and olfactory cues
(Chiszar et al., 1988, 1993, 1997a; Fritts et al., 1989; Shivik, 1998; Shivik and
Clark, 1999a). Presentation of a combination of cues from these modalities is nec-
essary to produce the most intense investigatory and foraging behavior in brown
treesnakes (Chiszar et al., 1997b; Shivik, 1998; Lindberg et al., 2000). Some-
what surprisingly, brown treesnakes also actively forage for carrion in the field,
and the carrion’s effectiveness for capture is only slightly less than that seen for
live mice (Shivik, 1998; Shivik and Clark, 1997, 1999a,b; Shivik et al., 2000).
However, most notable was the observation that chemosensory cues were predom-
inantly critical to brown treesnakes when foraging for carrion. Thus, the potential
for the synthesis of an inanimate chemical lure exists. Unfortunately, attempts to
reconstruct an effective chemical lure based on the chemical analysis of mouse
carrion has proved difficult and ineffective because of the chemical complexity
of the carrion odor and the snakes’ lack of a reaction to imperfect chemosensory
cues (Clark, 1997; Shivik, 1998; Shivik and Clark, 1999a). In this study, we set
out to better understand the source and nature of the attractive odor of carrion
that would be helpful in the development of a bioreactor that would generate
salient odors. Because the odor of carrion decomposition is largely a result of a
substrate–bacterial interaction, we hypothesized that the most attractive odors to
brown treesnakes would be generated from the surface of mice. We reasoned that
knowledge about the appropriate nutrient substrate and the bacteria responsible for
decomposition would be helpful in guiding us to construct biological (microbial)
reactors.
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METHODS AND MATERIALS

We conducted experiments in the Conventional Weapons Storage Area on
Andersen Air Base near Tarague and Haputo beaches, Guam, in May and June
2000. The disappearance of dead neonatal mice (DNM) from PVC tubes (i.e., bait
take) was used as an index of acceptance of carrion by snakes. Analysis of over
1000 hr of video tape indicates that brown treesnakes are almost exclusively the sole
vertebrate responsible for the disappearance of baits (Clark, personal observation).

Prior to an experiment PVC tubes (10.1× 30.5 cm) were cleaned with mild
chlorine bleach solution (1:100 chlorine–water) and rinsed with water. Patches of
vegetation where PVC tubes were placed were systematically divided by a grid
of roads. These patches of vegetation were approximately 6–12 ha, depending
upon the spacing of roads (Savarie et al., 2001). Following cleansing, PVC tubes
were suspended from strings at heights of 1.5–2 m in shrubs and trees and linearly
placed along the forest edge adjacent to roads at 20-m intervals. When multiple
transects were set out on the same day, the minimum distance between transects
was 50 m, separated by road. Previous studies showed that the probability of snakes
traveling this or longer distances in a given night was low (Savarie et al., 2001),
hence transects could be considered independent experimental units.

Each transect consisted ofk · r PVC tubes, wherek was the number of treat-
ment levels andr was the number of blocks within a transect. The number of blocks
within transects was constant across all experiments (r = 10). Thek treatment lev-
els were randomly ordered within each block,r , such that each of the treatment
levels was represented once within each block. We used transect as the statistical
experimental unit. For each treatment level,k, the dependent variable was calcu-
lated as the proportion of baits missing, i.e., the number of baits missing divided
by r = 10. Thus, the number of replicates for comparisons among treatment levels,
k, for any given experiment corresponded to the number of transects,N.

Our experiments addressed three broad biological questions. In the first set of
experiments we evaluated how the stage of decomposition of dead mice affected
bait take by snakes. In a second set of experiments we evaluated how different
parts of decomposing mice influenced bait take by snakes. In a third set of experi-
ments we evaluated whether microbial degradation of carrion affected bait take by
snakes.

Set 1

Experiment 1: Importance of Decomposition of Carrion for Lure Attrac-
tiveness.The objective of this experiment was to determine the attractiveness of
fresh (<24 hr old) whole dead neonatal mice relative to 1-day old (24–48 hr) whole
dead neonatal mice. In the latter case, the mice were aged under natural conditions.
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Subsequently, both sets of mice were placed in the field. This experiment consisted
of two treatment levels (k= 2) with r = 10 blocks per transect (N= 4), for a total
of 20 PVC tubes per transect (k · r ). PVC tubes were checked for presence or
absence of baits after 24 hr. Following the experiment, we removed, cleaned, and
placed PVC tubes in a new, isolated edge of forest in preparation for monitoring
the next transect in the experiment. Patterns of bait take were analyzed using at
test, where treatment was the between-measures factor and the proportion of baits
taken was the response variable (StatSoft, 1994).

Set 2

Experiment 2: Whole vs. Reconstituted Mouse Lures.The objective of this
experiment was to determine whether the modification of carrion was important
for the attractiveness of the lure. This experiment consisted of two treatment lev-
els (k= 2) with r = 10 blocks per transect (N= 7), for a total of 20 PVC tubes
per transect (k · r ). For one treatment level we ground whole dead neonatal mice
(N= 10) in a blender and rolled the ground meat and fur into balls (DMG). The
second treatment level, the control, consisted of unaltered whole dead neonatal
mice (DNM) (N= 10). PVC tubes were checked for presence or absence of baits
after 24 and 48 hr. Placement, scoring, and cleaning of PVC tubes were simi-
lar to experiment 1. Bait take was analyzed using a two-way repeated-measures
analysis of variance, where treatment was the between-measures factor, day was
the within-measures (i.e., repeated) effect, and the proportional cumulative bait
take was the response metric (Winer 1971, p. 520). Tukey’s HSD test was used to
determine the post-hoc differences among means for the main effect, and simple
orthogonal contrasts were used to compare group means for the interaction term
(StatSoft, 1994).

Experiment 3: Attractiveness of Mouse Parts and Tofu-wrapped Pelts.Grind-
ing and combining mouse parts substantially reduced the attractiveness of baits to
foraging brown treesnakes (experiment 2). Therefore, the objective of this experi-
ment was to determine whether dissected, intact mouse parts were attractive baits.
To separate pelts from carcasses (C), we thawed dead neonatal mice and carefully
skinned them using dissecting scissors. We removed pelts at the wrist, ankle, tail
bone, and rostrum; then wrapped the pelt around a piece of tofu (Ptof). The tofu
served as a moisture source in the field to prevent the pelt from desiccating. All
three bait types (C, Ptof, DNM) were placed into separate plastic cups, sealed, and
kept cold until transported to the field. The methods for bait placement, assign-
ing treatment levels within transects, monitoring PVC tubes, and analysis were
identical to those described in experiment 2. This experiment consisted of three
treatment levels (k= 3) with r = 10 blocks per transect (N= 6), for a total of 30
PVC tubes per transect (k · r ).
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Experiment 4: Attractiveness of Mouse Parts and Cotton-wrapped Pelts.The
objective of this experiment was to determine the attractiveness of pelts with
moistened cotton as a moisture source (Pcot) and pelts without a moisture source (P)
relative to DNM. The methods for bait placement, assigning treatment levels within
transects, monitoring PVC tubes, and analysis were identical to those described
above. This experiment consisted of three treatment levels (k= 3) with r = 10
blocks per transect (N= 5), for a total of 30 PVC tubes per transect (k · r ).

Set 3

Experiment 5: Attractiveness of Baits Treated with Alcohol.Because we
found that pelts were taken at the same rate as DNM and that skinned carcasses
were taken at lower rates (experiment 3), we limited further testing on the source
of the lure odor cue to pelts in comparison to DNM. In this set of experiments, we
treated pelts in one of two ways, working under the hypothesis that surface bacteria
may be responsible for generating the odors to which snakes were attracted. In the
first series of tests, pelts were prepared as described in experiment 3. No special
treatment was afforded to nontreated pelts wrapped around tofu (Pnt). A second
set of pelts (Palc) was treated using alcohol. Briefly, pelts and tofu were separately
soaked in 70% ethyl alcohol for 5 min prior to being wrapped together. Treated
baits were placed in disinfected plastic cups, sealed for transport to the field, then
placed into PVC tubes sprayed with 70% ethyl alcohol. PVC tubes and baits were
again sprayed after bait placement to ensure a sanitary local environment, after
which natural conditions were allowed to prevail. The methods for bait placement,
assigning treatment levels within transects, monitoring PVC tubes, and analysis
were identical to those described in experiment 2. This experiment consisted of
three treatment levels (k = 3) with r = 10 blocks per transect (N = 6), for a total
of 30 PVC tubes per transect (k · r ).

Experiment 6: Attractiveness of Baits Treated with Bleach.In a second set
of experiments, we treated pelts with a commercial chlorine bleach (7:3, Pchl) and
repeated the above experiment. The methods for bait placement, assigning treat-
ment levels within transects, monitoring PVC tubes, and analysis were identical to
those described above. This experiment consisted of three treatment levels (k= 3)
with r = 10 blocks per transect (N= 6), for a total of 30 PVC tubes per transect
(k · r ).

We carried out two types of field laboratory microbial assays to evaluate
the efficacy of the chemical treatment technique and to provide a presumptive
identification of the primary bacteria cultured from the surface of mouse pelts. In
the lab, we placed newly prepared baits (Palc, Pchl, Pnt, DNM; N= 10 per treatment
type) onto nutrient agar plates and incubated the baits at 35◦C for 24 and 48 hr,
scoring the plates for presence of bacterial growth. From the field, a sample of
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these same bait types was removed after the second day’s evaluation, taken to the
laboratory, placed on nutrient agar, incubated, and checked for bacterial growth as
above. The rationale for this second evaluation was to determine if uneaten baits
were more or less likely to foster bacterial growth. Finally, we streaked nutrient agar
plates with swabs taken directly from the surface of DNM. Colonies of bacteria
were isolated and tested for presumptive identification using Enterotube II and
Oxi/Ferm tubes (BBL, Becton Dickinson).

Experiment 7: Attractiveness of Denatured Baits.The objective of this
experiment was to determine the attractiveness of Pnt, of pelts that were boiled
(Pb), and of intact DNM that were boiled (DNMb) relative to DNM. Whole DNM
and pelts were boiled for approximately 20 min to remove surface bacteria. As in
previous experiments pelts were wrapped around tofu that served as a moisture
source. This experiment served mainly as a pilot study for future experimentation
and was one in which we assessed a nonchemical avenue of treatment while ac-
knowledging the change in the nature of the proteins. Thus, only a single transect
was used withN= 10 baits per treatment level (DNM, DNMb, Pnt, Pb; 40 PVC
tubes). The methods for bait placement, assigning treatment levels within the tran-
sect, and monitoring PVC tubes were identical to experiment 2. Comparison of
treatments to DNM was done using a binomial test.

RESULTS

Set 1

Experiment 1: Importance of Carrion Decomposition for Lure Attractiveness.
Carrion decomposed for two days was more attractive to brown treesnakes. There
was a 90% increase in the rate at which 2-day-old whole mouse carrion was
removed from PVC tubes relative to 1-day-old mouse carrion (Figure 1).

Set 2

Experiment 2: Whole vs. Reconstituted Mouse Lures.Whole mouse carrion
was more attractive as a bait than reconstituted ground mouse (Figure 2A). DMG
was 20% as attractive to brown treesnakes as DNM. As a function of decomposition
over two days (Figure 2B), there was little increase in attractiveness for DMG, and
a large increase in attractiveness for DNM.

Experiment 3: Attractiveness of Mouse Parts and Tofu-wrapped Pelts.Snakes
removed whole dead mice and mouse parts from PVC tubes at different rates
(Figure 3A). The cumulative proportional bait take of skinned carcasses was 49%
lower than that observed for whole dead mice. However, the cumulative bait take
of whole dead mice and pelts was similar. The bait take of pelts and skinned car-
casses also was similar. The day effect, where the biological substrate presumably
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FIG. 1. Bait take (mean±SEM) by brown treesnakes on Guam in experiment 1 for whole
dead neonatal mice as a function of bait decomposition (t = 21.429,df = 6, P= 0.004).
Percentage estimates were calculated using transect as the experimental unit (N= 4) with
10 observations per bait type per transect.

becomes more decomposed on day 2 vs. day 1, indicated that bait take varied as
a function of time over two days for the treatments (Figure 3B). On the first day
all bait types had similar rates of take. However, by the second day the cumulative
bait take was much higher for the whole dead mouse relative to skinned carcasses.
Bait take for pelts on the second day was intermediate between carcasses and
whole dead mice. These observations suggest that the second-day effect is partly
a function of changes taking place on the surface of the mouse, i.e., skin.

Experiment 4: Attractiveness of Mouse Parts and Cotton-wrapped Pelts.Bait
take was the same for all bait types (Figure 4A). Bait take did not vary across days
as a function of treatment (Figure 4B). Thus, bait take was not substantially affected
by the presence or absence of the moisture source, at least for the time frame of
these experiments.

Set 3

Experiment 5: Attractiveness of Baits Treated with Alcohol.Alcohol treat-
ment diminished the attractiveness of pelts (Figure 5A). The cumulative bait take
for alcohol-treated pelts was 50% lower relative to whole dead mice. The cumu-
lative bait take for whole dead mice and nontreated pelts and that of nontreated
and treated pelts were similar. The magnitude of the day effect was lowest for
the alcohol-treated pelts and was proportionally similar for the whole dead mouse
and nontreated pelts (Figure 5B). These observations suggest that treating the bait’s
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FIG. 2. (A) Bait take (mean±SEM) by brown treesnakes on Guam in experiment 2 for
whole dead neonatal mice (DNM) and reconstituted ground mice (DMG) (F = 54.348,
df = 1,12, P< 0.001). Tukey’s HSD comparisons and associated probability values are
indicated by horizontal lines. (B) Profiles for the cumulative mean (±SEM) take of
DNM and DMG baits as a function of time (F = 6.508, df = 1,12, P= 0.025). Simple
orthogonal planned contrasts and their associated probabilities are indicated by vertical
lines. Percentage estimates were calculated using transect as the experimental unit (N= 7)
with 10 observations per bait type per transect.
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FIG. 3. (A) Bait take (mean±SEM) by brown treesnakes on Guam in experiment 3 for
whole dead neonatal mice (DNM), mouse pelts wrapped around tofu (Ptof), and mouse
carcasses without skin (C) (F = 3.499,df = 2,15, P= 0.057). Tofu served as a moisture
source to prevent desiccation of the pelt. Tukey’s HSD comparisons and associated proba-
bility values are indicated by horizontal lines. (B) Profiles for the cumulative mean (±SEM)
bait take of DNM, Ptof, and C baits as a function of time (F = 5.777,df = 2,15,P= 0.014).
Simple orthogonal planned contrasts and their associated probabilities are indicated by
vertical lines. Percentage estimates were calculated using transect as the experimental unit
(N= 6) with 10 observations per bait type per transect.
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FIG. 4. (A) Bait take (mean±SEM) by brown treesnakes on Guam in experiment 4 for
whole dead neonatal mice (DNM), mouse pelts wrapped around moistened cotton (Pcot), and
mouse pelts (P) (F = 0.416,df = 2,12, P= 0.669). (B) Profiles for the cumulative mean
(±SEM) bait take of DNM, Pcot, and P baits as a function of time (F = 0.375,df = 2,12,
P= 0.695). Percentage estimates were calculated using transect as the experimental unit
(N= 5) with 10 observations per bait type per transect.
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FIG. 5. (A) Bait take (mean±SEM) by brown treesnakes on Guam in experiment 5 for
whole dead neonatal mice (DNM), nontreated mouse pelts wrapped around tofu (Pnt), and
alcohol-treated mouse pelts wrapped around tofu (Palc) (F = 4.807,df = 2,15,P= 0.024).
Tofu was used to preserve moisture content of pelts. Tukey’s HSD comparisons and asso-
ciated probability values are indicated by horizontal lines. (B) Profiles for the cumulative
mean (±SEM) bait take of DNM, Pnt, and Palc baits as a function of time (F = 4.643,
df = 2,15,P= 0.027). Simple orthogonal planned contrasts and their associated probabil-
ities are indicated by vertical lines. Percentage estimates were calculated using transect as
the experimental unit (N= 6) with 10 observations per bait type per transect.
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FIG. 6. (A) Bait take (mean±SEM) by brown treesnakes on Guam in experiment 6 for
whole dead neonatal mice (DNM), nontreated mouse pelts wrapped around tofu (Pnt), and
bleach-treated mouse pelts wrapped around tofu (Pchl) (F = 18.727,df = 2,15,P< 0.001).
Tofu was used to preserve moisture content of pelts. Tukey’s HSD comparisons and asso-
ciated probability values are indicated by horizontal lines. (B) Profiles for the cumulative
mean (±SEM) bait take of DNM, Pnt, and Pchl baits as a function of time (F = 4.877,
df = 2,15,P= 0.023). Simple orthogonal planned contrasts and their associated probabil-
ities are indicated by vertical lines. Percentage estimates were calculated using transect as
the experimental unit (N= 6) with 10 observations per bait type per transect.



P1: GKW/GJE P2: GKW

Journal of Chemical Ecology [joec] PP188-303097 June 2, 2001 11:45 Style file version Nov. 19th, 1999

CARRION ATTRACTIVENESS TO BROWN TREESNAKES 1327

surface decreases the attractiveness of the bait, either by chemical extraction of
critical volatiles or by the antimicrobial effects of the alcohol wash.

Experiment 6: Attractiveness of Baits Treated with Bleach.Treatment of pelts
with bleach strongly decreased the attractiveness of the bait (Figure 6A). Pelts
treated with bleach were taken at 11% of the rate of whole dead mice, and at
14% of the rate of nontreated pelts. This strong main treatment effect held across
days (Figure 6B). The source of the strong interaction effect was owing to the
proportional cumulative increase in bait take for the whole dead mouse and non-
treated pelts in contrast to the lack of increase in bait take for the bleach treated
pelts. These observations indicate that bleach treatment exerted a stronger negative
effect on bait take than an alcohol wash and that this action either by chemical ex-
traction or antimicrobial properties eliminated important cues for foraging brown
treesnakes that originated from the surface of the baits.

Both alcohol and bleach treatments of the pelts decreased microbial growth
(Table 1). However, treatment with alcohol apparently did not eliminate all colony
forming units because there was noticeable bacterial growth on agar plates after
48 hr. Bleach was a more effective disinfectant because none of the cultures showed
evidence of any colony forming units for up to six days, after which some cultures
showed signs of fungal growth.

From the field, a sample of unconsumed baits left in PVC tubes after two to
three days was taken back to the laboratory and placed onto nutrient agar plates and
incubated for 24 hr. All samples of whole dead mice and non-chemically-treated
pelts yielded substantial bacterial growth after 24 hr of incubation (Table 1). The
alcohol- and bleach-treated baits did not yield appreciable microbial growth after
incubation. Of course, the microbial contamination of baits that were consumed is

TABLE 1. POSITIVE CULTURES FORBAIT TREATMENTSPREPARED FORBROWN TREE

SNAKES ON GUAM IN MAY AND JUNE 2000

Laboratory assaysa

Treatment 24 hr 48 hr
Field recovery assays at

24 hrb

DNM 10 10 10
Pnt 10 10 10
Palc 3d 7 1d

Pchl 0d 0d 0d

Controlc 0d 0d 0d

a The number of agar plates out of 10 that showed signs of microbial growth. Freshly prepared baits were
placed on nutrient agar cultures and checked at 24- and 48-hr intervals.

b The number of agar plates out of 10 that showed signs of microbial growth for bait treatments
recovered from the field after>72 hr and checked after 24 hr of incubation on a nutrient agar culture
plate.

c The negative control consisted of nutrient agar plate.
d Within-column comparisons of treatments to DNM (P< 0.05, binomial test).
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FIG. 7. Bait take by brown treesnakes on Guam for a single transect in experiment 7 for
whole dead neonatal mice (DNM), nontreated mouse pelts wrapped around tofu (Pnt), boiled
mouse pelts wrapped around tofu (Pb), and boiled whole mice (DNMb). Tofu was used to
preserve moisture content of pelts. Estimates were based on 10 observations per treatment
type for this single transect. All treatments (Pnt, Pb, DNMb) were different from DNM
(P< 0.05, binomial test).

unknown. However, when the bait take rates of alcohol- and bleach-treated baits
are considered in the context of the laboratory microbial culture experiments, the
bait take rates are concordant with the degree of microbial contamination. That is
to say, there is sufficient inferential evidence to suggest that the rate of bait take
is dependent on the degree of microbial growth on the surface of the bait. Isolates
from the cultures indicate that the predominant bacterial growth originating from
the surface of dead mice isEnterobacter agglomerans.

Experiment 7: Attractiveness of Denatured Baits. Treating the mouse sub-
strate by boiling also affects the attractiveness of baits (Figure 7), although there
may also be effects owing to the general denaturation of the mouse parts.

DISCUSSION

Future effective snake control programs on Guam will use both traps and
toxic bait delivery. For traps, the current lure used is a live mouse contained within
a cage inside the trap. Such traps are reasonably effective in depopulating modest
areas of brown treesnakes (Engeman et al., 1998). One drawback with this method
of control is the expense and effort of maintaining live mouse colonies in the lab
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and maintaining the live mouse lures in the field (Clark et al., unpublished results).
The use of toxic baits also can be effective at depopulating modest areas of forest
of snakes. Savarie et al. (2001) employed whole dead neonatal mice laced with
acetaminophen as the lure/bait-toxicant delivery system in achieving near zero
survivorship of snakes in 6-ha experimental plots. Despite this success there still
is a need to develop a lure/bait system that does not rely on the killing of mice.

The successful artificial lure/bait system must provide snakes with long-
distance cues that act to attract the snake to the vicinity of the substrate and
short-distance cues that will promote ingestion. These cues are not necessarily
the same (Clark and Kimball, unpublished results). The difficulty in constructing
artificial lure and bait systems has been the uncertainty of what these cues might
be. Presentation of simple chemical components of mouse carrion have yielded
variable, but generally poor, success as attractants (Shivik and Clark, 1999a; Clark
and Kimball, unpublished results). Even reconstruction of mouse carrion odor
based on chemical analysis of the volatiles produced during rotting have failed to
successfully attract snakes (Shivik, 1998). Clearly, brown treesnakes, despite their
anecdotal reputation for eating anything, are quite discriminating foragers. One
possible solution in the development of a realistic mimic of complex carrion odor
is to develop a system that includes the odor-producing agents and the appropriate
nutrient substrate for those agents. This study is a critical first step in that process.

Throughout the experiments we found a concordance between factors relating
to microbial decomposition of the mouse and the rate at which baits were taken
by snakes: baits left in the field for two days were taken at higher rates, and chem-
ically treated (alcohol or bleach) baits were taken at lower rates. These chemicals
act as disinfectants, but they may also act as extractive solvents, removing critical
volatiles. While we infer that the critical attractive volatiles are products of micro-
bial metabolism, and our experimental evidence is consistent with this view, these
chemicals may also have removed critical volatiles by extraction. Experiments us-
ing antibiotics to suppress bacterial growth would be useful in determining which
hypothesis is responsible for the taking of baits by snakes. It is unlikely that chem-
ical treatment resulted in residues that acted as repellents to snakes. The positive
controls, DNM, were in PVC tubes that were cleansed with bleach, and taking of
bait was consistently higher in those treatments.

We also found that the nature of the bait substrate was important. Mouse
carcasses without skin and reconstituted ground-up mice were not good baits.
Whole mice and pelts were good baits. These observations make sense in the
context of the cues a foraging brown treesnake is likely to encounter. Typically,
the initial odors generated from carrion will be the result of aerobic decomposition
of the surface of the animal. Thus, snakes should be more attentive to these types
of cues.

Future development of artificial lure/bait systems may include the cell culture
of mouse skin as the nutrient substrate that could be embedded into agar blocks
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and inoculated with appropriate bacteria. We suggestEnterobacter agglomerans
as an initial odor-producing agent, because it is the dominant bacterium isolated
from mouse skin, although other bacteria could contribute to the complex odor
of carrion. These bioreactor systems could potentially act both as lure and bait
systems. Such systems would greatly reduce the need for large numbers of live
and dead mice for snake control, thus making progress toward the goal of using
artificial lure/bait systems to achieve effective snake control. Future work in our
laboratory is directed at addressing these issues.
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Abstract—Red-backed salamanders,Plethodon cinereus, show a variety of
alarm responses to chemical cues from eastern garter snakes,Thamnophis sir-
talis. We measured the foraging activity of red-backed salamanders exposed
to water soiled by a garter snake (fedP. cinereus) or to unsoiled water. Sala-
manders exposed to snake-soiled water showed less foraging activity than sala-
manders exposed to unsoiled water; therefore, predators could have nonlethal
effects on salamander populations. Our results also show additional factors
influenced salamander foraging activity. Salamander foraging activity and re-
sponsiveness to chemical cues do not appear to have been affected by sex or
food deprivation. Salamander foraging activity does appear to have been influ-
enced by activity biorhythms. Foraging activity of animals in both treatments
showed a bimodal periodicity that is consistent with natural activity patterns
controlled by internal biorhythms. Exposure to snake-soiled water significantly
reduced foraging activity during periods of peak foraging activity, but had a sub-
tler effect on foraging activity during natural lulls in activity. We suggest that
both activity biorhythms and exposure to chemical cues are important factors
affecting salamander foraging behavior.

Key Words—Biorhythm, chemical cues,Plethodon cinereus, foraging,
salamander.

INTRODUCTION

Animals can significantly reduce predation risk by responding to alarm cues in the
environment. Many animals show a variety of behavioral responses to chemical
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alarm cues or predator chemical cues, including avoidance of, or reduced activity
within, areas that contain cues (Kats and Dill, 1998). Although there are clear
benefits to behavioral responses to predator cues, there can also be costs (Lima,
1998). For example, avoiding particular habitats or reducing foraging activity can
compromise an animal’s foraging success (reviewed by Lima, 1998; Lima and
Dill, 1990). Understanding the potential costs of prey responses to predator cues
is important because those costs determine the “nonlethal” effects of predators on
prey populations (Laurila and Kujasalo, 1999; Laurila et al., 1998; Relyea, 2000;
Relyea and Werner, 1999; see also review by Lima, 1998) and whole communities
(Peacor and Werner, 2000; Persson, 1999; Turner, 1997; Turner and Mittelbach,
1990; Werner and Anholt, 1996). Lima (1998) suggests that the nonlethal effects of
predators on prey populations might be less conspicuous, but far more important,
than direct predation, and therefore, require increased attention.

Terrestrial salamanders within the genusPlethodonshow several defensive
responses to a variety of chemical cues that include combinations of predator-
specific chemical cues and chemical alarm cues from conspecifics. Independent
sources of chemical cues include the damaged tissues of conspecifics (Chivers
et al., 1997), and chemicals released by predators such as the ring-necked snake
(Diadophus punctatus) (Cupp, 1994) and the eastern garter snake (Thamnophis
sirtalis) (Madison et al., 1999a,b; McDarby et al., 1999). Under certain condi-
tions, salamanders only respond to combinations of predator chemical cues and
chemical alarm cues. For example,P. cinereusresponses to chemical cues from
snakes depend on the time of day and the diet of the snake (Madison et al., 1999a,b;
Murray and Jenkins, 1999).P. cinereusrespond to chemical cues from snakes fed
P. cinereusthroughout the evening, butP. cinereusstop responding to the chemi-
cal cues of snakes fed alternative prey shortly after dusk (Madison et al., 1999b;
Madison, Maerz, and Sullivan, unpublished data).Plethodonshow variable res-
ponses to exposure to alarm chemical cues including avoiding substrates that con-
tain the cues (Chivers et al., 1997; Cupp, 1994; Madison et al., 1999a,b; McDarby
et al., 1999; Murray and Jenkins, 1999), changing their activity level (Madison
et al., 1999a), or delaying emergence from refugia (Sullivan, Maerz, and Madison;
unpublished data). Whether there are costs associated with these responses has not
been addressed.

We investigated whether exposure to chemical cues from an eastern garter
snake,T. sirtalis, would affect the foraging behavior of adultP. cinereus.P. cinereus
foraging success is positively correlated with activity level outside retreats (Fraser,
1976; Jaeger, 1978, 1980, 1990). For fish and larval amphibians, activity level is
positively correlated with predation risk (Godin and Smith, 1988; Skelly, 1994),
so they generally reduce activity in response to alarm cues (Kats and Dill, 1998).
Plethodonpredators such asT. sirtalisandD. punctatusare more likely to attack a
moving salamander (Maerz, personal observation), and terrestrial salamanders use
immobility as their primary response to encounters with predators (Arnold, 1982;
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Dodd, 1989; Ducey and Brodie, 1983). Therefore, we predicted thatP. cinereuswill
reduce foraging activity when exposed to snake-soiled water. We also predicted
that those salamanders exposed to snake-soiled water would pursue prey from
shorter distances.

METHODS AND MATERIALS

Collection of Snake Odor.We collected adultT. sirtalis (∼400 mm snout–
posterior vent length) from a mixed deciduous forest in Broome County, New
York. We housed the snakes in individual 38-liter aquaria and fed them earthworms
(Lumbricussp.) twice weekly. We fasted an adult snake for 10 days prior to the
start of trials, and then fed the snake two adult maleP. cinereus. After the snake had
eaten the salamanders, we transferred the snake to a clean 38-liter aquarium lined
with dry paper towels. A second 38-liter aquarium lined with dry paper towels was
set up for the unsoiled water (control). After four days, we removed the snake from
the first aquarium, transferred the paper towels from each aquarium to individual
plastic jars, and added 400 ml of distilled water to each jar 12 hr prior to the first
set of trials. Jars were kept sealed between trials to reduce exposure to air and slow
any potential aging of the sample. In order to reduce stimulus variation, the same
solution was used for all trials. Prior research shows thatP. cinereusresponses are
the same to chemical cues from differentT. sirtalisprovided those snakes are fed
the same diet (Madison et al., 1999b); therefore, the results of our study, which
uses chemical cues from a single snake, can be generalized toP. cinereusresponses
to otherT. sirtalis.

Collection and Maintenance of Salamanders.We collected 24 adult male
and 24 adult femaleP. cinereusfrom the State University of New York Nature
Preserve, Broome County, New York. Salamanders were housed individually in
30-cm× 16-cm clear plastic boxes lined with 5 cm of moist soil and covered with a
glass lid. We maintained salamanders in a controlled environment room at 17.5◦C
on a 12L:12D photoperiod, checked them every two days, moistened their soil as
needed, and fed them five crickets (∼6 mm in length) weekly. After 60 days, we
discontinued feeding and initiated trials.

Experimental Protocol.We could not test all 48 salamanders simultaneously,
so we randomly assigned salamanders to consexual pairs for testing and subse-
quent statistical comparison. Within a pair, one salamander was randomly assigned
to the snake-soiled water treatment and the other to the unsoiled water treatment.
We tested partners sequentially on a preassigned trial date, randomizing the order
of testing within each pair. Although not part of our initial design, pairs of sala-
manders were tested in blocks 4–6, 10–12, or 25–27 days after they were last fed.
On the test day, we added 8 ml of the appropriate water treatment evenly across the
soil surface of the salamander’s box, and after allowing 2–3 min for the solution
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to settle into the soil, we placed five 0.25-in. crickets in the box, covered the box
with a glass lid, and videotaped the trial for 30 min. We conducted all trials during
the dark portion of the photocycle with just enough incandescent light to record
the trial with a 0.8 lux video camera.

P. cinereusforaging behavior is slow and deliberate. Salamanders usually
orient toward prey from a resting position and then move toward prey in a series
of discrete actions. Salamanders will often pause motionless between movements
toward prey. From the videotapes, we measured the number of actions per minute
and pursuit distance. “Actions” were defined as any single bout of continuous
movement, which ranged from a reorientation of a salamander’s head to several
strides. We discriminated between “foraging actions” that were oriented toward
a prey, and “nonforaging actions” that were oriented in all other directions. We
defined pursuit as one or more actions culminating in a strike at prey, so pursuit
distance was the interval between the salamander and its prey when pursuit began.
Two independent observers scored all trials, and their scores were compared for
consistency. A third observer reviewed any discrepancies between the scores of
the two independent observers.

RESULTS

Only 18 of 24 salamander pairs could be included in our analyses. For four
pairs, one or both salamanders managed to push into small crevices in the soil
just prior to the application of treatment. Two other pairs were excluded because
neither salamander moved during the entire 30-min observation period.

The proportion of salamanders exposed to snake-soiled water that attempted
a strike was significantly less than that of salamanders exposed to unsoiled water
(chi-square test:χ2 = 6.78, df= 1, P = 0.009). Half (9 of 18) the salamanders
exposed to snake-soiled water struck at prey, while nearly all salamanders (17 of
18) exposed to unsoiled water struck at prey.

Overall, salamanders exposed to snake-soiled water made fewer foraging ac-
tions per minute than did their partners (Wilcoxon matched pairs test:T = 12,
N= 18, P= 0.001; Figure 1). For different food-deprivation levels, foraging ac-
tivity of unsoiled-water-exposed salamanders was greater within 4- to 6- and 10-
to 12-day food-deprivation groups (Table 1). This trend was not significant for
the 25- to 27-day group, but salamanders exposed to snake-soiled water showed
reduced foraging activity compared to partners in four of six pairs.

The difference in pursuit distance between salamanders exposed to snake-
soiled water (mean± SE= 6.52± 1.52 cm,N = 8) and their partners exposed
to unsoiled water (mean± SE= 8.67± 1.71 cm, N = 8) was not different
(Wilcoxon matched pairs test:T = 12, N = 8, P = 0.401). The power of this
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TABLE 1. FORAGING ACTIONS OF ADULTP. cinereusEXPOSED TOUNSOILED OR

SNAKE-SOILED WATER AND DEPRIVED OFFOODa

Foraging action/min (mean± SE)

Days since last fed Kruskal-Wallis test

4–6 daysb 10–12 daysb 25–27 daysb H P

Treatment
Unsoiled water 0.66± 0.06 0.98± 0.17 0.71± 0.23 2.538 0.281
Snake-soiled water 0.25± 0.14 0.51± 0.15 0.49± 0.14 2.233 0.327

Within food-deprivation level, Z = 1.992 Z = 2.201 Z = 0.943
Wilcoxon matched pairs test P = 0.046 P = 0.028 P = 0.345

a N = 6 for each mean.
b Days since last fed.

FIG. 1. Differences in the foraging activity rates of unsoiled water exposed (hollow circles)
and snake-soiled water exposed (solid circles)Plethodon cinereus. Dashed lines connect
symbols for partnered salamanders. (A) Data are arranged in descending order from most
active salamander (exposed to unsoiled water) to least active within each food-deprivation
group. Salamanders exposed to snake-soiled water had lower foraging activity rates than
did their partners, and foraging activity rates of partnered salamanders were positively cor-
related. (B) Data are arranged according to the time within the dark phase when the trial was
conducted. Curved lines are least-squares polynomial functions for salamanders exposed to
unsoiled water (solid line) and salamanders exposed to snake-soiled water (stippled line).
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comparison was weakened because a strike was a required component of pur-
suit; so only eight pairs were available for comparison. Overall, salamanders ini-
tiated pursuit within 18 cm of prey and only attempted a strike at prey within
2 cm.

Unexpectedly, foraging activity was positively correlated between partnered
salamanders (Spearman rank correlation:rs = 0.663, N = 18, P = 0.003;
Figure 1A). Because salamanders were randomly partnered, this correlation sug-
gests factors besides odor treatment influenced salamander foraging activity.
Within odor treatments, male and femaleP. cinereusforaging activity was not dif-
ferent. Among the salamanders exposed to plain water, male foraging actions per
minute (mean±SE= 0.82± 0:12,N = 10) were not different from female forag-
ing activity (mean±SE= 0.74± 0.16,N = 8; Mann-Whitney U test,U = 38.0,
P = 0.859). Likewise, among the salamanders exposed to snake-soiled water,
male foraging actions per minute (mean± SE= 0.44± 0.13, N = 10) were not
different from female foraging activity (mean±SE= 0.38± 0.10,N = 8; Mann-
Whitney U test,U = 39.5, P= 0.965).

Within odor treatments, salamander foraging activity tended to increase in the
high food-deprivation levels; however, some extremely high scores within those
groups drove this trend and it was not significant (Table 1). Our sample sizes within
food-deprivation levels were small, so the ability to detect a food-deprivation effect
was limited. The positive correlation between foraging activity levels of partnered
salamanders was apparent within food-deprivation levels (Figure 1A).

A least-squares polynomial curve of foraging activity as a function of the
time period within the dark cycle showed bimodal foraging activity patterns in
both treatment groups (Figure 1B). Salamanders in both odor treatments showed
peaks in foraging activity 2 hr into the dark cycle and a smaller activity peak 10 hr
into the dark cycle. Regardless of treatment, seven of the nine highest foraging
activity levels were recorded 2–4 hr into the dark cycle.

DISCUSSION

Identifying potential costs associated with prey responses to alarm cues con-
tributes to a more accurate understanding of the effects of predators on prey pop-
ulations and whole communities (Lima, 1998; Persson, 1999). Even though prey
responses to alarm cues might reduce predation rates, costs associated with those
responses can negatively affect prey populations and alter the structure and function
of whole communities. This study shows that red-backed salamander responses
to chemical cues from a predator can compromise salamander foraging success.
Salamanders exposed to snake-soiled water showed reduced foraging activity that
resulted in most animals not attempting a strike at prey during our observation
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period. Neotenic graybelly salamanders,Eurycea multiplicata, also reduce forag-
ing activity and seldom attempt to capture prey when exposed to chemical cues
from predatory fish (Whitham and Mathis, 2000). Reducing activity in response
to alarm cues might reduce detection by visually oriented predators (Godin and
Smith, 1988; Skelly, 1994), but could negatively affect salamander growth, de-
velopment, and female fecundity (Bernardo, 1994; Fraser, 1980). Therefore, the
potential for important nonlethal effects of predators should be incorporated into
models of salamander ecology.

We do not know whetherP. cinereusexposed to snake-soiled water failed
to strike at prey because it is too conspicuous or because reduced pursuit activity
results in fewer salamanders getting within strike range of prey. Regardless of
treatment, salamanders generally initiated pursuit of prey from a distance of 6–
8 cm and from as far as 18 cm, but needed to move within 2 cm to attempt a
strike. Therefore, it is possible that reduced activity results in reduced encounters
with prey at a sufficient distance to strike. Unlike the laboratory environment, the
unconstrained movement of prey in the natural environment might further reduce
prey encounter rates.

Our results on the effects of hunger onP. cinereusforaging activity are equiv-
ocal, but regardless of whether hunger affects salamander foraging activity, hunger
did not appear to affect salamander responsiveness to chemical cues. It must be
pointed out that all of the salamanders that we tested were deprived of food for at
least four days therefore, it is likely that all were hungry to some degree. Thus,
hunger did not diminishP. cinereusresponsiveness to predator chemical cues, at
least through 12 days of food deprivation. Other studies of larval anurans (Horat
and Semlitsch, 1994) and neotenic adult salamanders (Whitham and Mathis, 2000)
show that hunger does not diminish responsiveness to predator chemical cues even
if hunger tends to increase foraging activity. In our study and the other studies of
amphibians, food deprivation ranged from one to five days, and no level of food
deprivation was sufficient to diminish responsiveness to predator chemical cues.
Studies of other animals show interactions between the effects of hunger and ex-
posure to predator chemical cues on foraging behavior with shorter periods of
food deprivation. For example, one day of food deprivation is sufficient to increase
foraging activity of three-spine sticklebacks,Gasterosteus aculeatusand override
responsiveness to predator chemical cues (Godin and Crossman, 1994). We do not
know why the effects of hunger on animal responsiveness to predator cues might
differ between some amphibians and fish. Many amphibians, especially plethod-
ontid salamanders, such as those tested in this study and by Whitham and Mathis
(2000), have exceptionally high metabolic efficiencies that allow them to go for
extended periods without food (Feder, 1983; Pough, 1983). High metabolic effi-
ciency is a hallmark adaptation of amphibians and reptiles, enabling them to exploit
highly variable environments where access to food can be limited frequently or
for long periods.
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We discoveredpost hocthat the foraging activity of partnered salamanders
was positively correlated, which suggests additional influences on salamander
foraging behavior independent of the effect of exposure to predator chemical cues.
Because we randomly partnered salamanders, those additional factors that affected
foraging activity must be conditions shared by partners. Partnered salamanders
had three factors in common that might affect foraging behavior: sex, length of
the food-deprivation period, and time within the dark cycle when the pair was
tested. Maerz (2000) reported differences in foraging patterns between male and
femaleP. cinereus, specifically that female salamanders tend to capture larger
and sometimes more prey than male salamanders, and Dakin (1978) reported
disproportionately high numbers of femaleP. jordani andP. yonahlosseduring
peak hours of salamander activity. However, in this study, we found no evidence
of differences in foraging activity between male and femaleP. cinereus; so, sex was
not a factor contributing to variation in foraging behavior among salamander pairs.

As discussed before, food deprivation did not appear to significantly affect
salamander foraging activity and does not appear to account for the correlated
behavior of partnered salamanders. Because of our small sample sizes within food-
deprivation/odor treatment groups, we hesitate to conclude that food deprivation
has no effect onP. cinereusforaging activity. However, Adler (1968) examined
the effects of food deprivation onP. glutinosusactivity, and although his study
focused on internal activity biorhythms and not facultative adjustments to activity
in the presence of prey, he reported that a month of food deprivation had no
measurable affect onP. glutinosusactivity patterns. Further, it was apparent that
foraging activity was correlated between partnered salamanders even within food-
deprivation groups.

We hypothesize that the positive correlation in activity level between part-
nered salamanders reflects internal biorhythm influences on activity. The activities
of many animals are regulated by internal biorhythms that could operate indepen-
dent of, or interact with, responses to chemical cues. In this study, thoseP. cinereus
tested 2–4 hr into the dark cycle showed the highest foraging activity. Field studies
show that when the environment is sufficiently moist, mostPlethodonemerge from
daytime retreats shortly after dusk to forage on the surface (Adler, 1968; Dakin,
1978). Salamander surface activity peaks 2–4 hr after dusk, declines late in the
evening, and may peak again near dawn (Adler, 1968; Dakin, 1978). Adler (1968)
suggested that increased rodent activity might account for the reduction in sala-
mander surface activity in the middle of the night. Laboratory studies show that
these daily activity patterns ofPlethodonare regulated by an internal biorhythm
tuned with extraoptic photoreceptors to the light–dark cycle (Adler, 1969, 1970).
Biorhythmic regulation of activity persists at least 24 hr after the removal of photo
cues (Adler, 1969).

Many studies consider the state of an animal, e.g., hunger level, when trying
to understand an animal’s response to stimuli, but most studies fail to factor in the
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effects of biorhythms. In this study, exposure to predator chemical cues appears
to reduce the amplitude ofP. cinereusforaging activity, especially during periods
of peak activity, but does not appear to affect the expression of temporal activity
patterns. This suggests the need to consider biorhythms in the design of behavioral
studies. Because exposure to chemical cues has a large effect on activity during
activity peaks and a subtler effect on behavior during natural activity lulls, studies
conducted during different times could produce different, potentially conflicting,
results and lead to different conclusions about the effect of particular stimuli on
an animal’s behavior.

The interaction of behavioral biorhythms and chemical cues could be an im-
portant area of future research. Two key areas for research are: (1) how do behav-
ioral biorhythms interact with facultative responses to environmental stimuli like
chemical cues, and (2) are any responses to environmental cues under the control
of biorhythms. We already know thatP. cinereusresponses to some chemical alarm
cues show diel periodicity tied to the light–dark cycle (Madison et al., 1999a,b).
Unlike P. cinereusresponsiveness to the odors of snakes that fed onP. cinereus,
which does not change throughout the diel cycle,P. cinereusresponsiveness to the
odors of snakes feeding on alternative prey varies depending on the time of day.
P. cinereusrespond the odors ofT. sirtalis feeding on alternative prey during
the day and for the first few hours after dusk, but stop responding late at night
(Madison et al., 1999a,b; Madison, Maerz, and Sullivan, unpublished data).
These temporal response patterns appear to be regulated by internal biorhythms
tied to the diel cycle and are not directly affected by environmental cues such
as light (Madison et al., 1999b). Circadian rhythmic control of responses to
chemical cues has also been reported forDrosophila (Krishnan et al., 1999).
Biorhythmic regulation of responses to predator cues should make prey responses
more efficient. Predator activity or efficiency will vary depending on time of day
and conditions, and prey can respond differently to the same cue depending on
conditions.

CONCLUSIONS

This study shows that red-backed salamanders reduce foraging activity in
response to exposure to chemical cues from a predator. Reduced foraging ac-
tivity represents a cost associated with responses to chemical cues and suggests
that predators could have nonlethal effects on terrestrial salamander populations. A
positive correlation between the activity levels of randomly partnered salamanders
exposed to different odor treatments indicated additional influences on salamander
activity independent of odor treatment. Because activity patterns across the dark
cycle were consistent with natural periodicity in foraging activity, which is under
the control of internal biorhythms, we hypothesize that biorhythms and not sex or



P1: FRW

Journal of Chemical Ecology [joec] PP188-303098 June 2, 2001 12:3 Style file version Nov. 19th, 1999

1342 MAERZ, PANEBIANCO, AND MADISON

hunger level affected salamander foraging activity. The effects of chemical cues
on salamander foraging activity were strongest during natural peaks in salamander
activity and subtler during natural lulls in foraging activity. Because biorhythms
can affect both responses to chemical cues and other behaviors, such as foraging
or mate search, and because independent rhythms could interact to produce dif-
ferent activity patterns under different contexts, studies of chemical cues should
incorporate behavioral biorhythms into their design.
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Abstract—A predatory stink bug,Eocanthecona furcellata, died after feeding
on Milionia basalislarvae. The compounds toxic toE. furcellatawere isolated
from the hemolymph ofM. basalislarvae and identified as inumakilactone A,
nagilactone C, and nagilactone C glucoside. The concentrations of inumaki-
lactone A, nagilactone C, and nagilactone C glucoside in the hemolymph of
the final instar larvae were 130, 50, and 770µg/ml, respectively. Nagilactone
C showed the highest insecticidal activity against second-instar nymphs ofE.
furcellata, while nagilactone C glucoside showed the lowest, one twentieth of
that of nagilactone C. When mixed compounds were given at the same concen-
trations as those in hemolymph ofM. basalis, all nymphs ofE. furcellatadied
with in three days. Inumakilactone A and nagilactone C were found to be in the
leaves of podocarp,Podocarpus macrophyllus, the only host plant ofM. basalis,
at concentrations of 13 and 175µg/g fresh weight, respectively. However, no
nagilactone C glucoside was detected in the leaves of this species. These results
suggested thatM. basalismay transform nagilactone C to its glucoside.

Key Words—Toxic compounds, defense substance, stink bug,Eocanthecona
furcellata, geometrid moth,Milionia basalis, podocarp,Podocarpus macrophyl-
lus, nagilactone, glucosides, inumakilactone, sequestration, transformation.

INTRODUCTION

The podocarp tree,Podocarpus macrophyllus(Podocarpaceae), is used as building
material and as a street or garden tree in southern Japan because it is rarely in-
fested by termites and insects (Saeki et al., 1970).P. macrophylluswas reported to
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contain substances toxic to some insect species (Ito and Kodama, 1976). However,
the larvae of the geometrid moth,Milionia basalis pryeriDruce (Geometridae)
have adapted to this plant and feed exclusively on it, with frequent outbreaks that
cause considerable damage. Egg batches of the predatory stink bug,Eocanthecona
furcellata(Wolff ) (Heteroptera: Pentatomidae), have been observed on the leaves
of P. macrophyllus(Wakamura, personal communication).E. furcellatais consid-
ered to be a predator ofM. basalisbecause the stink bug attacks larvae of many
species of Lepidoptera, Coleoptera, and Hymenoptera (Chu, 1975). However, a
preliminary experiment showed that second-instar nymphs ofE. furcellatadied
after attackingM. basalislarvae (Sakakibara, personal communication), suggest-
ing thatM. basalislarvae contain toxic compounds to protect themselves against
predators.

In the present paper, we describe the isolation and identification of the toxic
compounds in the hemolymph ofM. basalislarvae against the predatory stink
bug, E. furcellata, and the relationship between these isolated compounds and
components inP. macrophyllus, the host plant ofM. basalis.

METHODS AND MATERIALS

Insects.Larvae of the geometrid moth,M. basalis, were obtained from
podocarp trees,P. macrophyllus, on Okinawa Island, Japan. The larvae were reared
on the podocarp leaves in the laboratory. A laboratory colony of the predatory
stink bug,E. furcellata, was maintained on frozen preserved larvae of the army-
worm,Pseudaletia separata, which had been reared on an artificial diet, Insecta LF
(Nihon Nousan Kogyo Co., Ltd., Japan). The second-instar nymphs of the bugs
were starved for one day after ecdysis before conducting bioassays. All insects
were reared at 25◦C and 16L:8D photoperiod.

Collection of Hemolymph fromM. basalisLarvae. M. basalislarvae (sixth in-
stars) were kept in ice water for 15 min and then their prolegs were cut. Hemolymph
was collected into 1.5-ml microtubes. The hemolymph was immediately heated
and then kept at 60◦C for 15 min to inactivate enzymes. The turbid hemolymph
was then centrifuged, and the supernatant was separated and stored at−20◦C until
extraction.

Isolation of Toxic Compounds from Hemolymph ofM. basalisLarvae. The
hemolymph ofM. basalislarvae (ca. 5 ml, sixth instars) was diluted with distilled
water (5 ml) and extracted with hexane, ethyl acetate, and water-saturated 1-butanol
(each 10 ml× 3), successively.

Bioassay.Test material was dissolved in methanol and applied (1 larva equiv-
alent) to a piece of absorbent cotton (3× 3× 1 mm) on a sheet of parafilm (1×
1 cm) that was placed on filter paper in a 5-cm plastic Petri dish. After the sol-
vent evaporated, 25µl of hemolymph of the silkworm,Bombyx mori, which
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had been heated (60◦C, 15 min) and centrifuged, was added to the cotton piece.
Five second-instar nymphs ofE. furcellatawere released in the dish. To keep the
test materials and insects from desiccation, a moistened cotton wick was placed
on the inner side of the lid of the Petri dish. Whether the nymphs fed or not was
judged from the excreta traces that remained on the filter paper disk. Mortality was
checked after four days and evaluated as follows:−, less than 20%;+, ∼40%;
++,∼80%;+++, more than 80%. Each test was replicated at least three times.

Glycoside Hydrolysis.Hydrochloric acid (1 M, 0.05 ml) was added to the
methanol solution of glycoside (0.5 mg/0.2 ml). The mixture was kept at 60◦C for
14 hr, and then evaporated to dryness. Water was added to the residue, and the
supernatant was separated and dried. Water (3µl) was again added for the next
trimethylsilylation.

Trimethylsilyl Derivatives of Carbohydrates.Carbohydrate in water solution
(0.5 mg/5µl) was mixed with TMSI-C (N-trimethylsilyl imidazole in pyridine, GL
Sciences Inc.; 0.5 ml) in a sealed vial and kept at 60◦C for 2hr. Authentic glucose,
galactose, and sorbose were purchased from Wako Pure Chem. Industries, Ltd.
Mannose, allose, and gulose were from Nakarai Chem. Ltd., Aldrich Chem. Co.,
and Sigma Chem. Co., respectively. Reaction mixture, 1µl diluted 100-fold with
pyridine, was directly injected into GC.

Isolation and Determination of Nagilactones fromP. macrophyllusLeaves.
P. macrophyllusleaves were steamed at 60◦C for 15 min to inactivate enzymes
in the leaves and then frozen. Freeze-dried powderedP. macrophyllusleaves
were extracted with methanol for 1 night. After filtration, the methanol extract
was evaporated. Distilled water was added to the residue and extracted thor-
oughly with hexane, ethyl acetate, and water-saturated 1-butanol, successively. The
1-butanol fraction was chromatographed on silica gel (ethyl acetate–methanol
10:1) and ODS silica gel (20% methanol). The crude inumakilactone A and nagi-
lactone C were further purified by HPLC.

Equipment.A Shimadzu LC-10Avp system was used for HPLC. Separation
was achieved with a Cosmosil-5C18-AR-II, 4.6× 250 mm (Nacalai Tesque, Inc.
Japan) column. The column temperature was 40◦C. The eluting solvent was water–
methanol (85:15). The flow rate was 1 ml/min. The UV detector was set at 210 for
detection of inumakilactone A and at 254 and 300 nm for detection of nagilactones.
NMR spectra were recorded with a Bruker ARX-400 (400 MHz) spectrometer,
with pyridine-d5 as a solvent. Mass spectra (FAB) were obtained with a Jeol
JMS- SX102A spectrometer. Argon was used as a bombarding gas, (5× 10−6

torr), FAB energy was set to 10 keV, and glycerol was used as a matrix. The gas
chromatograph used was a Hewlett Packard (HP) 5890 II with a splitless capillary
injector and a flame ionization detector. The column employed was DB-17HT
(30 m× 0.25 mm I D× 0.15-µm film thickness; J&W Scientific); injection, 270◦C;
splitless time, 1.0 min; column oven temperature, 50◦C for 1 min, programmed
to increase up to 100◦C at 20◦C/min, and further increased to 270◦C at 5◦C/min,
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and held at the final temperature for 5 min; carrier gas, helium at a column head
pressure of 110 kPa. Within the GC peaks of hydrocarbons (C12–C28), those of
C15–C22 appeared at the same time intervals, that is, this condition was suitable
for calculation of Kovát’s retention time index.

Spectral Data.Data of compound1 are:1H NMR (400 MHz); δ1.41 (3H,
s, CH3-20), 1.60 (3H, s, CH3-18), 1.61 (3H, d, J= 6.2 Hz, CH3-16), 2.18 (1H, d,
5.1, H-5), 3.56 (1H, dd, 6.0 and 4.2, H-2), 3.68 (1H, d, 4.1, H-1), 4.39 (1H, dq, 6.2
and 2.2, H-15), 4.69 (1H, dd, 5.9 and 5.1, H-3), 4.78 (1H, d, 8.5, H-14), 5.15 (2H,
overlapping H-6 and H-7), 6.84 (1H, s, H-11). UV;λmax 222 nm in methanol.

Data for compound2 are:1H NMR (400 MHz); δ 1.22 (3H, d, J= 6.7 Hz,
CH3-16), 1.31 (3H, d, 6.7, CH3-17), 1.59 (3H, s, CH3-20), 1.89 (3H, s, CH3-18),
2.14 (1H, d, 8.4, H-5), 3.45 (1H, m, H-15), 3.63 (1H, m, H-2), 3.65 (1H, d, 4.0,
H-1), 4.04 (1H, m, 3-glc H-5′), 4.08 (1H, t, 8.3, 3-glc H-2′), 4.18 (1H, t, 9.1, 3-glc
H-4′), 4.27 (1H, t, 8.8, 3-glc H-3′), 4.38 (1H, dd, 11.6 and 5.5, 3-glc H-6′), 4.58
(1H, dd, 11.7 and 1.7, 3-glc H-6′), 4.78 (1H, d, 5.8, H-3), 5.10 (1H, t, 8.1, H-6),
5.23 (1H, d, 7.7, 3-glc H-1′), 5.65 (1H, d, 8.0, H-7), 6.65 (1H, s, H-11).13C NMR
(100 MHz);δ19.69 (C-20), 20.62 (C-16), 21.28 (C-17), 27.70 (C-18), 30.19 (C-
15), 38.28 (C-10), 49.96 (C-4), 51.29 (C-5), 51.41 (C-2), 58.54 (C-1), 60.43 (C-7),
63.47 (3-glc6′), 72.00 (3-glc4′), 74.66 (C-6), 76.18 (3-glc2′), 77.58 (C-3), 78.75
(3-glc5′), 79.42 (3-glc3′), 108.19 (C-11), 108.26 (3-glc1′), 112.12 (C-8), 162.51
(C-12), 164.95 (C-14), 170.94 (C-9), 178.61 (C-19).

RESULTS

Isolation of Toxic Compounds from Hemolymph ofM. basalisLarvae. Ethyl
acetate, 1-butanol, and water extracts of the hemolymph showed toxic activity
(mortality of more than 80%) to the nymphs ofE. furcellata.Each extract was
further fractionated to isolate the toxic compounds.

Identification of Toxic Compounds.Each isolated compound was identified
by using the NMR, MS, UV spectra, and GC retention index system (Kov´ats,
1965). From the ethyl acetate extract of the hemolymph, compound1 was isolated
(Figure 1). The spectral data (NMR, UV) of compound1 were identical to those
of inumakilactone A, norditerpene dilactone, that was isolated from the podocarp
tree,P. macrophyllus(Figure 1) (Ito et al., 1968).

From the 1-butanol extract, two compounds were found to have toxic activity
againstE. furcellata.Both compounds had the same UV spectra (λmax 300 nm
in methanol). Polar compound2 was present in a large amount and showed a
low toxicity, while the less polar compound3 was present in a small amount
and showed a high toxicity. UV spectra of2 and3 were very similar to that of
nagilactone C, norditerpene dilactone, that was also isolated from the podocarp
tree,P. macrophyllus(Hayashi et al., 1968; Ito and Kodama, 1976). The NMR
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FIG. 1. Structures of toxic compounds1, 2, and3 isolated from hemolymph ofM. basalis.

spectrum of3 was identical with that of nagilactone C (Hayashi et al., 1968; Kubo
and Ying, 1991) (Figure 1).

The mass peak (FAB) of compound2 was observed atm/z547 (M+Na)+,
which was higher by 162 mass units than that of nagilactone C, and indicated the
presence of one additional mole of the glycosyl group in2. The1H and13C NMR
spectra of2were very similar to those of nagilactone C (Hayashi et al., 1968; Kubo
and Ying, 1991), except for the appearance of glycopyranosyl group signals. In
addition, the signal at Me-18 in2 (δ 1.89) shifted ca. 0.22 ppm upfield (nagilactone
C;δ 2.11) and the carbon signal at C-3 in2 (δ 77.58) shifted ca. 9.57 ppm downfield
(nagilactone C;δ 68.01). Thus, the additional glycopyranosyl moiety appeared to
link to the C-3 hydroxyl group.

In order to identify the unknown carbohydrate moiety in2, the GC retention
index system (Kov´ats, 1965) was used. The data of FAB of 162 mass units dif-
ference between2 and nagilactone C indicated that the molecular weight of the
unknown carbohydrate moiety in2 was 180. Therefore, some naturally occurring
carbohydrates with the chemical formula of C6H12O6 were used as standards. Each
of the standard trimethylsilylated carbohydrate solutions (glucose, galactose, sor-
bose, mannose, allose, and gulose, 1µl) as well as a solution of the hydrolyzed
and trimethylsilylated compound2 (1µl) was injected into the GC together with
the standard hydrocarbons in hexane solution 1µl (C12, C14, C16, C18, C20, C22,
C24, C26, and C28, each 10 ng/µl). Retention indices were calculated. Since the
retention index of the trimethylsilyl derivative of hydrolyzed compound2 (peak 1:
1857, and peak 2: 1893; peak 1 and 2 were derived fromα- andβ-anomers during
the trimethylsilylation of carbohydrates) agreed with that of glucose 5TMS (peak
1: 1858, and peak 2: 1893), the carbohydrate in2 proved to be glucose. A signal at
δ 5.23 (d,J= 7.7 Hz) was assigned to a glucosyl anomeric proton and theJ value
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suggested that the glycosidic bond had aβ linkage. From the above evidence,
2 was identified as nagilactone C glucoside, 3-O-β-glucopyranoside of nagilac-
tone C (Figure 1). Signals of1H and13C NMR spectra of2 were all assigned by
H-H cosy and HSQC spectra.

From the water extract of the hemolymph, the toxic fraction included nagi-
lactone C glucoside (2) and nagilactone C (3), the same compounds as those of
the 1-butanol extract.

Quantification of Inumakilactone A (1), Nagilactone C glucoside (2), and
Nagilactone C (3). The concentrations of the three compounds in the hemolymph
of M. basaliswere calculated based on HPLC analysis, and found to be as high as
130, 770, and 50µg/ml, respectively. The concentrations of1 and3 in the leaves
of P. macrophylluswere 13 and 175µg/g fresh weight, respectively.

Relationship Among Concentrations of Compounds1, 2, and3 and E. fur-
cellataMortality. When the test compound was applied to the absorbent cotton
at concentrations of 1000, 200, 40, and 10µg/ml each in silkworm hemolymph,
the concentrations of inumakilactone A, nagilactone C glucoside, and nagilactone
C, that showed 50% mortality ofE. furcellata, were 260, 650, and 30µg/ml,
respectively (Figure 2A). Nagilactone C showed the highest insecticidal activity

FIG. 2. Relationship between concentration of inumakilactone A, nagilactone C and nag-
ilactone C glucoside and mortality ofE. furcellata. (A) Test compound was applied at
concentrations of 1000, 200, 40, and 10µg/ml. Triangles: inumakilactone A, open circles:
nagilactone C, closed circles: nagilactone C glucoside. Dotted lines indicate the contents
of each compound in the hemolymph ofM. basalislarvae. (B) Test compounds were ap-
plied at the same concentrations as hemolymph ofM. basalis. Squares: three compounds
mixed at the hemolymph ofM. basalisequivalent, i.e., 1 eq mixture of inumakilactone A
(130µg/ml), nagilactone C (50µg/ml), and nagilactone C glucoside (770µg/ml); triangles:
inumakilactone A, open circles: nagilactone C, closed circles: nagilactone C glucoside.
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againstE. furcellata, while nagilactone C glucoside showed the lowest, one twen-
tieth of that of nagilactone C. When the three compounds mixed at the same
concentrations as those in hemolymph ofM. basalislarvae (1, 130;2, 770; and3,
50µg/ml) were given toE. furcellata, none of the nymphs survived after three days
(Figure 2B).

DISCUSSION

In this study, we identified thatM. basalislarvae possess high concentrations
of inumakilactone A (1), nagilactone C (3), and its glucoside (2) in the hemolymph
as compounds toxic toE. furcellata(Figure 1). It has been reported that inumaki-
lactone A and nagilactone C are contained inP. macrophyllus, the only host plant
of M. basalis(Hayashi et al., 1968; Ito et al., 1968). Inumakilactone A shows
antitermitic activity (Saeki et al., 1970), and nagilactone C is toxic to housefly lar-
vae (Russell et al., 1972) and larvae of codling moth and light-brown apple moth
(Singh et al., 1978, 1979). In the present study, inumakilactone A and nagilactone
C were confirmed to be contained in the leaves ofP. macrophyllusat concentra-
tions of 13 and 175µg/g fresh leaves, respectively. InM. basalishemolymph,
inumakilactone A, nagilactone C, and its glucoside were found to be at concen-
trations of 130, 50, and 770µg/ml, respectively. Taking into account these results
and the fact that no nagilactone C glucoside was detected in the leaves ofP. macro-
phyllus, M. basalisis considered to sequester inumakilactone A and nagilactone C
from the host plant and transform nagilactone C to its glucoside and store it. The
conflict that the concentration of nagilactone C in the hemolymph is lower than
that of the fresh leaves ofP. macrophylluscan be explained by the likelihood of
transformation of nagilactone C to its glucoside inM. basalislarvae. It is reported
that larvae of the lycaenid butterfly,Polyommatus icarus, reared on inflorescences
of Coronilla varia andMedicago sativasequester host-plant derived flavonoids
and glycosylated flavonoids (Wiesen et al., 1994). Wiesen et al. (1994) indicated
that these flavonoids might be biotransformed to their glycosides by the insects
or their gut flora. A similar transformation might occur in the case ofM. basalis.
Although it is uncertain, one of the reasons for transformation to glucoside form in
M. basalislarvae may be to reduce the toxicity of nagilactone C forM. basalisitself
(Figure 2A).

Inumakilactone A (1), nagilactone C (3), and its glucoside (2) in M. basalis
hemolymph were contained at 130, 50, and 770µg/ml, respectively. Each of these
compounds showed insecticidal activity againstE. furcellataat concentrations of
260, 30, and 650µg/ml, respectively (50% mortality; Figure 2A). Furthermore,
when the three compounds were given as a mixture at the same concentrations as
in the hemolymph ofM. basalislarvae, none of theE. furcellatanymphs survived.
Thus, the concentrations of those compounds in theM. basalishemolymph were
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toxic enough to kill theE. furcellatanymphs. It is unclear whether the observed
toxicity of E. furcellatalarvae is due to postingestive effects, direct contact, or a
combination of both. However, whenE. furcellata larvae bloodsuckM. basalis
larvae, they contact only at proboses, and other parts of the body and legs seldom
contactM. basalislarvae. In addition, from HPLC analysis of the skin extract,
only trace amounts of nagilactones were detected. Taking into account the above
results, the observed toxicity of theE. furcellatalarvae is regarded to be due to
only postingestive effects.

In this report, we focused on the toxicity of host-derived compounds se-
questered inM. basalislarvae. SinceM. basalislarvae have an aposematic col-
oration, orange head and white–latticed black skin, the coloration may also play a
part in the prey–predator interaction. Furthermore, other aspects, such as deterrence
of the compounds, may contribute to the protection ofM. basalisfrom predators.
It has been reported that some of the defense substances directly toxic to predators
have an unpalatable or deterrent nature (Nishida and Fukami, 1989; Nishida, 1994).
For example, physiologically toxic grayanoid diterpenes that are sequestered from
leaves ofPieris japonicaby larvae of a geometrid moth,Arichanna gaschkevitchii,
have potent deterrent activity (Nishida, 1994). The generalist predatory stink bugs,
E. furcellata, put their proboses into lepidopteran larvae in response to (E)-phytol,
which is produced by larvae from chlorophyll in food plants (Yasuda, 1997, 1998).
E. furcellataput their proboses intoM. basalislarvae, but soon pulled back, al-
though they repeated short-time sucking. They then died after three days under
confined conditions. This suggests a deterrent nature forE. furcellata. The deter-
rent nature may also play a part in the protection ofM. basalisfrom E. furcellata
in fields. Further investigation is needed to determine whether toxic compounds
identified in this study have deterrent activity to predators.
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KOVÁTS, E. 1965. Gas chromatographic characterization of organic substances in the retention index
system.Adv. Chromatog.1:229–247.

KUBO, I. and YING, B.-P. 1991. A bisnorditerpene dilactone fromPodocarpus nagi. Phytochemistry
30:3476–3477.

NISHIDA, R. 1994. Sequestration of plant secondary compounds by butterflies and moths.Chemoecol-
ogy5/6:127–138.

NISHIDA, R. and FUKAMI , H. 1989. Ecological adaptation of an Aristolochiaceae-feeding swallowtail
butterfly,Atrophaneura alcinous, to aristolochic acids.J. Chem. Ecol.15:2549–2563.

RUSSELL, G. B., FENEMORE, P. G., and SINGH, P. 1972. Insect-control chemicals from plants. Nagilac-
tone C, a toxic substance from the leaves ofPodocarpus nivalisandP. hallii. Aust. J. Biol. Sci.
25:1025–1029.

SAEKI, I., SUMIMOTO, M., and KONDO, T. 1970. The termiticidal substances from the wood ofPodocar-
pus macrophyllusD. Don.Holzforschung24:83–86.

SINGH, P., FENEMORE, P. G., and DUGDALE, J. S. 1978. The insecticidal activity of foliage from New
Zealand conifers.Biochem. Syst. Ecol.6:103–106.

SINGH, P., RUSSELL, G. B., HAYASHI, Y., GALLAGHER, R. T., and FREDERICKSEN, S. 1979. The insec-
ticidal activity of some norditerpene dilactones.Entomol. Exp. Appl.25:121–127.

WIESEN, B., KRUG, E., FIEDLER, K., WRAY, V., and PROKSCH, P. 1994. Sequestration of host-plant-
derived flavonoids by lycaenid butterflyPolyommatus icarus. J. Chem. Ecol.20:2523–2538.

YASUDA, T. 1997. Chemical cues fromSpodoptera lituralarvae elicit prey-locating behavior by the
predatory stink bug,Eocanthecona furcellata. Entomol. Exp. Appl.82:349–354.

YASUDA, T. 1998. Effects of (E)-phytol of several lepidopteran species in prey-locating behavior of
generalist predatory stink bug,Eocanthecana furcellata(Heteroptera: Pentatomidae).Entomol.
Sci.1:159–164.



P1: GKW/RKP P2: GJE

Journal of Chemical Ecology [joec] PP188-303100 June 2, 2001 12:53 Style file version Nov. 19th, 1999

Journal of Chemical Ecology, Vol. 27, No. 7, 2001

COMPARISON OF CULTIVARS OF ORNAMENTAL CROP
Gerbera jamesoniiON PRODUCTION OF SPIDER

MITE-INDUCED VOLATILES, AND THEIR
ATTRACTIVENESS TO THE PREDATOR

Phytoseiulus persimilis

O. E. KRIPS,1 P. E. L. WILLEMS,1,4 R. GOLS,1 M. A. POSTHUMUS,2

G. GORT,3 and M. DICKE1,∗

1Laboratory of Entomology
2Laboratory of Organic Chemistry

3Subdepartment of Mathematics
Wageningen University

Wageningen, The Netherlands

(Received November 16, 1999; accepted March 8, 2001)

Abstract—We investigated whether volatiles produced by spider mite-damaged
plants of four gerbera cultivars differ in attractiveness toPhytoseiulus persim-
ilis, a specialist predator of spider mites, and how the mite-induced odor blends
differ in chemical composition. The gerbera cultivars differed in resistance, as
expressed in terms of spider mite intrinsic rate of population increase (rm). In
order of increasing resistance these were Sirtaki, Rondena, Fame, and Bianca.
To correct for differences in damage inflicted on the cultivars, we developed
a method to compare the attractiveness of the blends, based on the assump-
tion that a larger amount of spider mite damage leads to higher attraction of
P. persimilis. Spider mite-induced volatiles of cultivars Rondena and Bianca
were preferred over those of cultivar Sirtaki. Spider mite-induced volatiles of
cultivars Sirtaki and Fame did not differ in attractiveness toP. persimilis. Sirtaki
plants had a lower relative production of terpenes than the other three culti-
vars. This was attributed to a low production ofcis-α-bergamotene,trans-α-
bergamotene,trans-β-bergamotene, and (E)-β-farnesene. The emission of (E)-
β-ocimene and linalool was lower in Sirtaki and Fame leaves than in Bianca
and Rondena. The importance of these chemical differences in the differential
attraction of predatory mites is discussed.
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INTRODUCTION

The predatory mitePhytoseiulus persimilisAthias-Henriot is a specialist predator
of the spider miteTetranychus urticaeKoch, an important pest in greenhouses.
Since the predators feed almost exclusively on spider mite species from the genus
Tetranychusand are unable to survive on alternative food sources such as pollen or
nectar (Sabelis, 1985), they rely on their ability to locate areas where prey is present.

Several species of host plants respond to damage by spider mites with the
production of volatiles that attractP. persimilis(Sabelis and van de Baan, 1983;
Sabelis et al., 1984; Dicke and Sabelis, 1988; Dicke et al., 1990a,b, 1998; Sabelis
and van der Weel, 1994; Sabelis and Afman, 1994).Phytoseiulus persimilisuses
these odors to find leaves with colonies of its prey. The predators do not leave a prey
patch until all prey is exterminated. This is most likely the result of arrestment in
response to volatiles from damaged plants (Sabelis and van der Meer, 1986; Sabelis
and Afman, 1994). Arrestment of the predators in a prey patch has a major influence
on the population growth of the predators and their prey (van Baalen and Sabelis,
1995). Therefore, the response of the predators to spider mite-induced volatiles is
likely to be important for the success of spider mite control withP. persimilis.

Different species of plants show qualitative and quantitative differences in the
production of spider mite-induced volatiles, and these blends differ in attractive-
ness toP. persimilis. Even cultivars of the same species may differ in production
of volatiles and attractiveness (see Takabayashi and Dicke, 1996, and Dicke et al.,
1998, for reviews). Cultivar differences also have been found in the composition or
the attractiveness of blends of volatiles that are produced in response to damage by
other herbivores (Loughrin et al., 1995, 1996; Souissi, 1999). The success ofP.
persimilisin localizing spider mite-infested leaves and the speed at which prey pop-
ulations are exterminated may, therefore, depend on the plant species or cultivar.

Gerbera jamesoniiBolus is an ornamental crop of which a large number
of cultivars are grown commercially. During the breeding process, cultivars are
mainly selected for color and shape of the flowers. However, quite a number of
other differences exist, such as leaf shape and texture, density of trichomes, and
resistance to the spider miteTetranychus urticaeKoch (Süterlin and van Lenteren,
1997; Krips et al., 1998, 1999a). Possibly, gerbera cultivars with spider mite dam-
age differ as well in the production of volatiles, and these volatile blends may differ
in attractiveness. This may result in cultivar effects on the ability ofP. persimilisto
localize its prey and the speed at which a spider mite population is exterminated.

The aim of this study was to compare the composition of the blends of volatiles
produced by spider mite damaged leaves of four gerbera cultivars and to determine
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the attractiveness of these blends toP. persimilis. We tried to relate differences in
blends to differences in attractiveness toP. persimilis. However, gerbera cultivars
differ largely in resistance toT. urticae(Krips et al., 1998), which results in unequal
consumption rates by the spider mites. Thus, placing a standardized number of
spider mites on gerbera leaves for a standardized amount of time does not result in
equal damage on all cultivars. Because of these differences in host plant resistance,
we estimated the amount of spider mite damage on the leaves by counting the
number of eggs produced by the infesting spider mites on each set of leaves
used in the experiments. In this way, we had an indication of whether or not
cultivar differences in volatile production or attractiveness could be explained by
differences in damage by spider mites.

METHODS AND MATERIALS

Plant Material

Gerbera (Gerbera jamesonii) plants were obtained from the gerbera breeding
companies Prego Rijsenhout bv and Terra Nigra bv. They were grown at 20–30◦C,
50–70% relative humidity, and at least 16 hr of light per day in a greenhouse
at Wageningen University, The Netherlands. High-pressure mercury lamps were
switched on when the light intensity outside dropped below 150 W/m2 and switched
off when it increased above 250 W/m2. Plants used for the experiments were
6–12 months old. The youngest fully unfolded leaves of the cultivars Bianca,
Fame, Rondena, and Sirtaki were used. Sirtaki is most susceptible to spider mites,
closely followed by Rondena, while Fame is more resistant, and Bianca is most
resistant. The intrinsic rate of population increase (rm) of T. urticaeis 0.24/day on
Sirtaki, 0.21/day on Rondena, 0.16/day on Fame, and 0.09/day on Bianca (Krips
et al., 1998). The cultivars Fame, Sirtaki, and Rondena are related to each other
(see pedigree in Figure 1). Cultivar Bianca is unrelated to the other three cultivars.

Spider Mites

Spider mites (Tetranychus urticae) were collected from a commercial ger-
bera greenhouse at Mijdrecht, The Netherlands, in the spring of 1994 and were
subsequently reared on the gerbera cultivar Sirtaki. Plants with mites were kept
at 20–30◦C, 50–70% relative humidity, and at least 16 hr of light per day in a
greenhouse at Wageningen University.

Predatory Mites

Predatory mites (Phytoseiulus persimilis) were originally obtained from
Entocare CV, a commercial mass rearing company for biological control. In our
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FIG. 1. Pedigree showing the relatedness of the gerbera cultivars Rondena, Fame and Sirtaki.

laboratory, they were reared on spider mites (T. urticae) on gerbera leaves of the
cultivar Sirtaki. The predators were kept in Petri dishes of 9 cm diameter with an
opening in the lid of 2.7 cm diameter, covered with fine-mesh gauze, and were of-
fered pieces of leaves with spider mites three times a week. Once a week, five gra-
vid femaleP. persimiliswere transferred from each Petri dish to new ones. The
Petri dishes were kept in a climate room at 23± 2◦C, 60± 5% relative humidity
with a 16L:8D photoperiod.

Experiment 1: Preference of P. persimilis

Incubation of Leaves. We compared the attractiveness of the spider mite-
induced volatiles of cultivar Sirtaki with those of cultivars Bianca, Fame, and
Rondena. For each replicate, detached leaves of Sirtaki and one of the other culti-
vars were placed with their petioles in vials with tap water. The weight of the leaf
samples was 30–70 g per cultivar, but was equal for both cultivars per replicate.
Depending on the cultivar, 50–200 adult female spider mites were placed on each
leaf, after which the leaves were incubated for seven days at 23± 1◦C, 60± 5%
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relative humidity, and a 16L:8D photoperiod. After seven days, we counted the
number of eggs on the leaves as a measure of the spider mite damage inflicted.
Approximately 20% of the leaf material ingested by spider mites is converted into
eggs (Sabelis, 1981, p. 31), and at constant temperature and relative humidity,
the number of eggs produced is directly related to the amount of ingested leaf
material. Since we placed only adult female mites on the leaves, the leaves were
not damaged by males. Eggs that were produced on the first day of incubation
had, on some cultivars, developed into larvae during incubation. In these cases,
the larvae were counted together with the eggs. Damage inflicted by these larvae
was negligible compared to the damage inflicted by adult females (Sabelis, 1981).

Olfactometer Set-Up. Leaves of both cultivars were placed in separate jars
that contained a small amount of water. The jars were connected to a Y-tube
olfactometer, described in more detail by Takabayashi and Dicke (1992). Air with
volatiles from spider mite-damaged leaves of one cultivar was led through one arm
at 4 liters/min, and air from the other cultivar through the other arm at 4 liters/min.
Air was extracted at the base of the olfactometer at 8 liters/min. In this way, two
well-separated laminar airflows were generated in the olfactometer.

Bioassay. Adult femaleP. persimilis, from the culture on gerbera with spider
mites, were starved for 3 hr and introduced individually into the olfactometer onto
an iron wire running through the center of the olfactometer glass tube and parallel
to the tube walls. Predators were placed at the base of the Y-tube and were allowed to
choose between two olfactometer arms. The observation of a predator ended when
it reached the far end of one of the olfactometer arms. Observations lasted for a
maximum of 5 min per predator. Predators that had not reached the end of one of the
olfactometer arms within this time were excluded from the statistical analysis. This
happened in 44 cases out of a total number of 600 predators. For each replicate set
of leaves, 20 predators were tested, and after every five predators, the connections
of the odor sources to the two arms of the olfactometer were interchanged.

Statistical Analysis. For the statistical analysis, each olfactometer test with
20 predators and a separate set of leaves was used as a statistical unit. We used
a generalized linear model (Crawley, 1993) for the number of predators choosing
Sirtaki per replicate experiment with 20 predators. This model contained a binomial
distribution with p for the proportion of predators choosing Sirtaki and a linear
relationship between the logit ofp and the amount of damage (=number of spider
mite eggs) on each of two cultivars. This amount of damage is quantified byl x,
which is the logarithm ofx/(1− x), with x the fraction of eggs found on Sirtaki
[eggs on Sirtaki/(eggs on Sirtaki+ eggs on other cultivar)]. If 1x > 0, more eggs
are found on Sirtaki than on the other cultivar, so we expect to find a higher rate of
predators choosing for Sirtaki. If 1x < 0, more eggs are found on the other cultivar,
and we expect a higher rate of predators to choose for the other cultivar.

We allowed the residual variance to be larger than prescribed by the binomial
distribution through a multiplicative scale parameter. The main interest focused



P1: GKW/RKP P2: GJE

Journal of Chemical Ecology [joec] PP188-303100 June 2, 2001 12:53 Style file version Nov. 19th, 1999

1360 KRIPS ET AL.

on the probabilityp0 of choosing Sirtaki at 1x = 0, i.e., with equal amount of
damage on both gerbera cultivars. We tested the null hypothesis:p0= 0.5 versus the
alternativep0<>0.5. In other words, we tested whether the chance the predators
chose for Sirtaki was 0.5 at an equal number of spider mite eggs on both cultivars.
We further tested whether there is an effect of amount of damage on predator choice
as follows:H0: regression coefficient= 0 vs. H1: regression coefficient>0. The
model was fitted by using procedure GENMOD from the statistical program SAS
version 6.12 (SAS Institute Inc., 1997).

We present results from analyses for the comparison of Sirtaki with each of
the three other cultivars separately and from an overall analysis with all results
combined, allowing for different success rates for different experimental setups,
but with a common effect of amount of damage 1x and a common overdispersion
factor.

Experiment 2: Chemical Composition of Blends of Volatiles

We incubated detached leaves of the four gerbera cultivars with adult female
spider mites following the procedure described for experiment 1. The fresh weight
of the leaf samples was 34.6± 1.96 (N = 5), 29.7± 3.30 (N = 6), 32.8± 1.12
(N = 6) and 33.3± 3.73 (N = 4) g (mean±SD) for Bianca, Fame, Rondena, and
Sirtaki, respectively. The number of leaves varied between 3 and 10 per sample.
Two additional samples were taken from Sirtaki with a smaller total weight (15.7
and 23.3 g) because some of the leaves had wilted during incubation and were
discarded. After seven days, we counted the eggs that were present on the leaves
to determine the amount of damage.

The leaves were placed with their petioles in a 200-ml glass vial containing
tap water. The vial was subsequently placed in a 5-liter glass jar. Air entered the
jar through a glass tube that nearly reached the bottom of the jar. Before entering
the jar, air was cleaned through silica gel, molecular sieves, and activated charcoal,
following the procedure described by Mattiacci et al. (1994).

An airstream of 450 ml/min was generated, and air was purged through the
system for 1 hr prior to collection of volatiles in order to remove all contaminants
from the jar. Subsequently, a Pyrex glass tube (161× 6.4 mm OD, 3 mm ID)
containing 90 mg Tenax-TA was connected to the outlet of the system for 15 min
(6.75 liter). The volatiles from the Tenax tubes were analyzed by GC-MS by
using the Thermodesorption Cold Trap Unit as an inlet on the gas chromatograph
(Mattiacci et al., 1994).

Headspace samples were taken in four batches between April 1997 and
November 1998. For all samples of Bianca, Fame, and Sirtaki and one sample
of Rondena, we used a Supelcowax 10 fused silica capillary column, 60 m×
0.25 mm ID, 0.25-µm film thickness, with helium as carrier gas at an initial lin-
ear velocity of 22 cm/sec. The oven temperature was raised from 40◦C to 270◦C
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at 4◦C/min. For the other Rondena samples, a Restek Rtx200 column was used,
60 m× 0.25 mm ID, 0.25-µm film thickness. The oven temperature was raised
from 40◦C to 250◦C at 4◦C/min. Compounds were identified by comparison of the
mass spectra (Finnigan MAT 95 mass spectrometer, 70 eV EI ionization mode,
scanning from mass 24 to 400 at 0.7 sec/decade) with those in the Wiley library
and in the Wageningen Mass Spectral Database of Natural Products and by check-
ing the retention index. One additional sample of Sirtaki was analyzed on a BP5
column and was used only to verify the identification of some sesquiterpenoids by
comparison with the retention indices as described in Adams (1989) and Joulain
and Koenig (1998). An approximate measure of the sensitivity of the GC-MS
was obtained by regular quantification of the peak areas of a mixture of stan-
dard compounds. The sensitivity was variable among batches of samples and was
approximately 0.26, 0.10, and 0.05 ng/peak area unit for the three batches.

RESULTS

Experiment 1: Preference ofP. persimilisfor Volatiles of Gerbera Cultivars
with Spider Mite Damage

In Figure 2 three pairwise comparisons of the attractiveness of spider mite-
induced volatiles from different cultivars are shown. Each point in Figure 2 repre-
sents a separate olfactometer test with 20 predators. For each set of leaves, we have
estimated the amount of mite damage by counting the number of eggs present on
the leaves. The fraction of eggs on Sirtaki [eggs on Sirtaki/(eggs on Sirtaki+ eggs
on other cultivar)] is plotted on thex axis and the fraction of predators that chose
for the volatiles of Sirtaki [predators to Sirtaki/(predators to Sirtaki+ predators to
other cultivar)] is plotted on they axis.

Our null hypothesis was that the choice of the predators for the volatiles of
one of the cultivars is determined by the amount of damage on that cultivar, in
comparison with the amount of damage on the other cultivar. If this hypothesis is
correct, one would expect the predators to choose for the volatiles of the cultivar
with the most damage. Hence, in absence of preference, we expect points in the left-
lower quarter and right-upper quarter of the graphs. With a generalized linear model
and a subsequent contrast, we tested whether the predators had equal preference
for the volatiles from both cultivars when spider mite damage on both cultivars
was equal.

In the comparison between cultivars Sirtaki and Rondena (Figure 2A), most
dots fall within the lower-right quarter of the graph, which means that, although
the leaves of Sirtaki were more severely damaged by spider mites, the predators in
the Y-tube olfactometer chose the volatiles of the less-damaged Rondena leaves.
This preference for the volatiles of Rondena leaves was significant (P = 0.004).
In total, 63% of the 179 predators chose Rondena. A similar result was obtained
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FIG. 2. Response of adult femalePhytoseiulus persimilisto volatiles from leaves of gerbera
cultivars infested byTetranychus urticae. Each data point represents a Y-tube olfactometer
test in which 20 adult femaleP. persimilischose between volatiles from damaged leaves
of two cultivars. The fraction of predators that chose for the spider mite-induced volatiles
of either cultivar is plotted against the fraction of spider mite eggs (as a relative measure of
damage) on the leaves of both odor sources. On the right of each graph, the pooled data for
all replicates together is shown as the percentage of all predators that chose for each of the
two cultivars.
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in the comparison of Sirtaki and Bianca (Figure 2B). Although Sirtaki leaves had
more damage than Bianca, there was no significant preference (P = 0.08). Of
the 245 predators, 60% chose Bianca. When the predators were given a choice
between spider mite-induced volatiles from Sirtaki and Fame, they did not show
any preference (P = 0.63; Figure 2C). In total, 54% of the 132 predators chose
Sirtaki.

If we perform a generalized linear model analysis on all data, we find the
following results: a significant preference of the predators for Rondena volatiles
over Sirtaki volatiles (P= 0.01), a significant preference for Bianca volatiles over
Sirtaki volatiles (P= 0.01), and no significant preference for Sirtaki volatiles
over Fame volatiles (P= 0.70). The amount of damage to Sirtaki, 1x, showed a sig-
nificant positive relationship with the rate of predators choosing Sirtaki (P= 0.05).

Experiment 2: Chemical Composition of Volatile Blends

The volatiles that are emitted by spider mite-damaged leaves of cultivars
Bianca, Sirtaki, Fame, and Rondena are shown in Table 1. Since the total production
of volatiles was variable, we calculated the relative production for each compound,
based on the total amount of identified compounds. An approximation of the total
production of volatiles by each cultivar is given in Table 1.

A large number of volatiles produced through different biosynthetic pathways
is emitted by spider-mite-infested gerbera plants (Figures 3A and 3B). The major
portions of the volatile blends consist of terpenoids (Figure 3A). Sirtaki produces
the lowest relative amount of terpenoids, which is reflected in the highest relative
production of aldehydes, ketones, acetates, nitrogenous compounds, and aromatic
compounds (Figure 3B). Fame has a higher relative production of ketones and com-
pounds that contain nitrogen than Bianca and Rondena, while Rondena produces
more esters than the other two cultivars.

The compounds that represent more than 5% of the average total volatile
blend of at least one cultivar are presented in Figure 4. The major compound
is the homoterpene, 4,8-dimethyl-1,3(E),7-nonatriene, with a relative production
that varies from 18% on Bianca to 26% on Sirtaki. Another homoterpene, 4,8,
12-trimethyl-1,3(E),7(E),11-tridecatetraene, has a relative production that varies
from 6.7% on Bianca to 14% on Fame.

The most striking cultivar differences among the blends are found in the pro-
duction of cis-α-bergamotene,trans-α-bergamotene, andtrans-β-bergamotene.
These three compounds each make up about 1% of the blend of Sirtaki, whereas
they represent around 5%, 9%, and 4% of the blends of the other cultivars,
respectively (Figure 4). The near absence of these compounds in the headspace
of Sirtaki accounts to a large extent for the low total production of terpenoids
by this cultivar. The production of the terpenoid (E)-β-ocimene is around 4% in
Sirtaki and Fame, while it represents more than 8% in the blends of the other
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TABLE 1. HEADSPACECHEMICALS OF DETACHED LEAVES OFFOUR GERBERA

CULTIVARS INFESTED FOR7 DAYS BY SPIDERMITES (T. urticae)a

Gerbera cultivar

Bianca Fame Rondena Sirtaki
(N = 5) (N = 6) (N = 6) (N = 6)

Aldehydes
2-Methyl-2-propenal 0.05± 0.048 0.6± 0.36 n.d. 1.5± 0.79
Hexanal 0.007± 0.0068 0.06± 0.060 0.13± 0.045 0.014± 0.0136
(E)-2-Hexenal n.d. 0.17± 0.175 0.021± 0.0151 n.d.
Nonanal 0.28± 0.093 0.15± 0.099 0.23± 0.094 0.41± 0.219
Decanal 0.64± 0.274 0.45± 0.207 0.22± 0.119 0.89± 0.299

Alcohols
Ethanol 0.10± 0.062 n.d. n.d. n.d.
2-Butanol 0.30± 0.040 0.36± 0.086 0.30± 0.050 1.14± 0.194
2-Methyl-1-propanol n.d. 0.15± 0.095 0.013± 0.0092 0.20± 0.098
1-Butanol 0.09± 0.045 0.19± 0.129 0.017± 0.0166 n.d.
1-Hexanol 0.14± 0.113 0.6± 0.34 0.10± 0.044 n.d.
(Z)-3-Hexen-1-ol 0.56± 0.226 1.8± 1.10 0.72± 0.236 0.08± 0.056
(E)-2-Hexen-1-ol n.d. 0.11± 0.113 n.d. n.d.
1-Dodecanol 0.07± 0.046 n.d. n.d. 0.12± 0.080

Esters
Ethyl acetate 0.06± 0.038 0.7± 0.44 0.025± 0.0249 0.21± 0.124
Methyl 2- 0.017± 0.0167 n.d. n.d. 0.13± 0.042

methylbutanoate
Methyl 3-methyl- 1.1± 0.50 0.15± 0.104 n.d. 1.1± 0.36

2-butenoate
(Z)-3-Hexen-1-ol, 1.20± 0.246 1.8± 0.73 4.7± 0.75 7.9± 1.24

acetate
3-Methylbutyl n.d. n.d. n.d. 0.15± 0.118

3-methylbutanoate
(Z)-3-Hexen-1-ol, 0.09± 0.039 0.05± 0.047 0.47± 0.146 0.32± 0.227

3-methylbutanoate
(Z)-3-Hexen-1-ol, n.d. n.d. 0.15± 0.038 n.d.

tiglate
Ketones

2-Butanone 3.9± 0.57 7.3± 1.73 4.3± 0.58 11.6± 2.23
3-Buten-2-one 0.11± 0.070 0.13± 0.065 n.d. 0.26± 0.180
2- or 3-Pentanone 0.008± 0.0081 0.14± 0.072 0.042± 0.0205 0.13± 0.072
3-Penten-2-one 0.30± 0.202 0.59± 0.234 0.10± 0.066 0.21± 0.105
6-Methyl-5- 0.114± 0.0286 0.08± 0.051 0.011± 0.0110 0.10± 0.066

hepten-2-one
4-Hydroxy-2- 0.8± 0.51 0.6± 0.39 0.39± 0.141 n.d.

pentanone
Unidentified 0.021± 0.0212 0.012± 0.0118 n.d. 0.17± 0.098

ketoneb
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TABLE 1. CONTINUED

Gerbera cultivar

Bianca Fame Rondena Sirtaki
(N = 5) (N = 6) (N = 6) (N = 6)

Nitrogenous compounds
2-Methyl-2- 0.77± 0.130 0.39± 0.193 0.27± 0.079 1.15± 0.253

propenenitrile
2-Methylpropanenitrile 1.36± 0.119 1.94± 0.195 0.43± 0.078 4.0± 1.16
2-Methylbutanenitrile 0.34± 0.077 0.54± 0.134 0.14± 0.037 1.0± 0.42
Unidentified nitrilesb 0.30± 0.065 0.32± 0.119 0.16± 0.057 0.52± 0.195
2-Methyl-1-nitropropane 0.44± 0.086 0.60± 0.108 0.113± 0.0249 0.51± 0.178
Isomer of previous 0.10± 0.084 0.18± 0.094 0.004± 0.0044 0.37± 0.187

compound
2-Methylpropanal- 0.7± 0.40 1.3± 0.33 0.55± 0.180 1.7± 0.37

O-methyloxime
2-Methylbutanal- 0.028± 0.0281 0.15± 0.072 n.d. 0.31± 0.150

O-methyloxime
Isomer of previous 0.9± 0.41 2.2± 0.72 0.93± 0.240 5.5± 1.75

compound
2-Methylpropanal, oxime 0.04± 0.036 0.6± 0.37 0.11± 0.049 0.027± 0.0271
2-Methylbutanal, oxime n.d. 0.4± 0.39 0.016± 0.0155 n.d.

Aromatic compounds
Benzaldehyde 0.9± 0.31 1.0± 0.47 0.81± 0.272 3.8± 0.97
Benzonitrile n.d. 0.16± 0.104 n.d. 0.11± 0.070
Methyl benzoate 0.16± 0.125 0.11± 0.086 0.077± 0.0154 0.03± 0.035
Methyl salicylate 0.44± 0.118 n.d. 0.015± 0.0037 0.005± 0.0054
2-Methylpropyl- n.d. 0.33± 0.209 n.d. n.d.

benzoate
(Z)-3-Hexen-1-ol, n.d. n.d. 0.13± 0.075 n.d.

benzoate
Terpenes

Sabinene 0.15± 0.041 n.d. n.d. n.d.
Myrcene 0.136± 0.0256 n.d. 0.040± 0.0130 n.d.
Limonene 0.256± 0.0252 0.21± 0.069 0.046± 0.0215 0.05± 0.034
(Z)-β-ocimene 0.31± 0.056 0.11± 0.054 0.137± 0.0186 0.09± 0.044
(E)-β-ocimene 8.5± 1.71 4.2± 1.27 9.3± 1.12 3.5± 1.54
4,8-Dimethyl-1,3(Z), 0.72± 0.165 0.53± 0.127 0.24± 0.109 1.03± 0.215

7-nonatriene
4,8-Dimethyl-1,3(E), 18± 4.2 19.0± 1.29 25.1± 2.88 26.4± 1.61

7-nonatriene
Linalool 0.9± 0.40 0.12± 0.119 1.46± 0.277 0.6± 0.32
(E)-Nerolidol, 1.4± 0.42 0.08± 0.079 0.8± 0.35 0.19± 0.093
α-Copaene 0.03± 0.030 n.d. 0.084± 0.0184 1.03± 0.244
β-Cubebene n.d. 0.04± 0.037 n.d. 0.9± 0.42
cis-α-Bergamotene 6.3± 1.77 4.2± 0.78 4.7± 0.57 1.2± 0.43
trans-α-Bergamotene 9.9± 1.54 8.3± 0.84 9.0± 0.73 1.5± 0.54
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TABLE 1. CONTINUED

Gerbera cultivar

Bianca Fame Rondena Sirtaki
(N = 5) (N = 6) (N = 6) (N = 6)

β-Elemene 2.6± 1.14 1.7± 0.39 2.0± 0.45 2.3± 0.30
β-Caryophyllene 2.9± 0.46 3.9± 0.94 3.8± 0.44 2.4± 0.41
β-Santalene 0.10± 0.067 n.d. 0.010± 0.0098 n.d.
(E)-β-Farnesene 3.3± 0.71 1.4± 0.31 2.2± 0.34 0.05± 0.039
α-Humulene 0.11± 0.084 0.32± 0.229 0.39± 0.073 0.16± 0.083
trans-β-Bergamotene 5.3± 1.16 4.4± 0.58 3.0± 0.58 0.72± 0.082
γ -Curcumene n.d. n.d. 0.12± 0.43 n.d.
α-Zingiberene 2.7± 0.58 0.26± 0.260 2.7± 0.51 n.d.
Germacrene D 1.0± 0.35 1.4± 0.72 1.40± 0.254 1.3± 0.60
β-Bisabolene 1.3± 0.51 0.18± 0.114 1.5± 0.46 n.d
(Z,E)-α-Farnesene 0.06± 0.057 n.d. n.d. 0.20± 0.099
(E,E)-α-Farnesene 3.03± 0.133 3.1± 0.50 2.3± 0.39 2.3± 0.88
β-Sesquiphellandrene 1.82± 0.296 1.1± 0.45 0.99± 0.147 n.d.
ar-Curcumene 1.6± 0.48 1.7± 0.51 0.91± 0.087 n.d.
Isomer of next compound 0.14± 0.141 0.08± 0.083 0.25± 0.075 0.39± 0.175
4,8,12-Trimethyl-1,3(E) 6.7± 1.02 14± 3.7 9.5± 0.89 7.0± 2.51

7(E),11-tridecatetraene
(Z,E,E)-Allofarnesene 0.32± 0.116 n.d. 0.008± 0.0079 n.d.
Unidentified terpenesb 3.0± 1.37 2.6± 1.06 1.8± 0.37 0.41± 0.200

Indole 0.09± 0.033 0.062± 0.0133 0.39± 0.170 0.23± 0.082

Total 99.6% 99.5% 99.6% 99.5%
Unidentified compounds 4.1± 1.47 7.4± 2.78 1.53± 0.208 9.6± 2.98

(% of total peak area)
Approximate total volatile 4456± 1137 5645± 3339 5057± 2282 1672± 151d

production (ng)c

Average number of spider 4379± 814 7349± 2450 8024± 904 3706± 410
mite eggs per sample

a For each compound the percentage (mean± SE) of the total amount of identified volatiles is given.
Only compounds that represent at least 0.1% of the blend of one cultivar are presented. n.d.= not
present in detectable levels in any of the samples of this cultivar.

b These unidentifiable compounds were present in many samples and are therefore not excluded from
calculation of the total amount of volatiles.

c Based on the approximate sensitivity of the GCMS analysis per batch.
d Two samples with low total leaf weight of Sirtaki excluded.

two cultivars. Furthermore, (E)-β-farnesene is almost absent in the Sirtaki blend,
whereas it represents 1.4–3.3% of the blends of the other cultivars (Table 1).

The relative production of (Z)-3-hexen-1-yl acetate, 2-butanone, and
2-methylbutanal-O-methyloxime is higher in Sirtaki than in the other three
cultivars (Figure 4). Furthermore, Sirtaki has a higher production of 2-methyl-
propanenitrile and benzaldehyde (Table 1).
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FIG. 3. Volatiles of four gerbera cultivars withTetranychus urticaedamage, divided into
chemical groups: (A) percentage of terpenoids (different letters above bars indicate signifi-
cant differences; ANOVA followed by LSD test,α =0.05). (B) percentages of the remaining
groups. Vertical lines represent standard errors.

The total volatile production by Sirtaki was less than half the production rate
of the other three cultivars (Table 1). The number of spider mite eggs found on this
cultivar was also about half what was found on Fame and Rondena. Hence, the
difference in total volatile production between Sirtaki as compared to Fame and
Rondena can be explained by a difference in spider mite damage. However, the



P1: GKW/RKP P2: GJE

Journal of Chemical Ecology [joec] PP188-303100 June 2, 2001 12:53 Style file version Nov. 19th, 1999

1368 KRIPS ET AL.

FIG. 4. Volatiles produced by leaves of four gerbera cultivars with damage ofTetranychus
urticae. For each compound the average peak area divided by the total peak area of identified
compounds is shown. Only compounds that represent at least 5% of the total volatile blend
of a cultivar are presented. Vertical lines represent standard errors.

number of eggs on Sirtaki and Bianca is on the same order of magnitude, while the
total production of volatiles of Sirtaki is less than half the production by Bianca.
This difference in total production of volatiles, therefore, can not be explained by
a difference in spider mite damage.

DISCUSSION

We have presented a method to compare the attractiveness of volatiles pro-
duced by spider mite-damaged leaves of four gerbera cultivars without ignoring
differences in damage on the leaves as a result of differences in host plant re-
sistance. We based our method on the assumption that attraction ofP. persimilis
is positively related to the amount of spider mite damage on gerbera leaves. We
found a correlation between the amount of spider mite damage on the leaves and
the attraction ofP. persimilistowards the volatiles produced by these leaves. Pre-
vious studies showed that the response ofP. persimilisto volatiles from spider
mite-damaged bean leaves increases with the number of damaged leaves offered
(Sabelis and van de Baan, 1983). Hence, the total amount of damaged leaf area
is important for attraction of the predators. As the data in our paper demonstrate,
however, the attractiveness of volatiles from spider mite-damaged leaves is also
determined by the amount of damage per leaf.
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The cultivars we investigated differ in resistance, as expressed in terms of
spider mite intrinsic rate of population increase (rm). In order of increasing resis-
tance these were Sirtaki, Rondena, Fame, and Bianca, on which spider miterm

is 0.24, 0.21, 0.16, and 0.09/day, respectively (Krips et al., 1998).P. persimilis
has a preference for spider mite-induced Rondena and Bianca volatiles over those
of Sirtaki, while no difference in attractiveness of Sirtaki and Fame volatiles was
found. The predators that were used had been reared on spider mites on Sirtaki.
The response ofP. persimilisto spider mite-induced volatiles of a new host plant
can be enhanced by experience (Takabayashi et al., 1994; Krips et al., 1999b).
However,P. persimilisdoes not prefer the volatiles of Sirtaki over those of other
cultivars. Hence, the differences in attractiveness can not be explained by rearing
history or experience of the predators.

A low attractiveness of Sirtaki volatiles as compared with the volatiles of
Rondena and Bianca may be the result of a lower production rate of volatiles
by Sirtaki leaves, a different composition of the volatile blend, or a combination
of the two. The results of the chemical analyses indicate that at equal damage,
the total production of volatiles by Sirtaki leaves is lower than by Bianca leaves.
However, this does not seem to be the case in the comparison between volatiles of
Sirtaki leaves and Rondena leaves. Hence, the composition of the blend of volatiles
appears to be important for the attractiveness toP. persimilis.

The blend of spider mite-damaged Sirtaki leaves consists of a lower relative
amount of terpenes than the blends of the other three cultivars. Similarly, Loughrin
et al. (1995) found that differences in volatile production of cotton cultivars were
mainly based on differences in the production of terpenes. Several terpenes are
known to attractP. persimilis(Dicke et al., 1990a). The low production of ter-
penes by gerbera cultivar Sirtaki in our studies is likely responsible for the low
attractiveness of the blend forP. persimilis. The low production of terpenes by
Sirtaki leaves was mainly due to the low production ofcis-α-bergamotene,trans-
α-bergamotene,trans-β-bergamotene, and (E)-β-farnesene. However, the low at-
tractiveness of Sirtaki volatiles compared to those of Rondena and Bianca, can
not be explained by the low production of these four terpenes because volatiles
from Fame are equally attractive as volatiles from Sirtaki, although Fame has a
much higher production of these compounds. On the other hand, the relative pro-
duction of (E)-β-ocimene is lower in the blends of both Sirtaki and Fame than
in those of Bianca and Rondena leaves. Interestingly, this compound is known to
be attractive toP. persimiliswhen offered as an individual compound in a Y-tube
olfactometer (Dicke et al., 1990a) and may, therefore, be partly responsible for
the low attractiveness of Sirtaki volatiles in comparison to those of Rondena and
Bianca.

Loughrin et al. (1996) found that cultivar differences of volatiles from undam-
aged apple leaves in attractiveness for the Japanese beetlePopillia japonicawere
correlated with the production of linalool. They also found indications that the
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homoterpene, 4,8-dimethyl-1,3(E),7-nonatriene, played a role. Both compounds
are attractive toP. persimilis(Dicke et al., 1990a). Our data indicate that the culti-
var differences in attractiveness of gerbera volatiles may be related to differences
in the production of linalool. The relatively unattractive Fame has the lowest pro-
duction of linalool. The attractive Rondena leaves have the highest production rate.
Sirtaki and Bianca have similar relative production rates of linalool, but Bianca
had a total volatile production that was twice as high as the production by Sirtaki
and, therefore, also produced twice as much linalool as Sirtaki.

The relative and absolute production of 4,8-dimethyl-1,3(E),7-nonatriene
was equal in Sirtaki and Rondena, although the attractiveness of the blends dif-
fered. Furthermore, the attractive cultivar Bianca had a lower relative production of
this compound than the unattractive cultivar Sirtaki. Therefore, the cultivar differ-
ences in attractiveness can not be explained by differences in the production of
this homoterpene.

The relative production of 2-butanone, (Z)-3-hexen-1-yl-acetate, 2-methyl-
propane nitrile, and 2-methylpropanal-O-methyloxime is higher in the leaves of
Sirtaki than in the leaves of the other three cultivars. (Z)-3-Hexen-1-yl-acetate is
neither attractive nor repellent forP. persimilis(Dicke et al., 1990a), and the effect
of the other compounds is not known. However, Takabayashi et al. (1994) found
indications that two other oximes might be repellent toP. persimilis. Possibly,
oximes play a role in the low attractiveness of the blend of Sirtaki leaves.

It has been hypothesized that plants that spend much of their resources on
direct defense to herbivores may spend less on indirect defense by attracting natural
enemies of the herbivores (Dicke, 1994, 1999). This raises the question whether
there is a negative correlation between resistance toT. urticaeand attraction of
P. persimilis. The cultivars Sirtaki and Rondena are both highly susceptible to
T. urticae (Krips et al., 1998). The volatiles of Rondena were more attractive
to P. persimilisthan the volatiles of Sirtaki. The cultivar Bianca is resistant to
T. urticae(Krips et al., 1998), but the volatiles of this cultivar were more attractive
toP. persimilisthan the volatiles of the susceptible Sirtaki. Furthermore, the cultivar
Fame is much more resistant than Sirtaki, while no difference in attractiveness of
the volatiles of these two cultivars was found. Thus, no relation between direct and
indirect defense of gerbera plants toT. urticaewas found.

In conclusion, differences exist in the preference ofP. persimilisfor the blends
of spider mite-damaged gerbera cultivars and the composition of these blends. The
behavioral response ofP. persimilisresults in arrestment in a spider mite patch
until all prey are exterminated. If only a slight fraction of the predators leaves the
prey patch before all prey is exterminated, the prey population would reach much
higher numbers and the moment at which all prey is eliminated by the predators
would be postponed dramatically (van Baalen and Sabelis, 1995; Pels and Sabelis,
1999). If the less preferred volatile blends of Sirtaki and Fame result in a reduced
arrestment of the predators on these cultivars, the success of biological control on



P1: GKW/RKP P2: GJE

Journal of Chemical Ecology [joec] PP188-303100 June 2, 2001 12:53 Style file version Nov. 19th, 1999

CULTIVAR COMPARISON OF SPIDER MITE-INDUCED VOLATILES 1371

these cultivars will be much lower. However, it is possible that the production of
volatiles by all four cultivars is above a threshold at whichP. persimilisis arrested
until prey extermination. Therefore, it will be necessary to investigate in future
greenhouse studies whether the arrestment response of the predators is related to
the preference of the predators for the volatile blends of certain cultivars and to
the composition of these blends.
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Abstract—Synthetic maize volatiles and analogs dispensed singly and blended
were tested for attractiveness to western (WCR,Diabrotica virgifera virgifera)
and northern corn rootworm beetles (NCR,D. barberi) in maize fields. Newly
identified attractants includedsyn-benzaldoxime, especially for NCR, and
β-caryophyllene for WCR females. (±)-Linalool was more effective than was
(−)-linalool. Myrcene, (+)-β-pinene, and (−)-β-pinene were unattractive.
Adding methyl salicylate to (±)-linalool, (+)-α-terpineol, orβ-ionone appeared
to synergistically increase capture of WCR females, but dispensing the terpenes
in binary blends did not. Dose–response data for methyl salicylate, (±)-linalool,
and a blend of both compounds confirmed the synergy.β-Caryophyllene, but
not (−)-α-pinene, added to the latter blend produced a further synergistic in-
crease in WCR female capture that did not vary with sesquiterpene dose from
1.0 to 100 mg. Indole addition to the same blend caused an increase in WCR
female captures indicative of synergy, assuming that each did not individually
lure different segments of the WCR female population. The green leaf volatiles
(Z)-3-hexenyl acetate and (Z)-3-hexen-1-ol were unattractive alone and had no
influence on efficacy of traps baited with 3.3 mg each of (±)-linalool, methyl
salicylate, andβ-caryophyllene. The latter mixture captured about half as many
WCR females as did 10 mg of 4-methoxycinnamaldehyde, a potent WCR at-
tractant standard. Substitutingβ-ionone for (±)-linalool yielded a ternary blend
that captured more beetles than did the aldehyde and was unaffected by aldehyde
addition. Olive oil, which has been used to sustain attractant volatilization, did
not affect captures. The results show that the blending of maize volatiles has the

∗ To whom correspondence should be addressed. e-mail: LHammack@ngirl.ars.usda.gov
1 Mention of trade names or commercial products in this publication is solely for the purpose of

providing specific information and does not imply recommendation or endorsement by the U.S.
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potential to greatly improve efficacy of lures having promising applications in
corn rootworm population management.

Key Words—Coleoptera, Chrysomelidae,Diabrotica virgifera virgifera,
Diabrotica barberi, Zea mays, maize volatiles, host plant attractant, kairomone,
synergy.

INTRODUCTION

Diabroticite rootworms (Coleoptera: Chrysomelidae) are major pests of maize,Zea
maysL., in the United States, where most damage results from western (WCR)
and northern (NCR) corn rootworms,Diabrotica virgifera virgiferaLeConte and
D. barberiSmith and Lawrence, respectively. The WCR was also recently intro-
duced into Europe, where it is spreading and attaining pest status (Enserink, 1999).
Principal rootworm management options are crop rotation and chemical insecti-
cides. The latter account for nearly a fifth of the insecticides applied to U.S. field
crops (Delvo, 1993). New management tools are needed to address pesticide-
related environmental concerns and the emergence of corn rootworm populations
adapted to resist insecticides (Meinke et al., 1998) or survive in maize rotated
with another crop (Krysan, 1993; Stewart et al., 1995; Onstad et al., 1999). One
promising approach is the exploitation of insect behavior-modifying chemicals.
These include cucurbitacin feeding stimulants, currently under evaluation in area
wide corn rootworm trials, and host plant kairomones or their analogs with odors
attractive to adult diabroticite beetles (Levine and Oloumi-Sadeghi, 1991; Sutter
and Lance, 1991; Metcalf and Lampman, 1997).

Because most crop damage from corn rootworms results from larval feeding,
kairomones attracting adults could be most effectively used to monitor the potential
for damaging larval populations in subsequent growing seasons or to interfere with
reproduction by mass trapping or annihilation techniques. Unlike diabroticite sex
pheromones, the kairomonal attractants, which apparently influence host seeking
and selection, usually trap at least as many females as males, enhancing their
potential as rootworm management tools (Quiring and Timmins, 1990).

Attraction of diabroticite beetles to host plant odors has been studied in consid-
erable detail. Phytochemicals from Cucurbitaceae, the hypothesized ancestral hosts
of diabroticite corn rootworms (Metcalf and Metcalf, 1992), have been most ex-
tensively studied (Metcalf and Lampman, 1997; Coss´e and Baker, 1999); however,
synthetic maize volatiles were examined in recent field trials (Hammack, 1996,
1997). Existing research stresses phenylpropanoids from cucurbits and terpenoids
from maize, but diabroticite attractants show considerable chemical heterogeneity,
and some, such asβ-ionone, indole, 2-phenyl-1-ethanol, and phenylacetaldehyde,
occur in both maize and squash blossoms (Flath et al., 1978; Buttery et al., 1980;
Andersen, 1987; Andersen and Metcalf, 1987; Turlings et al., 1993). The green leaf
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volatiles (GLVs), aliphatic six-carbon primary alcohols, aldehydes, and acetates
that are ubiquitously distributed in the plant kingdom, also occur in both host
groups, but have received little attention as corn rootworm attractants.

The chemical diversity of diabroticite attractants identified to date and their
widespread distribution among plant families increase the likelihood that odorant
blends are important for specificity and strength of adult host-finding responses.
Although existing studies emphasize individual compounds, several blends of cu-
curbit blossom volatiles are known to produce a synergistic increase in capture
of WCR, NCR, or southern corn rootworm,D. undecimpunctata howardiBarber
(SCR). These blends include equal-weight mixtures of veratrol, indole, and
phenylacetaldehyde (VIP) for SCR and 1,2,4-trimethoxybenzene, indole, and (E)-
cinnamaldehyde (TIC) for all three species (Lampman and Metcalf, 1987). Indole
was recently identified as a key synergist in both VIP and TIC mixtures and in
combination with 4-methoxycinnamaldehyde, the most potent single-component
attractant available for WCR and a possible contributor to cucurbit blossom aroma
(Metcalf et al., 1995; Metcalf and Lampman, 1997). More limited evidence that
lure efficacy can be increased by blending attractants has also been reported
(Hammack, 1996; Metcalf and Lampman, 1997; Petroski and Hammack, 1998),
including evidence for synergy between maize terpenoids.

Improved efficacy of corn rootworm kairomonal lures is desirable, at least for
mass trapping and annihilation applications. This is because the kairomonal lures
generally function least well, if at all, during maize silking, and intervention with
these techniques would work best during or shortly after silking when females
have emerged but not yet oviposited to any extent (Lance, 1993; Hesler et al.,
1994; Hammack and Hesler, 1995).

The present study tested primarily maize terpenoids, GLVs, and blends of
these chemicals for attractiveness to WCR and NCR beetles. The main goal was to
assess the blending of individual attractants as a means of improving lure efficacy,
emphasizing inclusion of maize headspace volatiles in test blends. Attention to
blends also stimulated evaluation of the need for a previously used olive oil extender
(Hammack, 1997) because of the possible existence of behaviorally active oil
volatiles and the greater potential for interaction of any such volatiles with blended
test components.

METHODS AND MATERIALS

Odorants.The structure and purity of the test compounds are shown in
Figure 1. They were purchased from Fluka Chemical Co., Ronkonkoma, New
York {(−)-linalool, β-caryophyllene [(-)-trans-caryophyllene], (+)-α-terpineol,
(+)- and (−)-β-pinene}; Sigma, St. Louis, Missouri [(Z)-3-hexenyl acetate];
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FIG. 1. Structure and purity (in parentheses) of test compounds. Single asterisks indicate
maize volatiles (Flath et al., 1978). Double asterisks indicate those maize volatiles found
in headspace analyses (see text for references).

Schweizerhall Inc., South Plainfield, New Jersey (4-methoxycinnamaldehyde);
or Aldrich, Milwaukee, Wisconsin (all others).

Experiments.Ten field experiments were conducted between 1996 and 1999.
One 1996 test examined the effect of omitting the olive oil extender on WCR
and NCR responses to 2-phenyl-1-ethanol and to unbaited controls. This alco-
hol was used because it lures beetles of both species (Petroski and Hammack,
1998).

A second 1996 test screened single compounds for attractiveness. Four ter-
penoids (β-caryophyllene, linalool, myrcene, andβ-pinene) were assayed because
of their presence in maize headspace (Buttery and Ling, 1984; Light et al., 1993;
Turlings et al., 1993; Takabayashi et al., 1995).syn-Benzaldoxime was tested be-
cause of its structural similarity with 2-phenyl-1-ethanol, a lure shared by maize
and cucurbits, and with 2-phenyl-1-ethylamine, an effective NCR attractant not
reported from host plants (Metcalf and Lampman, 1991; Petroski and Hammack,
1998). Cinnamyl alcohol was included as a reference standard for NCR, for lack of a
maize headspace volatile highly attractive to this species. (±)-Linalool, previously
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shown to lure primarily WCR (Hammack, 1997), served as a standard for WCR
and was compared with (−)-linalool.

The remaining 1996 test screened for synergy among four maize volatiles
known to individually attract primarily WCR: (±)-linalool, (+)-α-terpineol,
β-ionone, and methyl salicylate (Lampman and Metcalf, 1988; Hammack, 1996,
1997). Screening was done by comparing responses to one-component, binary, and
quaternary blends. The compounds were mixed in equal weights for convenience.

One of two 1997 tests yielded dose–response data for (±)-linalool, methyl sal-
icylate, and an equal weight blend of both compounds to confirm synergy between
them. Linalool was used for confirmation, rather thanα-terpineol orβ-ionone,
because it is the only one of the three terpenes so far reported in maize headspace
analyses (Buttery and Ling, 1984; Light et al., 1993; Takabayashi et al., 1995;
Turlings et al., 1993).

The other 1997 test appraised synergy uponβ-caryophyllene addition to the
blend of (±)-linalool and methyl salicylate. This test was repeated twice, except
thatβ-caryophyllene was replaced with one of two maize headspace volatiles: the
attractant indole in 1998 and (−)-α-pinene in 1999. (−)-α-Pinene earlier showed
evidence of slight attractiveness to WCR in one of two tests when dispensed by
itself (Hammack, 1997).

The effect on beetle captures of altering the ratio of blend components was
examined in 1998 by varying from 1 to 100 mg the amount ofβ-caryophyllene
dispensed with 10 mg each of (±)-linalool and methyl salicylate. Another 1998 test
evaluated attractiveness of two GLVs released by maize, (Z)-3-hexen-1-ol and (Z)-
3-hexenyl acetate (Buttery and Ling, 1984; Light et al., 1993; Takabayashi et al.,
1995; Turlings et al., 1993). The GLVs were dispensed individually and blended
with 3.3 mg each of (±)-linalool, methyl salicylate, andβ-caryophyllene. A final
1998 test aimed to enhance captures by replacing (±)-linalool with β-ionone
in the ternary blend and to compare efficacy of the maize blends with that of
4-methoxycinnamaldehyde. The latter aldehyde was also dispensed in combination
with the maize volatiles.

Bioassays.Cotton dental rolls (1 cm diam. 3.8 cm long) were used in all of the
experiments to dispense the test odorants. Each roll was also treated in 1996 with
2.0 ml of olive oil in hexane (1:4 by volume) (Hammack, 1997), except for the test
which compared attractiveness of 2-phenyl-1-ethanol dispensed with and without
the extender. No extender was used after 1996. Odorant-treated dental rolls were
attached for bioassay to yellow Pherocon AM (Tr´ecé, Inc., Salinas, California)
sticky traps as the traps were placed in grower maize fields in Brookings County,
South Dakota. When multiple test compounds were to be dispensed from the same
trap, each was applied to a half dental roll (1.9 cm long) that was separately affixed
to the trap. The number of dental rolls and solvent volumes per trap (oil and hexane
in 1996, acetone used to dissolve indole and 4-methoxycinnamaldehyde in 1998)
were held constant within experiments. Control traps were identical to the treated
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ones, except that no test odorant(s) was applied to the dental roll(s) affixed to the
controls. Odorants were considered attractive if they captured significantly more
beetles than did the control.

The experiments were all laid out in a randomized complete block design.
Each consisted of eight blocks, except for six blocks in two 1996 tests: the test that
examined effects of extender and the one that screened individual compounds for
attractiveness. Traps were positioned at least 30 m from one another at ear height
on maize plants, and crop phenology was determined during testing, as previously
detailed (Hammack, 1996, 1997). Traps were left in the field for 48 hr, except for
96 hr when 2-phenyl-1-ethanol was dispensed with and without extender and 24 hr
in the (−)-α-pinene test (for convenience). The species and sex of captured beetles
were recorded once the traps were returned to the laboratory.

Odorant Interactions.Interactions were evaluated using dose–response data
and ratios of interaction (ROI), whereROI= [( A+ B)+ Control]/[( A)+ (B)], A
is the capture on a trap baited with odorant A,B is the capture on a trap baited
with odorant B or blend B, andA+ B is the capture on a trap baited with bothA
and B (Hammack, 1996). Odorants were deemed to interact synergistically when
the response to a blend exceeded that predicted from their individual dose–response
curves (Barenbaum, 1989) and, in addition, the ROI value was greater than one
(Hammack, 1996). If the first criterion was met but the ROI= 1, then synergy
could still be occurring if the individual odorants were similarly affecting the
same segment of the test population. Although such similar action was likely, it
was not unequivocally proven in these field experiments.

Statistical Analyses.The SAS Institute (1989) statistical package was used
for data analysis. To determine whether ROI values differed from 1, Student’st test
for paired samples or Wilcoxon’s signed rank test (Sstatistic) was used to test the
null hypothesis of no difference between ROI numerator and denominator (PROC
Univariate). Wilcoxon’s test was used instead of thet test if the Shapiro-Wilk test
for normality approached significance atP≤ 0.1 (PROC Univariate). Otherwise,
data from each experiment were transformed [ln(x + 1)] to ensure homogene-
ity of variances and then examined by analysis of variance (PROC ANOVA).
The Student-Newman-Keuls option was used to separate means after a significant
ANOVA. The tables and figures show untransformed data.P≤ 0.05 was consid-
ered statistically significant.

RESULTS AND DISCUSSION

Extender.Dose significantly influenced capture of both WCR and NCR on
traps baited with 0–30 mg of 2-phenyl-1-ethanol, although WCR males were un-
affected (Table 1). In contrast, treatment with the oil extender had no effect on cap-
tures of either sex or species nor did it interact with dose to alter captures (Table 1).
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TABLE 1. CAPTURE OFCORN ROOTWORMADULTS ON TRAPSBAITED WITH

2-PHENYL-1-ETHANOL ON DISPENSERS WITH ANDWITHOUT OLIVE OILa

Capture (mean±SE)

Western corn rootworm Northern corn rootworm
2-Phenyl-1-ethanol

dose (mg/trap) Oil Female Male Female Male

30 yes 87.8± 17.6 36.3± 3.9 97.0± 17.6 61.0± 9.7
30 no 91.7± 17.1 46.7± 7.2 85.3± 11.4 57.2± 6.1
3 yes 36.5± 5.2 43.8± 4.9 28.7± 5.9 46.2± 9.6
3 no 45.5± 7.6 51.7± 7.4 37.5± 5.1 55.5± 12.1
0 yes 12.8± 2.1 51.0± 10.3 4.0± 1.7 34.7± 6.5
0 no 14.8± 3.1 48.8± 8.8 5.8± 0.8 39.8± 2.8
F statisticsb

Oil (df= 1, 25) 0.36 NS 0.94 NS 2.79 NS 0.73 NS
2-Phenyl-1-ethanol dose 48.90∗∗ 0.82 NS 114.4∗∗ 3.74∗

(df = 2, 25)
Oil× dose (df = 2, 25) 0.14 NS 0.41 NS 1.45 NS 0.28 NS

a Test conducted August 30–September 3, 1996 (N = 6). Mean beetle count per plant± SE on
September 3 was 1.7± 0.3 WCR and 1.0± 0.2 NCR. Corn was in the dough stage (R4).

b Asterisks denote statistical significance at∗P < 0.05 or∗∗P < 0.0001. NS denotesP > 0.05.

Many extenders including olive and mineral oils have been used to sustain
volatilization of candidate attractants from lure dispensers in field trials (Lampman
and Metcalf, 1987; Petroski and Hammack, 1998; Coss´e and Baker, 1999), al-
though some, like olive oil, could release behaviorally active volatiles. The present
study detected no effect of olive oil, either by itself or in combination with 2-
phenyl-1-ethanol, on WCR or NCR captures. However, omission of the oil was
still deemed desirable, at least in these short-term tests, because it precluded in-
teraction with test compounds other than the alcohol and will facilitate future
gravimetric measurement of attractant release rates.

Screening of Individual Terpenoids/Benzaldoxime.The screening of indivi-
dual compounds (100 mg/trap) showedsyn-benzaldoxime attractive to WCR fe-
males and to NCR of both sexes, whileβ-caryophyllene attracted only WCR
females (Table 2).syn-Benzaldoxime captured more NCR than did the cinnamyl
alcohol standard, considered a strong NCR attractant (Metcalf and Lampman,
1991), and as many WCR females as did (±)-linalool. β-Caryophyllene, in con-
trast, lured fewer WCR females than did the (±)-linalool standard. (−)-Linalool
also proved less attractive than the racemic standard, especially to WCR but also to
NCR females. Neitherβ-pinene stereoisomer nor myrcene was attractive (Table 2).

This is the first demonstration that syn-benzaldoxime andβ-caryophyllene
attract corn rootworm adults. Activity of the oxime may derive from a struc-
tural similarity with 2-phenyl-1-ethanol or 2-phenyl-1-ethylamine lures, or perhaps
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TABLE 2. CAPTURE OFCORN ROOTWORMADULTS ON TRAPSBAITED WITH CANDIDATE

ATTRACTANTSa

Capture (mean±SE)

Western corn rootworm Northern corn rootworm
Candidate/standard attractant

(100 mg/compound) Female Male Female Male

syn-Benzaldoxime 277.3± 17.4a 17.5± 2.6 410.7± 33.5a 144.5± 11.1a
β-Caryophyllene 65.7± 9.7b 13.0± 2.3 3.2± 1.6ef 11.7± 2.0d
(−)-Linalool 70.5± 8.0b 13.5± 2.0 10.3± 2.7d 20.3± 3.6c
(+)-β-Pinene 13.8± 1.9c 9.0± 1.4 1.0± 0.5f 9.7± 0.6d
(−)-β-Pinene 12.7± 2.0c 10.3± 0.7 2.2± 0.5ef 8.5± 2.0d
Myrcene 9.0± 2.0c 11.7± 3.1 1.7± 0.2ef 8.7± 0.9d
None (control) 15.2± 2.7c 13.0± 1.9 2.7± 0.3e 12.0± 2.0d
(±)-Linalool (WCR standard) 270.5± 39.0a 20.2± 3.2 20.3± 3.2c 22.3± 4.5c
Cinnamyl alcohol (NCR standard) 88.5± 19.2b 17.3± 1.9 180.3± 25.9b 93.3± 10.1b

F statisticb 63.56∗∗ 2.11 NS 109.58∗∗ 61.24∗∗

a Test conducted September 9–11, 1996 (N= 6). Mean beetle count per corn plant± SE on
September 11 was 1.2± 0.2 WCR and 1.1± 0.2 NCR. Corn was in the dent stage (R5).

b Asterisks denote statistical significance atP< 0.0001, NS denotesP> 0.05 (df= 8, 40). Means
within a column followed by the same letter do not differ by Student-Neuman-Keuls test,P> 0.05.

with phenylacetaldoxime, a common floral volatile (Kaiser, 1991). Oximes have
not previously been reported as corn rootworm attractants and merit further study
given the magnitude of WCR and especially NCR captures reported here.

β-Caryophyllene is released by a wide assortment of flowering plants
(Knudsen et al., 1993; Borg-Karlson et al., 1994) and attracts insects other than
WCR, including boll weevils (Minyard et al., 1969) and green lacewings (Flint
et al., 1979). Like several other corn rootworm attractants, such as linalool and
indole,β-caryophyllene is among volatiles released by maize in response to insect
feeding (Turlings et al., 1993; Takabayashi et al., 1995). Its hydrocarbon structure
rendersβ-caryophyllene an atypical attractant for diabroticite beetles. Several
other maize terpenoid hydrocarbons, namely myrcene,β-pinene, and limonene
(Light et al., 1993; Takabayashi et al., 1995), were tested here or earlier (Hammack,
1996), but failed to attract either WCR or NCR. (−)-α-Pinene, but not (+)-α-
pinene, did attract WCR females in one of two earlier tests, although that response
was only just detectable (Hammack, 1997) and not reproducible in the current
study.

Unlike benzaldoxime,β-caryophyllene was a more effective WCR than NCR
lure. Despite much overlap in the array of host compounds and analogs attractive to
NCR and WCR beetles, response patterns of the two species are generally distinct
(Hammack, 1996, 1997; Metcalf and Lampman, 1997; Petroski and Hammack,
1998). Distinct response patterns might be expected, as WCR and NCR likely
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evolved their association with maize independently of one another and differ as
adults in their reliance on maize for food (Branson and Krysan, 1981). Metcalf et al.
(1998) considered the greater reliance of WCR on maize atypical of diabroticite
adults, which as a group tend to feed on pollen from a variety of grasses and
forbs, perhaps in response by someDiabroticaspecies to widely distributed floral
volatiles shared with ancestral Cucurbitaceae.

The weaker response of both species to (−)- than to (±)-linalool implies
that(+)-linalool, or a blend containing this enantiomer, is the more effective lure.
The (+)-isomer was not, however, available for testing. Chirality is known to
be important to WCR reacting toα-terpineol (Hammack, 1996), as well as to
female cabbage looper moths and solitary bees, which both preferentially respond
to (S)-(+)-linalool acting as a pheromone (Heath et al., 1992; Borg-Karlson et al.,
1996).

Traps baited with effective lures usually attracted more females than males
within each species, and the disparity between the sexes tended to be greater for
WCR than NCR. These results agree with those of previous studies, where trap
catch was examined by sex (see Hammack, 1997 for references and further discus-
sion), except that NCR females do not always outnumber NCR males. Assuming
attractant involvement in host seeking/selection, higher female captures likely re-
late to nutritional demands of oogenesis, which could be more stringent in the
more fecund WCR than NCR (Naranjo and Sawyer, 1987). Captures would also
reflect sex ratios in maize fields at testing. Female to male ratios could tend to
rise in late season with earlier mortality of males due to protandry (Quiring and
Timmins, 1990) or, in the case of NCR, which are more apt than WCR to move
out of maize to feed on a variety of flowering forbs, with the migration of females
back into maize to oviposit (Branson and Krysan, 1981).

Terpenoid and Methyl Salicylate Blends.When methyl salicylate and the
three terpenes were assayed at 30 mg per component per trap, each binary blend
captured significantly more WCR females than did its individual constituents only
when the blend contained methyl salicylate (Figure 2). A significant increase oc-
curred with mixing when methyl salicylate was added to (±)-linalool, (+)-α-
terpineol, orβ-ionone, but not when blends contained any two of the three terpenes.
Mixing all four chemicals failed to increase the capture of WCR females beyond
that achieved by mixing only methyl salicylate andβ-ionone. The latter two were
the least and most active, respectively, of the four single compounds (Figure 2).
The other two, (±)-linalool and (+)-α-terpineol, showed an intermediate attrac-
tiveness. WCR males demonstrated significant, albeit weak, olfactory attraction
only when treatments includedβ-ionone; however, none of theβ-ionone blends
was significantly better thanβ-ionone by itself (Figure 2). Only treatments contain-
ing (+)-α-terpineol or (±)-linalool attracted NCR in numbers significantly higher
than control, although mean captures per trap failed to exceed 25 and showed no
tendency to increase when chemicals were blended (data not shown).
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FIG. 2. Effect of blending (±)-linalool, (+)-α-terpineol,β-ionone, and methyl salicylate
on WCR capture (mean± SE, N= 8). Means within sexes topped by different letters
differ at P≤ 0.05 by Student-Newman-Keuls test after ANOVA (F = 66.62 and 8.09 for
females and males, respectively;df= 11, 77; P< 0.0001). On September 6, 1996 when the
test ended, corn was dough to dent stage (R4–R5) and mean beetle count per plant± SE
was 0.9± 0.2 WCR and 1.2± 0.2 NCR.

Doses as low as 30 mg/trap (15 mg/chemical) of a 1:1 blend of (±)-linalool
and methyl salicylate produced captures higher than those seen with as much as
120 mg of either compound by itself (Figure 3). ROI values calculated for WCR
females reacting to the two chemicals, each chemical at doses of 7.5, 15, 30, or
60 mg dispensed from the same and separate traps, were very similar across doses,
at 1.9± 0.2, 1.8± 0.3, 2.1± 0.5, or 1.9± 0.3 (mean±SE), respectively. All four
doses were, therefore, used to calculate a joint ROI of 1.9± 0.2, which differed
from 1 (S = 244,N = 32,P < 0.001). Only the higher doses of the blend (60 and
120 mg) attracted NCR females, but the best mean capture (6.4 per trap) did not
differ from that to any single component (data not shown). No odorant treatment
attracted males of either species (data not shown).

The present tests clearly demonstrated a synergistic increase in capture of
WCR females when methyl salicylate and linalool were dispensed from the same
as compared with different traps, with observed captures at least 1.9 times those
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FIG. 3. Relationship between attractant dose and capture (mean± SE, N= 8) of WCR
females for (±)-linalool, methyl salicylate, and a 1:1 by weight blend of both. Means
topped by different letters differ atP≤ 0.05 by Student-Newman-Keuls test after ANOVA
(F = 18.50;df= 15, 105;P< 0.0001). On August 29, 1997, when the test ended, corn was
dough stage (R4) and mean beetle count per plant± SE was 1.4± 0.2 WCR and 0.9± 0.2
NCR.

expected had there been no synergy. The dose–response data showed that a rise of
this magnitude would only be expected after about a 10-fold increase in dose of
the individual compounds, assuming similar action of both odorants on the same
segments of the field population.

Addingβ-caryophyllene or indole, but not (−)-α-pinene, to a blend of (±)-
linalool and methyl salicylate increased capture of WCR females above levels
expected from simply increasing the dose of either the single compound or the
binary blend (Figure 4). ROI values calculated in each series from captures on
traps baited with 20 mg per component per trap were 2.5± 0.7, 1.1± 0.1, and
1.2± 0.3 forβ-caryophyllene, indole, and (−)-α-pinene, respectively. Only the
β-caryophyllene value differed significantly from 1 (t = 2.36,N = 8,P = 0.05;
for (−)-α-pinene,t = 0.48,N = 8,P = 0.65; for indole,S= 5,N= 8,P= 0.55).
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FIG. 4. Mean capture± SE (N= 8) of WCR females with and without addition of
β-caryophyllene, indole, or (−)-α-pinene to a 1:1 by weight blend of (±)-linalool and
methyl salicylate (20 mg/component/trap for each ternary blend). Means in a series
topped by different letters differ atP≤ 0.05 by Student-Newman-Keuls test after ANOVA
(F = 17.12, 98.83, and 36.91, respectively;df= 5, 35; P< 0.0001). On August 28, 1997,
and August 19, 1998, when theβ-caryophyllene and indole series ended, respectively, corn
was dough stage (R4) and mean beetle count per plant± SE was 2.3± 0.3 WCR and
1.8± 0.2 NCR (1997) and 2.8± 0.4 WCR and 1.8± 0.3 NCR (1998). At the start of the
(−)-α-pinene series on August 26, 1999, corn was dent stage (R5) and beetle counts were
1.3± 0.2 WCR and 1.0± 0.2 NCR.

Odorants lured WCR males just in the indole series, but responses were barely
detectable and did not vary among olfactory treatments (data not shown). NCR
reacted only to scents containing (±)-linalool, albeit in low numbers, and did not
distinguish between binary and ternary blends (data not shown).

Thus,β-caryophyllene, which was only weakly attractive by itself, but not
(−)-α-pinene, synergistically elevated female WCR captures when added to the
linalool-methyl salicylate blend. Captures were again at least twice as high as
expected without synergy. Indole addition to the binary blend produced a WCR
response increase that was smaller than the three- to fivefold increase reported for
its mixture with 4-methoxycinnamaldehyde or cucurbit volatiles (Metcalf et al.,
1995). Indeed, the smaller increase could be explained without invoking synergy if
indole and the binary blend were to attract different segments of the WCR female
population. For example, one lure could attract females with immature ovaries
seeking food and the other affect gravid females seeking oviposition sites. This
hypothetical situation is perhaps less likely for WCR, which tend to oviposit where
they feed, than for NCR, which feed on a variety of flowering forbs once maize
silks dry and then return to maize to oviposit (Branson and Kryson, 1981).

Even 1.0 mg ofβ-caryophyllene added to 10 mg each of (±)-linalool and
methyl salicylate increased captures of WCR females and yielded responses that
were not lower than those obtained with additions up to 100 mg (Figure 5). WCR
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FIG. 5. Relationship betweenβ-caryophyllene dose and capture (mean±SE, N= 8) of
WCR females upon caryophyllene addition to an attractant blend consisting of 10 mg each
of (±)-linalool and methyl salicylate. Means topped by different letters differ atP≤ 0.05
by Student-Newman-Keuls test after a significant ANOVA (F = 41.31; df= 11, 77;
P< 0.0001). On August 20, 1998, when the test ended, corn was dough to dent stage
(R4–R5) and mean beetle count per plant± SE was 1.8± 0.2 WCR and 3.1± 0.4 NCR.

males and NCR of both sexes failed to respond to any odorant treatment in numbers
that were different from control (data not shown). Metcalf et al. (1995) also reported
only a very gradual linear increase in efficacy as the dose of one member of a
binary blend of floral volatiles attractive to WCR was increased over three orders
of magnitude (varying dose of indole dispensed with 4-methoxycinnamaldehyde).
Stronger dependence on attractant ratios might have been predicted (Loughrin et
al., 1996) given the relatively specialized feeding habits of WCR adults (Krysan,
1993; Metcalf and Lampman, 1998) and the ubiquity of many WCR lures. A wider
range of component test ratios and quantitative data on component release rates
will ultimately be needed to critically evaluate component ratio effects on blend
attractiveness.



P1: GQR

Journal of Chemical Ecology [joec] PP188-303101 June 5, 2001 17:3 Style file version Nov. 19th, 1999

1386 HAMMACK

FIG. 6. Effect of the corn green leaf volatiles (GLVs), (Z)-3-hexenyl acetate and (Z)-
3-hexen-1-ol, on WCR female captures (mean± SE, N= 8) when the volatiles were
dispensed singly and blended with other corn volatiles [3.3 mg/trap each of (±)-
linalool, methyl salicylate, andβ-caryophyllene]. Means topped by different letters dif-
fer at P≤ 0.05 by Student-Newman-Keuls test after a significant ANOVA (F = 82.77;
df = 8, 71; P< 0.0001). On August 20, 1998, when the test ended, corn was dough to dent
stage (R4–R5) and mean beetle count per plant± SE was 3.6± 0.4 WCR and 1.8± 0.2
NCR.

Green Leaf Volatiles.Neither (Z)-3-hexenyl acetate nor (Z)-3-hexen-1-ol
was attractive to WCR females when tested at 10 or 30 mg/trap (Figure 6), despite
abundance of these GLVs in the headspace of maize leaves during plant tassel-
ing and silking, when feeding conditions are optimal for corn rootworm adults
(Krysan, 1993; Light et al., 1993). Moreover 10 mg of either volatile or a 1:1 (w/w)
blend of both also did not affect captures when added to 3.3 mg each of (±)-linalool,
methyl salicylate, andβ-caryophyllene (Figure 6). Although GLVs attracting some
insects can become inhibitory at higher doses, addition of the acetate and alcohol to
the attractive blend of maize volatiles without effect argues against any such inhi-
bition in the present tests. No olfactory treatment in this test significantly affected
capture of WCR males or either NCR sex (data not shown).

Blend Efficacy/Enhancement.A blend of (±)-linalool, methyl salicylate, and
β-caryophyllene (each at 3.3 mg/trap) captured fewer WCR of both sexes than did
10 mg of the 4-methoxycinnamaldehyde reference; however, substitutingβ-ionone
for (±)-linalool yielded a ternary blend that was more attractive than was the
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aldehyde (Table 3). Addition of the aldehyde to the ternary blend containing
β-ionone did not affect captures of either WCR sex. No odorant influenced NCR
(Table 3).

SUMMARY AND CONCLUSIONS

This study identified two new attractants for corn rootworm adults:syn-
benzaldoxime andβ-caryophyllene. The oxime was notable for its strong attrac-
tiveness to NCR, whereasβ-caryophyllene synergistically elevated captures of
WCR females when blended with other maize headspace volatiles. Methyl sali-
cylate showed a similar synergy when dispensed with one of several maize ter-
penoids. Indole also increased WCR captures in a manner suggesting synergy
but to a lesser extent than reported for its interaction with cucurbit volatiles
and their analogs. The results support the conclusion that olfactory synergism
plays a key role in host finding by diabroticite corn rootworm adults, in agree-
ment with studies of cucurbit-diabroticite interactions (Metcalf and Lampman,
1997), and demonstrate that the blending of maize volatiles has the potential
to dramatically improve efficacy of corn rootworm lures with applications in
pest management. Attaining full potential will likely entail adjustment of com-
pound release rates to match natural conditions optimal for corn rootworm at-
traction, conditions not yet fully elucidated. Most chemical studies of maize
volatiles have examined younger crop developmental stages than those preferred
by corn rootworm adults or else used cut or macerated tissues, which may re-
lease qualitatively and quantitatively different blends than do intact or herbivore-
damaged tissues (Buttery and Ling, 1984; Turlings et al., 1993; Takabayashi et al.,
1995).
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Abstract—The sex pheromone of the pea midge consists of 2-acetoxytridecane,
(2S,11S)-diacetoxytridecane and (2S,12S)-diacetoxytridecane. The responses of
male pea midges to the corresponding stereoisomers of (2S,11S)-diacetoxy-
tridecane and (2S,12S)-diacetoxytridecane were tested in field trapping experi-
ments and by electroantennographic recordings. When added at 20% of the
pheromone component to the sex pheromone blend, the (2S,11R)- and (2R,11S)-
stereoisomers of (2S,11S)-diacetoxytridecane, were shown to have a strong
inhibitory effect on male attraction in the field. At the same dose, (2R,11R)-
diacetoxytridecane, (2R,12R)-diacetoxytridecane, andmeso-2,12-diacetoxytri-
decane, did not have a significant effect on male behavior. It was also shown
that substitution of either (2S,11S)-diacetoxytridecane or (2S,12S)-diacetoxytri-
decane with the related stereoisomers reduced trap catches to the level of blank
traps. The electroantennographic recordings showed similar dose–response
curves for the pheromone components and the stereoisomers shown to have
an inhibitory effect. It seems likely that male antennae have receptors for both
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pheromone components and for inhibitory stereoisomers. Scanning electron
microscopy and transmission electron microscopy of the antennae revealed three
types of sensilla involved in chemoreception: sensilla circumfila, sensilla tri-
chodea, and sensilla coeloconica. The sensilla circumfila and trichodea are both
innervated by two sensory cells, whereas the sensilla coeloconica are innervated
by four to five cells.

Key Words—Contarinia pisi, Cecidomyiidae, Diptera, sex pheromone, (2S,
11S)-diacetoxytridecane, (2S,12S)-diacetoxytridecane, stereoisomers, inhibition,
EAG recordings, antennal morphology.

INTRODUCTION

The pea midge,Contarinia pisiWinn. (Diptera: Cecidomyiidae), a serious pest
of commercial peas in northern Europe (Wall et al., 1985; Pillon and Thieuleux,
1995), was the first species of the family Cecidomyiidae, gall midges, for which the
full sex pheromone blend was identified (Hillbur et al., 1999, 2000). It consists of 2-
acetoxytridecane, (2S,11S)-diacetoxytridecane, and (2S,12S)-diacetoxytridecane.
All three compounds elicited a response from antennae of males when pheromone
gland extract from females was analyzed by coupled gas chromatographic–
electroantennographic detection (GC-EAD) (Hillbur et al., 1999). The low con-
centration of 2-acetoxytridecane in gland extract prevented determination of its
absolute configuration (Hillbur et al., 1999). However, in a wind tunnel bioassay a
blend of racemic 2-acetoxytridecane, (2S,11S)-diacetoxytridecane, and (2S,12S)-
diacetoxytridecane was as attractive to males as gland extract, indicating that if
females produce only one enantiomer of 2-acetoxytridecane (R or S), the other
one is not strongly inhibitory (Hillbur et al., 2000). A related compound, (2S)-
(E)-10-tridecen-2-yl acetate, has been identified as a sex pheromone component
in another gall midge, the Hessian fly,Mayetiola destructor(Foster et al., 1991).
However, results from behavioral tests suggested that the complete Hessian fly
sex pheromone contains one or more additional components (Harris and Foster,
1991, 1999). Recently, (2S,7S)-2,7-nonadienyl dibutyrate has been identified as
sex pheromone of the orange wheat blossom midge,Sitodiplosis mosellana(Gries
et al., 2000).

A general problem in gall midge pest management is to detect the often in-
conspicuous adults (Harris and Foster, 1999). Results from field trapping experi-
ments with synthetic pea midge sex pheromone (Hillbur et al., 2000) showed that
pheromone traps, as outlined by Wall et al. (1985), could be useful for monitoring
of the emergence of adult pea midges. For this purpose, it would have been eco-
nomically advantageous if the racemic mixtures of the diacetates instead of pure
(2S,11S)- and (2S,12S)-diacetoxytridecane could be used as lures, since enantio-
pure compounds are far more costly to produce. However, traps baited with a blend
of the racemates of all three compounds were not attractive to pea midge males
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in the field, indicating that one or several of the stereoisomers not produced by
the females are inhibitory (Hillbur et al., 2000). For the design of an economic
chemical synthesis, the continued development of a monitoring system for the
pea midge would benefit from a more detailed knowledge about requirements for
stereochemical purity of the compounds, and specifically, which stereoisomers are
inhibitory.

Thus, the aim of this study was to investigate the response of male pea midges
to all stereoisomers of the female-produced sex pheromone components, (2S,11S)-
diacetoxytridecane and (2S,12S)-diacetoxytridecane. Both behavioral responses
in the field and electroantennographic (EAG) recordings were studied. Male re-
sponses to various doses of the synthetic sex pheromone blend in the field were
also tested. In addition, the structures of the antennal sensilla were investigated by
scanning electron microscopy and transmission electron microscopy.

METHODS AND MATERIALS

Insects.Soil containing cocoons with diapausingC. pisilarvae was collected
near Chalons-sur-Marne in the Champagne district in France in August 1999. The
soil was kept in cold storage at 6◦C for approximately 5 months for completion of
larval diapause. The cocoons were then separated from the soil with water using
a sieving method (Doane et al., 1987), and the adults were allowed to emerge at
18L:6D photoregime, 25◦C, and 70% relative humidity. Immediately upon emer-
gence and before mating, males and females were separated and transferred to
glass cages (28× 28× 33 cm) kept at 18L:6D photoregime, 15◦C, and 75% rela-
tive humidity. Males used for electrophysiological recordings were one day old.

Chemicals.2-Acetoxytridecane, racemic (2,11)-diacetoxytridecane, racemic
(2,12)-diacetoxytridecane, and the stereoisomers of the diacetates were synthe-
sized as described by Hillbur et al. (1999). The enantiomeric excess, ee, of the
stereoisomers was at least 98%, as determined by chiral gas chromatography
(Hillbur et al., 1999).

Electrophysiology.For electrophysiological recordings a Plexiglas holder
with two wells connected to an amplifier by gold wire electrodes was used (JoAC,
Lund, Sweden) (Zhang et al., 1997). Males were suspended between the wells by
pressing the thorax, until fixed, into a slit in the well wall facing the 2-mm gap
separating the wells. The head and antennae protruded into the gap. The tips of the
antennae were then positioned in a small glass capillary, kept in place by dental wax
in an equivalent slit in the opposite well. Finally, both wells and, by capillary force,
the glass capillary were filled with Beadle-Ephrussi Ringer solution, thus providing
contact. Antennal preparations were continuously exposed to a charcoal-filtered
and humidified airstream (0.5 m/sec) through a glass tube (8 mm diam.). Stimuli
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were delivered in 0.2-sec puffs at a flow rate of 10 ml/sec (stimulus controller,
Syntech, Hilversum, The Netherlands), injected into the airstream 20 cm from the
antenna. During dose–response recordings, all doses of one compound, starting
with the lowest dose, were presented to the antenna before the next compound
was tested. The order in which compounds were presented was varied between
antennae. The test compounds (0.1, 1, 10, and 100µg) in 10µl of redistilled
hexane (Labscan) were applied directly onto the glass in the tip of Pasteur pipets.
The pipets were not used until 1 hr after compound application and were renewed
after approximately 10 stimulations. Between tests, pipets were kept at−18◦C.
After every second test stimulus the response to a reference stimulus (10µg of
(2S,12S)-diacetoxytridecane on filter paper) was recorded. In order to correct EAG
values for antennal fatigue, each test response was normalized by dividing it with
the average response to the two adjacent reference stimuli. Antennal signals were
amplified (JoAC) before they were recorded and analyzed with ElectroAntenno-
Graphy software (Syntech).

Field Tests.Field tests were done in France between May 19 and 27, 2000,
at three sites, Saint Pouange, Sompuis, and Songy, in the Champagne district.
A parallel to one of the experiments was done at two sites in the UK (Market
Weighton and Pocklington, Yorkshire) between June 11 and July 4, 2000. Sticky
delta traps were placed inC. pisiemergence fields, i.e., in wheat fields after peas,
10–20 cm above ground. At each site, five replicates (only four in the UK) were
placed along five well-separated transects. Within replicates traps were separated
by 10 m. Trap positions were maintained unchanged during the experiment to avoid
possible effects of contaminated vegetation. Dental cotton rolls (Celluron No. 2,
Paul Hartmann S.A., France) cut in thirds were used as dispensers (Hillbur et al.,
2000). Chemicals were applied to the dispensers as a hexane solution. Dispensers
were not changed during the experimental period. In France, trap catches were
counted and sticky inserts were changed daily. In the UK, catches were counted
and inserts changed every three to four days.

In all experiments, a standard treatment, 10µg (2S,11S)-diacetoxytridecane
+ 10µg (2S,12S)-diacetoxytridecane+ 10µg 2-acetoxytridecane, and a blank,
where the dispensers were not loaded with any chemicals, were used as refer-
ence traps. In the first experiment, two two-component blends, 10µg (2S,11S)-
diacetoxytridecane+ 10 µg 2-acetoxytridecane and 10µg (2S,12S)-diacetoxy-
tridecane+ 10µg 2-acetoxytridecane, were tested (see also Figure 1, lower part).
In the second experiment, three-component blends were tested where the two di-
acetates, (2S,11S)-diacetoxytridecane and (2S,12S)-diacetoxytridecane, had been
substituted, one by one, by the other stereoisomers (Figure 2, lower part). A pos-
sible inhibitory effect of the stereoisomers was tested in a third experiment by
addition of 2µg of them, separately, to the standard blend (Figure 3a, lower part).
In a continuation of this experiment, the dose of the stereoisomers proven to be
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FIG. 1. Field captures of pea midge males in traps baited with the standard three-component
blend and with two-component blends where one of the diacetates has been omitted. Treat-
ments labeled with the same letter are not significantly different according to nonparamet-
ric Kruskal-Wallis analyses of variance, followed by paired Mann-WhitneyU test with
Bonferroni correction (0.01> P> 0.001) (Systat, 1992).

inhibitory at 2µg was lowered to 0.5µg, whereas the dose of the stereoisomers
that did not have any effect at 2µg was raised to 10µg (Figure 3b, lower part).
Finally, a dose–response experiment compared traps baited with 1, 10, and 100µg,
respectively, of the standard three-component blend. This experiment was done
both in France and in the UK.

Electron Microscopy.For transmission electron microscopy (TEM), anten-
nae from both sexes were dipped for a few seconds in 70% ethanol to reduce surface
tension: after this treatment they were rapidly transferred to 3% glutaraldehyde
in 0.15 M cacodylate buffer and kept overnight. After dehydration in ethanol, the
preparations were brought to Epon via propylene oxide. Polymerization was car-
ried out at 60◦C for 48 hr. The blocks were trimmed and the ultrathin sections on
the grids were stained in uranyl acetate and lead citrate in an LKB Ultrostainer.
The sections were examined in a Jeol 1200 EX transmission electron microscope
operated at 60 kV. For scanning electron microscopy (SEM), preparations fixed
and dehydrated as above were critical point dried, mounted on holders, and sputter-
coated with gold–palladium 40:60. The preparations were studied in a Jeol T330
scanning electron microscope.
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FIG. 2. Field captures of pea midge males in traps baited with the standard three-component
blend, 2-acetoxytridecane, (2S,11S)-diacetoxytridecane, and (2S,12S)-diacetoxytridecane
(stn), and with three-component blends where one of the diacetates has been substi-
tuted by stereoisomers. Treatments labeled with the same letter are not significantly
different.

Statistics.The proportion of males caught by different treatments did not
differ between sites, even if there was a large difference in population density.
Therefore, to make sites comparable, the proportions within replicates, i.e. the
number of males caught by one treatment in a replicate divided by the total
number of males caught in that replicate, were used for statistical analyses. Dif-
ferences were analyzed by nonparametric Kruskal-Wallis analyses of variance,
followed by pairwise Mann-WhitneyU test with Bonferroni correction (Systat,
1992). The number of replicates of the blank traps was lower than for the other
treatments and, consequently, they were not included in the analysis. The dose–
response curves obtained by EAG recordings were analyzed by two-way analy-
sis of variance (ANOVA) followed by a Duncan’s multiple-range test (Statistica,
1993).
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FIG. 3. Field captures of pea midge males in traps baited with the standard three-component
blend, 2-acetoxytridecane, (2S,11S)-diacetoxytridecane, and (2S,12S)-diacetoxytridecane
(stn), in combination with: (a) 20% of each of the stereoisomers separately, and (b) 5% of
the stereoisomers proven to be inhibitory at the 20% level and 100% of the stereoisomers that
had no effect at the 20% level. Treatments labeled with the same letter are not significantly
different.
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RESULTS

The results from the field experiment with the two-component blends (1 and 2)
showed that all three components are needed to attract male pea midges (Figure 1).
Of the total number of males caught in this experiment, 87% were caught in traps
baited with the three-component blend (stn) (Figure 1). Substitution of (2S,11S)-
diacetoxytridecane and (2S,12S)-diacetoxytridecane with the corresponding
stereoisomers (blends 3–7) reduced trap catches to the level of the blank trap
(0) (Figure 2). Only the standard three-component blend (stn) caught signifi-
cant numbers of midges (73%). Addition of 20% (2µg) of stereoisomers to
the standard blend (stn) showed that at this dose (2R,11S)-diacetoxytridecane
(11) and (2S,11R)-diacetoxytridecane (12) have a strongly inhibitory effect on
male attraction (Figure 3a). Both treatments reduced trap catches to the same
level as the blank traps (0). Addition of (2R,12R)-diacetoxytridecane,meso-2,12-
diacetoxytridecane, and (2R,11R)-diacetoxytridecane, to the standard three-
component blend (blends 8, 9, and 10) did not affect male attraction. Catches
in those traps did not differ significantly from the number of males caught with
the standard blend (stn) (Figure 3a). A decrease in the dose of the inhibitory
stereoisomers to 5% (blends 16 and 17) and an increase of the dose of the other
stereoisomers to 100% (blends 13, 14, and 15) resulted in an overall decrease in
differences in trap catches between treatments (Figure 3b). Only in traps where 5%
(2S,11R)-diacetoxytridecane had been added to the standard blend (17) did catches
differ significantly from those baited with the standard blend (stn) (Figure 3b).

In France, the dose–response experiment showed that 1µg of the standard
blend was the most attractive dose to males (Figure 4a). It attracted 60% of the
males, whereas traps baited with 10 and 100µg caught 24 and 16%, respectively
(Figure 4a). In the UK, however, there were no significant differences in trap
catches between the doses (Figure 4b). Population densities were higher in France
than in the UK. The total number of males caught in traps baited with 1µg of the
standard blend was 13,200 in France (experimental period 8 days) and 5,100 in
the UK (experimental period 23 days).

The male antennal response to the female-produced stereoisomers, (2S,11S)-
diacetoxytridecane and (2S,12S)-diacetoxytridecane increased with an increasing
dose of the stimuli (Figure 5). Similar dose–response curves were obtained for
the inhibitory stereoisomers (2R,11S)-diacetoxytridecane and (2S,11R)-diacetoxy-
tridecane, but the responses were slightly lower than to the pheromone com-
pounds (Figure 5). Even lower responses were elicited by the behaviorally in-
active stereoisomers, (2R,11R)-diacetoxytridecane, (2R,12R)-diacetoxytridecane,
andmeso-2,12-diacetoxytridecane (Figure 5). An analysis of variance showed that
the factors compound and dose, as well as their interaction, had a significant effect
(two-way ANOVA; factor 1: compound,df= 160,F = 10.426,P< 0.001, factor 2:
dose,df= 160, F = 16.296, P< 0.001, compound× dose,df= 160, F = 1.692,
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FIG. 4. Field captures of male pea midges in traps baited with different doses of the stan-
dard 3-component blend, 2-acetoxytridecane, (2S,11S)-diacetoxytridecane, and (2S,12S)-
diacetoxytridecane (stn): (a) in France, and (b) in the UK. Treatments labeled with the same
letter are not significantly different.

P< 0.05). The interaction term shows that there is a significant difference between
the slopes of the dose–response curves.

The analyses of the structure of the antennae showed that antennae of males
consist of 12 antennal segments (flagellomeres), in addition to the two basal seg-
ments, scapus and pedicellus. Each flagellomere is about 100µm long and consists
of two swollen nodes connected with a cylindrical portion (Figure 6). The sensilla
are confined to the nodes, which are found in the proximal and middle portions of
the flagellomeres. In the females, the 12 flagellomeres are cylindrical (40× 25µm)
(Figure 7). In both sexes, small protrusions (microtricha) cover the surface of the
flagellomeres (Figures 6 and 7). Three types of chemosensory sensilla are found
on the antenna: compound sensilla with wall pores (s. circumfila), hairlike single
sensilla with wall pores (s. trichodea), and double-walled sensilla (s. coeloconica).
The circumfila have a peculiar shape and exhibit different structures in males and
females. Long uninnervated bristles are also present among the antennal sensilla
(Figures 6 and 7). These companion bristles have a shaft provided with small teeth.

In the males, there is one wreath of circumfila on each node. In each of
these, there are about 10 forked sensilla that are joined apically. The circum-
fila are found close to a transverse row of companion hairs (Figure 6). Inside
the antenna, two dendritic segments from sensory cells are enclosed within an
enveloping cell, corresponding to the thecogen cell of other sensilla. At the dis-
tal part of the innermost enveloping cell, there is no dendritic sheath as in other
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FIG. 5. Electroantennogram (EAG) responses from male pea midge antennae to differ-
ent doses of the stereoisomers of (2,11)-diacetoxytridecane and (2,12)-diacetoxytridecane
(N= 6). EAG values were corrected by relating the measured values to a standard mea-
surement before and after the test compound. Dose–response curves followed by the same
letter are not significantly different according to Duncan’s multiple range test (P< 0.05)
(Statistica, 1993).

insect sensilla (Figure 8). The transition zone between the inner and outer dendritic
segments is situated about 5µm below the base of the hair. Lymph cavities are
lacking in this region. The basal part of the hair is invaded by the sensory cells
and the enveloping cells that send protrusions into the hair (Figure 8). The basal
part of the hair is about 2µm long and has a smooth outer surface. Above this
zone the two branches of the sensillum turn transversely until they are close to
the companion hairs, which they accompany in a distal direction (Figure 9). The
proximal curved parts of the branches have a transverse cuticular pattern, whereas
the distal part has longitudinal furrows (Figure 9). The sensillar hair branches fol-
low the companion hairs to their tips, and here the branches from two adjoining
sensilla fuse (Figure 6). In the distal part of the circumfila there are one or two
branches of the outer dendritic segments. The density of the pores is quite low in the
males.
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FIG. 6. Flagellomere from male consisting of two nodes (N), that are connected with por-
tions of smaller diameter (S). On the nodes are sensilla circumfila (arrows) and companion
hairs (arrowheads). Scale bar= 20µm.

Sensilla circumfila in the females form two transverse loops connected with
two axial connections (Figure 7). A large number, approximately 25–30, of sensilla
form this continuous structure. The circumfila of the females also possess two
sensory cells, and the other cellular arrangements below the antennal surface are
similar to those of the male (Figure 8). The surface of the cirumfila in the females

FIG. 7. Flagellomere from female showing sensilla circumfila (asterisks), sensilla trichodea
(arrows), and companion hairs (arrowheads). Scale bar= 20µm.
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FIG. 8. Section through the base of a sensillum circumfilum in a male. The outer dendritic
segments (arrowheads) are enclosed within the innermost enveloping cell (TC). Another
enveloping cell (asterisk) has a more superficial position, sending processes into the base
of the cuticular hair. Scale bar= 0.5µm.

FIG. 9. The sensilla circumfila (arrows) are forked and the branches follow the companion
hairs (asterisks). Sensilla coeloconica are indicated with arrowheads. Scale bar= 5µm.
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is smooth (Figure 7). The cuticle possesses a large number of small pores, which
lack pore tubules. The outer dendritic segments branch profusely in the hairs.

The sensilla trichodea are found in relatively low numbers, about five on each
flagellomere. They are innervated with two sensory cells, and the arrangement
of the enveloping cells is similar to that of the circumfila, but the single wall-
pore sensilla possess a dendritic sheath, which originates from the thecogen cell.
Basally, the surface structure of the hair consists of longitudinal folds. Distally,
there are transverse ridges. The dendritic outer segments branch moderately in the
outer part of the hair. The pore density is lower than in the circumfila, and the
pores lack tubules.

There are a few sensilla coeloconica on each flagellomere. They are innervated
with four to five sensory cells, and they possess a dendritic sheath as well as inner
and outer lymph cavities. The cuticular hair is short, 2µm, and has apical slitlike
pores.

DISCUSSION

In several species that use only one stereoisomer of a chiral compound as
a sex pheromone component, the inhibitory effect of other stereoisomers on sex
attraction forms a basis for reproductive isolation. This has been shown in species
as diverse as scarab beetles (Leal, 1996), corn rootworms (Guss et al., 1985;
Krysan et al., 1986), winter-flying geometrid moths (Sz¨ocs et al., 1993), and bark
beetles (e.g., Birch, 1984; Seybold, 1993). The ratio at which stereoisomers have
an inhibitory effect varies between species. Leal (1996) suggested that in species
where the chiral compound is just one constituent of a multicomponent pheromone
blend the antagonistic effect of the antipode might be better tolerated, because
species separation is then additionally supported by other compounds in the specific
blend. Separation in time or space may also contribute to reproductive isolation
between closely related species (e.g., L¨ofstedt et al., 1991; Sz¨ocs et al., 1993).

It is not possible to say whether species separation is the reason for the
inhibitory effect of (2S,11R)- and (2R,11S)-diacetoxytridecane observed in this
study, because the inhibitory stereoisomers are not known to be pheromones of
any related species. However, there are indications that the same or similar com-
pounds are used as sex pheromone components within the Cecidomyiidae. The
pea midge compounds and the compound identified for the Hessian fly are similar
in structure, and, when tested in the field, the latter did not attract Hessian fly
males but large numbers of males of another gall midge species (Harris and Foster,
1999). Moreover, all presently identified compounds within the family are chiral
(Foster et al., 1991; Hillbur et al., 1999, Gries et al., 2000). Therefore, it seems
reasonable to assume that the inhibitory effect of the stereoisomers (2S,11R)-
and (2R,11S)-diacetoxytridecane observed in this study may be a mating barrier



P1: GKW/GJE P2: GKW

Journal of Chemical Ecology [joec] PP188-303102 June 2, 2001 14:27 Style file version Nov. 19th, 1999

1404 HILLBUR ET AL .

between the pea midge and one or several related sympatric species. Furthermore,
species specificity in the pheromone signal seems also to be maintained by the
blend composition. Removal of either of the diacetates from the blend yielded trap
catches comparable to those in the blank traps (Figure 1), as did removal of the
third component, 2-acetoxytridecane (Hillbur et al., 2000).

The response at the antennal level can be discussed in view of both the
behavioral and the electrophysiological data. The field experiments show that in
order to attract pea midge males, neither of the diacetates can be substituted by the
corresponding stereoisomers (Figure 2). The males must thus be able to distinguish
(2S,11S)- and (2S,12S)-diacetoxytridecane from the other stereoisomers, which
suggests that they have antennal receptors specifically tuned to these compounds.
Evidence for enantiospecific pheromone receptor neurons has been reported in e.g.
scarab beetles (Wojtasek et al., 1998). The strong inhibitory effect of (2S,11R)-
and (2R,11S)-diacetoxytridecane on male attraction (Figure 3a) indicates that the
antennae also have receptors specific for these antagonists. This is also supported
by the EAG results, where similar dose-response curves were obtained from the
pheromone components and the antagonists (Figure 5). The other stereoisomers
do not seem to be of importance to male pea midges (Figures 3a,b and 5).

Earlier fine structural investigations of gall midge antennae have revealed
five sensillum types involved in chemoreception: sensilla circumfila, sensilla tri-
chodea, sensilla basiconica, sensilla coeloconica, and uniporous peg sensilla (Slifer
and Sekhon, 1971; Solinas and Nuzzaci, 1987; Crook and Mordue (Luntz), 1999).
Three of these, sensilla circumfila, sensilla trichodea, and sensilla coeloconica,
were found on pea midge antennae. The circumfila are a unique type of sen-
silla found only in gall midges (Hallberg and Hansson, 1999). In the pea midge,
the pronounced sexual dimorphism in the circumfila and their looped, surface-
enlarging structure in the males indicate that they are important in the detection
of female sex pheromones. This has also been suggested for the sorghum midge,
Contarinia sorghicola(Slifer and Sekhon, 1971) and another gall midge,My-
codiplosis erysiphes(Solinas and Nuzzaci, 1987). In the blackcurrant leaf midge,
Dasineura tetensi, however, sensilla circumfila are more elaborate in females than
in males (Crook and Mordue (Luntz), 1999). Instead, sensilla trichodea, shown
to be more common in males than in females in this species, were assumed
to be more important in sex pheromone detection (Crook and Mordue (Luntz),
1999).

Transmission electron microscopy showed that in the pea midge both sen-
silla circumfila and sensilla trichodea possess two sensory cells. In view of the
results of the present study, one would expect to find at least four receptor neu-
rons associated with sex pheromone reception on male pea midge antennae, one
for each of the pheromone components and at least one for the antagonists.
Which of the sensillum types house these neurons and how they are organized
remains to be investigated by single sensillum recordings. As pointed out by Baker
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et al. (1998), cocompartmentalization within the same sensillum of receptors
tuned to the pheromone components and receptors tuned to the antagonist should
optimize both the spatial and temporal resolution ability of the male. Cocom-
partmentalization of pheromone and antagonist neurons is commonly found in
Lepidoptera (e.g., L¨ofstedt et al., 1990; Coss´e et al., 1998; Todd and Baker, 1999)
and has also been shown in a diprionid sawfly (Hansson et al., 1991) and in scarab
beetles (Wojtasek et al., 1998).

This study provides valuable information for the continued development of
a pea midge monitoring system, both with regard to purity and amount of chem-
icals required. The results indicate that only (2S,11S)-diacetoxytridecane has to
be of high stereoisomeric purity. The configuration of (2,12)-diacetoxytridecane,
like that of 2-acetoxytridecane (Hillbur et al., 2000), does not seem to affect
male behavior. For use in monitoring traps, the French results clearly show that the
lowest dose, 1µg, is the most attractive one (Figure 4a). The fact that no significant
differences were seen between the doses in the UK (Figure 4b) could be explained
by factors such as differences in temperature that would affect the emission rate of
the compounds from the dispensers or the comparatively low population densities
at the experimental sites in the UK. Adult pea midges have been shown to be highly
aggregated in emergence fields (Wall et al., 1991). At low population densities,
this could result in variable trap catches.
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Abstract—The sex attractant pheromone blend ofHemileuca maia(Lepidoptera:
Saturniidae) from the vicinity of Baton Rouge, Louisiana, has been identi-
fied. The major component of the blend is (E10,Z12)-hexadeca-10,12-dienal
(E10,Z12–16:Ald), in combination with the minor components (E10,Z12)-
hexadeca-10,12-dien-1-ol (E10,Z12–16:OH), and (E10,Z12)-hexadeca-10,12-
dien-1-yl acetate (E10,Z12–16:Ac). Ratios of the compounds in extracts of fe-
male pheromone glands varied around a mean of 100:7.4:6.3. None of the three
components were attractive to male moths when tested as single components.
Several other compounds were tentatively identified from female pheromone
gland extracts, includingE10,E12–16:Ald,E10,E12–16:OH, andE10,E12–
16:Ac, but addition of these components, either alone or in combination, at
biologically relevant rates, did not significantly increase the attractiveness of
lures. The saturated analogs, hexadecanal, hexadecanol, and hexadecyl acetate,
also were identified in gland extracts, but had no apparent effect as pheromone
components.

Key Words—Hemileuca maia, (E10,Z12)-hexadecadienal, (E10,E12)-hex-
adecadienyl acetate, (E10,Z12)-hexadecadienol, sex pheromone.

INTRODUCTION

The buck moth,Hemileuca maia(Drury) (Lepidoptera: Saturniidae), is widely
distributed throughout the eastern half of the United States (Tuskes et al., 1996).

∗ To whom correspondence should be addressed.
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It is an occasional defoliating pest of oaks, with localized outbreaks appearing
sporadically and unpredictably (Martinat et al., 1997). The mature caterpillars are
about 6.2 cm in length, and each body segment contains numerous tufts of com-
pound urticating spines. When the caterpillars are handled or crushed, these spines
break off in the skin, causing a severe burning sensation. Reddish welts may per-
sist at the site of contact for weeks. Stinging also may produce anaphylactic shock
reactions in sensitive individuals. During outbreaks, the larvae can be a severe
nuisance and a health hazard, and the problem is exacerbated by the larval habit
of wandering off the host plant. As colorfully described by Earle (1966), “Their
presence greatly diminishes the joy of walking barefoot in the springtime.” The
problem can be severe enough that trees in public places are sprayed with insecti-
cide during the spring caterpillar emergence in attempts to reduce populations in
urban and suburban areas.

The basic biology and distribution ofH. maiahave been summarized (Earle,
1966; Tuskes et al., 1996; Martinat et al., 1997). Eggs are laid in late fall in
rings around oak twigs, and hatch the following spring. The early instars are
gregarious and exhibit processionary behavior, whereas later instars are solitary.
In the southern United States, pupation occurs in late May to early June, and
pupae go through a summer diapause before emerging in late November to early
December. The adult moths are diurnal and are easily seen because of their distinct
black and white markings and their size.

Earle (1966) reported that caged virgin female moths attracted numerous
male moths with a sex attractant pheromone, but to date, there has been no further
investigation of the pheromone components. As part of a continuing study of sex
pheromones of the North American Saturniidae, we report here the identification
and field testing of the female-produced sex pheromone blend ofH. maia.

METHODS AND MATERIALS

Insects. Late-instar caterpillars, which feed primarily on live oak,Quercus
virginianus(Mill), were collected at Burden Research Plantation, Baton Rouge,
Louisiana, in late May and early June of 1995–1997. In the laboratory, the cater-
pillars were held in screen-covered 160-liter plastic containers at 27◦C and 65%
relative humidity. Fresh-cut oak foliage was placed in the containers daily until
pupation. The larvae pupated in the 3 to 5-cm layer of vermiculite covering the
bottom of the container. Approximately 150 pupae were collected from the ver-
miculite in September and October, sexed by using dimorphic genital characters,
and sent to University of California, Riverside. Upon arrival, the sexed pupae were
held separately in 4-liter paper cans with screen lids and damp vermiculite until
the moths emerged. Additional humidity was provided by moistening paper towels
and placing them on the screen lid, with a sheet of clear plastic draped over the lid
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to maintain high humidity. Upon emergence, males were allowed to expand and
dry their wings before being placed in labeled glassine envelopes, then in sealed
plastic bags with a damp towel, and held in a refrigerator (10–15◦C) until needed
for electroantennographic studies. Females were allowed to expand their wings
and usually began to call within 1–2 hr of emergence inside the paper can, where
they were allowed to remain until excision and extraction of the sex pheromone
glands.

Extraction of Sex Pheromone Glands.Female sex pheromone glands were
removed from virgin calling females (1–2 days old) by extruding the gland by
applying gentle pressure to the tip of the abdomen and removing the everted
gland and terminal abdominal segments with microscissors. The excised glands
from individuals, or from several females combined, were placed into a 0.25-ml
conical glass vial insert containing approximately 30µl pentane. Care was taken
to remove as much of the meconium as possible with clean Kimwipes to minimize
contamination of the extract. The glands were extracted for 20 min, then the extract
was transferred to a clean insert and concentrated by passive evaporation as needed.
If not used immediately, extracts were stored at−20◦C.

Gas Chromatography.Gas chromatography (GC) analyses were conducted
in splitless mode with Hewlett-Packard 5890A or 5890 Series II gas chromato-
graphs (H-P, Palo Alto, California), that used helium carrier gas. Columns and
programs used to analyze extracts included: DB-1701 (30 m× 0.32 mm ID,
0.25 µm film, J&W Scientific, Folsom California; 100◦C/0 min, 15◦C/min to
275◦C, hold 60 min), DB-5 (30 m× 0.32 mm ID, 0.25µm film, 100◦C/0 min, 10
or 15◦C/min to 275◦C, hold 30 min), and DB-WAX (30 m× 0.32 mm ID, 0.25µm
film, 100◦C/0 min, 15◦C/min to 250◦C, hold 20 min).

Coupled Gas Chromatography–electroantennography (GC-EAD).Aliquots
of female extracts and synthetic standards were analyzed by coupled GC-EAD
with an H-P 5890 series II GC, with either DB-1701 or DB-5 columns operated
under the conditions described above. Details of the set-up and operation of the
system, and the preparation of the moth antennae for GC-EAD analyses, have been
described previously (McElfresh and Millar, 1999a–d).

Coupled Gas Chromatography–mass spectrometry. Electron impact (EI)
mass spectra (70 eV) were taken with an H-P 6890 gas chromatograph interfaced
to an H-P 5973 mass selective detector. An HP5-MS column (30 m× 0.25 mm ID)
was used in splitless mode, programmed from 50◦C at 1 min, 10◦/min to 250◦C,
hold 20 min, injector 275◦C, transfer line 280◦C. Compounds in the insect extract
(an aliquot of a composite sample from five females) were identified by compar-
ison of retention times and mass spectra with those of synthetic standards (see
below).

Approximately 2 female equivalents (FE) of a composite extract of five
females obtained in July 1997 were concentrated under a gentle stream of N2,
then taken up in 20µl CH2Cl2 and treated with 2.5µl of a solution of
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4-methyl-1,2,4-triazoline-3,5-dione (MTAD, 1.2 mg/ml; Aldrich Chemical,
Milwaukee, Wisconsin) (Young et al., 1990; McElfresh and Millar, 1999a). The
resulting faint pink solution was concentrated to<5 µl, and a 1-µl aliquot was
analyzed by GC-MS, by using an injector temp of 300◦C, a temperature program
of 100◦C/0 min, 15◦/min to 300◦C, hold 20 min, and a solvent delay time of 8 min.
Identifications were confirmed by analyses of adducts prepared in identical fashion
from synthetic pheromone standards.

Synthesis of Pheromone Components. Standards used in chromatographic
work and for making lures for field trials were synthesized and purified as des-
cribed in McElfresh and Millar (1999a). All compounds used in field trials were
a minimum of 98% chemically and isomerically pure. GC standards of all four
10,12–16:Ac isomers also were obtained from Darwin Reed, Plant Biotechnol-
ogy Institute, National Research Council of Canada, Saskatoon, Saskatchewan,
Canada.

Field Trials. Lures consisted of 11-mm red rubber septa (Wheaton Scien-
tific, Millville, New Jersey), individually labeled with a treatment number and
loaded with heptane solutions (100µl) of test blends, plus 2 drops of 10 mg/ml
butylated hydroxytoluene (BHT) in heptane as an antioxidant. Once the treatment
solutions had soaked into the septa, the lures were stored in 20-ml glass screw-
cap vials for transport. Lures were stored in a freezer or an ice-chest when not
in use, except during shipping. A particular set of lures was not used for>11
days.

Field trials with blends of synthetic pheromone components were conducted
in December of 1995–1998. Most field trials were conducted at the Burden Re-
search Plantation, Baton Rouge, Louisiana, in a mixed hardwood forest bordered
by open fields. Pherocon 1C traps (Tr´ecé Inc., Salinas, California) were used,
placed on the ground at least 30 m apart. In 1997, two replications of a trial were
conducted in New Orleans, Louisiana, and these traps were placed approx. 1 m
off the ground in two separate locations. Treatments were usually tested in three
to four replicate blocks spaced 100–270 m apart. Blocks consisted of six to nine
treatments, including a trap baited with a solvent-treated control. Each block was
counted a minimum of three and a maximum of eight times. Trap bottoms were
changed as necessary, as they became covered with accumulations of moth scales.
Trap counts were conducted before 09:00 hr or after 15:00 hr when flight had
ceased, and traps were rerandomized after each count. All moths were removed
from the traps at each count.

Data Analysis. To eliminate the day factor, which was irrelevant for our
purposes, the daily counts for each treatment in a given block were pooled. This sum
was then transformed (

√
x + 0.5) prior to conducting a two-way ANOVA followed

by a Student-Neuman-Keuls (SNK) test to separate means when appropriate (SAS
Institute, 1996). Treatments that failed to capture any moths were not included in
the ANOVA because of their lack of variance.
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RESULTS

Analysis of Female Pheromone Gland Extracts. Analyses of gland extracts
by coupled GC-EAD demonstrated that male moth antennae responded to at least
six components in the extracts (Figure 1). These compounds, and several others
present in the extracts, were identified by GC and GC-MS, and the identifications
were confirmed by comparison of retention times on at least two capillary GC
columns of differing polarities and of mass spectra with those of standards.

The mass spectrum of the component eliciting the largest antennal response
(Figure 1, peak2) was consistent with that of a conjugated 16-carbon diene alde-
hyde, with a comparatively strong molecular ion (m/z 236, 19% of base peak at
m/z 67), with a possible molecular formula C16H28O. The relatively large size
of the molecular ion, coupled with a retention time considerably longer than that
of a hexadecanal standard, provided support for a conjugated diene being present
somewhere in the structure, as did a set of ions atm/z 67, 81, 95, 109, and 123.
Comparison of the mass spectrum and retention time with those of a standard of
E10,Z12–16:Ald provided an exact match. The position of the diene was cor-
roborated by formation of the Diels-Alder adduct with the powerful dienophile
4-methyl-1,2,4-triazoline-3,5-dione (MTAD) (Young et al., 1990; McElfresh and
Millar, 1999a). The adduct gave a molecular ion as expected atm/z 349 (9%) and

FIG. 1. Coupled gas chromatogram–electroantennogram of maleH. maiaantenna stimu-
lated by a female pheromone gland extract. Column: DB-5 (30 m× 0.32 mm ID, 0.25-µm
film, temperature program 100◦C/0 min, 10◦C/min to 275◦C for 30 min). Identifications
of peaks: 1, 16:Ald; 2,E10,Z12–16:Ald; 3, E10,E12–16:Ald; 4, E10,Z12–16:OH; 5,
E10,E12–16:OH; 6,E10,Z12–16:Ac; and 7,E10,E12–16:Ac.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP188-303103 June 5, 2001 17:4 Style file version Nov. 19th, 1999

1414 MCELFRESH, HAMMOND, AND MILLAR

FIG. 2. Trap catches of maleHemileuca maiain field trials near Baton Rouge, Louisiana,
December 12–15, 1995, and December 7–13, 1996, testing a five-component blend that
mimicked the ratios found in a pheromone gland extract from females versus four-
component blends with single compounds deleted. The complete blend consisted of:
E10,Z12–16:Ald,E10,Z12–16:OH,E10,Z12–16:Ac, 16:Ald, and 16:OH (100:8:4:35:21
µg/septum, respectively). Total number of moths trapped= 63 in 1995 (solid bars), and
236 in 1996 (open bars). Significant differences among treatments are indicated by differ-
ent letters surmounting the bars (1995, capital letters, 1996, lowercase letters; SNK test,
α = 0.05). Two-way ANOVA for blend effect in 1995,F = 9.30,df= 3, 6,P = 0.0113; for
block effect.F = 3.75,df= 2, 6, P = 0.0879. Two-way ANOVA for blend effect in 1996,
F = 18.64,df= 3, 6, P = 0.0019; for block effect,F = 19.71,df= 2, 6, P = 0.0023.

strong peaks atm/z 208 (100%) and 306 (48%) from cleavage of the alkyl chains
in the three and six positions of the adduct, unequivocally demonstrating that
the diene in the original structure was in the 10,12 position. The geometry of the
diene was corroborated by comparison of retention times on four GC columns with
those of synthetic standards of all four 10,12–16:Ald isomers. Only theE10,Z12–
16:Ald isomer matched the insect-produced compound on all four columns.

A minor component of the extract (peak3, Figure 1) eluting shortly after the
main component also elicited a strong EAD response from male antennae, seen as
a shoulder on the main peak. The mass spectrum of this component was similar
to that of the main component,E10,Z12–16:Ald, and these data, in conjunction
with retention time matches with a standard on four columns, confirmed the minor
component to beE10,E12–16:Ald.

Two later-eluting minor components (peaks6 and 7, Figure 1) eliciting
medium intensity responses from male moth antennae were identified asE10,Z12–
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FIG. 3. Trap catches of maleHemileuca maiain field trials testing lures with various doses
of E10,Z12–16:Ald, withE10,Z12–16:OH andE10,Z12–16:Ac held constant at 2.6 and
1.3µg/septum, respectively. Trial conducted December 12–17, 1996; total number of moths
trapped= 133. Treatments with different letters are significantly different (SNK,α = 0.05).
Two-way ANOVA for E10,Z12–16:Ald dose effect,F = 34.72,df= 3, 6,P = 0.0003; for
block effect,F = 11.91,df= 2, 6, P = 0.0082.

andE10,E12–16:Ac, respectively. The mass spectra of both were similar, although
only a partial spectrum of the later-eluting compound, present in smaller amount,
was obtained. The mass spectrum of the more abundant compound was character-
ized by a molecular ion atm/z 280 (16%; possible molecular formula C18H32O2),
and a small but distinct fragment atm/z220 (2%, loss of acetic acid). The relatively
large size of the molecular ion, coupled with retention time somewhat longer than
that of a hexadecyl acetate standard, supported the presence of a conjugated diene
rather than two isolated double bonds. Comparison with a database spectrum of
E10,Z12–16:Ac (NIST/EPA/NIH Mass Spectral Database, 1992) also resulted
in a close match. The diene position was confirmed by GC-MS analysis of the
MTAD adduct, with the adducts showing diagnostic fragments atm/z 350 (38%)
andm/z 208 (100%) from cleavages of the alkyl groups attached to the 3 and
6 positions of the six-membered ring of the adduct, definitively placing the con-
jugated diene in the parent molecule at the 10,12 position. Determination of the
double bond stereochemistries was made by comparison of retention times of the
insect-produced compound with those of authentic standards on four GC columns
as described above. Only theE10,Z12–16:Ac isomer matched the retention time
of the insect-produced compound on all four columns.
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FIG. 4. Trap catches of maleHemileuca maiain field trials testing lures with various doses
of E10,Z12–16:OH, withE10,Z12–16:Ald andE10,Z12–16:Ac held constant at 100 and
4 µg/septum, respectively. Trial conducted December 7–20, 1997; total number of moths
trapped= 211. Treatments with different letters are significantly different (SNK,α = 0.05).
Two-way ANOVA for E10,Z12–16:OH dose effect,F = 15.78,df= 4, 8,P = 0.0007; for
block effect,F = 8.70,df= 2, 8, P = 0.0098.

The partial mass spectrum of the less abundant of the two compounds (peak
6, Figure 1) did not exhibit a molecular ion or the weakerm/z220 ion, but the frag-
mentation pattern in the lower mass ranges, and particularly the characteristicm/z
67, 81, 95 ion pattern, was similar to that of theE10,Z12–16:Ac. This partial mass
spectrum, in conjunction with retention time matches on four columns with those
of a standard, and the fact that anE10,E12–16:Ac standard elicits strong signals
from male moth antennae, strongly supports the identification of this compound
asE10,E12–16:Ac.

Two further minor components (peaks4 and5, Figure 1) that elicited small
responses from male antennae were tentatively identified asE10,Z12– andE10,
E12–16:OH, respectively. Because of the trace amounts present in the extracts,
mass spectra could not be obtained. Nevertheless, retention time matches with
standards on several columns, elicitation of responses from male antennae with
standards, and the fact that the corresponding aldehydes and acetates are present
in the extracts renders these identifications virtually certain.

In addition to these six components, a number of other compounds were
identified in extracts from pheromone glands from females, including hexade-
canal (peak1, Figure 1), docosane, tricosane, tetracosane, and hexacosane, all
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FIG. 5. Trap catches of maleHemileuca maiain field trials testing lures with various doses
of E10,Z12–16:Ac, withE10,Z12–16:Ald andE10,Z12–16:OH held constant at 100 and
10µg/septum, respectively. Trial conducted December 7–20, 1997, total number of moths
trapped= 205. Treatments with different letters are significantly different (SNK,α = 0.05).
Two-way ANOVA for E10,Z12–16:Ac dose effect,F = 6.44,df= 4, 7, P = 0.0169; for
block effect,F = 0.86,df= 2, 7, P = 0.4649. (Note: The 3.3 dose was lost or stolen from
block 2 and could not be included in the analysis).

tentatively identified from mass spectra and mass spectral matches with database
spectra. Identifications were confirmed by comparison of retention time and mass
spectral data with those of the corresponding standards on multiple GC columns. In
addition, hexadecanol and hexadecyl acetate were tentatively identified in extracts
by retention time match-ups with standards.

There was considerable variability among extracts in the amounts of com-
pounds present. For example, of 34 extracts from individual females, only four ex-
tracts contained measurable amounts of compounds, with two extracts containing
about 20 ng of the major component,E10,Z12–16:Ald, and a further two extracts
containing about 10 ng each. In these four extracts, the ratio ofE10,Z12–16:Ald
to E10,Z12–16:OH toE10,Z12–16:Ac was 100:7.4± 3.3:6.3± 1.7. The quan-
tities of hexadecanal and hexadecanol were estimated as 23± 9% and 11± 10%
of the major component, respectively. The amounts of the other components were
too low to be quantified with any degree of accuracy.

Male antennal responses were also quantified, both with extracts and with
standards, with responses being expressed as a percentage of the response to
E10,Z12–16:Ald. The quantities ofE10,Z12–16:OH andE10,Z12–16:Ac in
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FIG. 6. Trap catches of maleHemileuca maiain field trials testing lures with a single dose
of E10,E12–16:Ald,E10,E12–16:OH, andE10,E12–16:Ac, either as single components
or as a combined mixture, at a dose of 10:2.5:1µg/septum, respectively, added to the basic
blend ofE10,Z12–16:Ald,E10,Z12–16:OH, andE10,Z12–16:Ac (100:10:1µg/septum,
respectively). Trial conducted December 17–23, 1997; total number of moths trapped= 424.
Treatments were not significantly different, despite a significant ANOVA (SNK,α = 0.05).
Two-way ANOVA for additive effect,F = 3.63,df= 4, 12,P = 0.0369; for block effect,
F = 1.51,df= 3, 12,P = 0.2619.

extracts elicited responses of 17± 7% and 25± 10%, respectively, when each of
three male antennae were challenged with aliquots of four female extracts. Male
antennae (N = 5), each challenged six times with mixtures of equal amounts of
E10,Z12–16:Ald,E10,Z12–16:OH, andE10,Z12–16:Ac, gave mean responses
of 100%, 41± 11%, and 47± 19%, respectively, indicating that the antennae were
most highly tuned toE10,Z12–16:Ald.

Field Trials. The first field trial conducted in 1995 and repeated in 1996 tested
the importance of individual components of a five-component blend mimicking
the female blend (Figure 2). Four-component blends, in which either hexadecanol
or hexadecanal had been dropped out, were as attractive as the full five-component
mixture, indicating that these two components were not of significant importance
to the attractiveness of the mixture. However, removal ofE10,Z12–16:Ac from
the blend resulted in a sharp drop in attraction of male moths, whereas blends
missing eitherE10,Z12–16:Ald orE10,Z12–16:OH were completely unattrac-
tive, clearly indicating that these three compounds were critical components of
the blends. The next field trial (Figure 3) tested blends of these three components,
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FIG. 7. Trap catches of maleHemileuca maiain field trials testing lures with varied amounts
of different mixtures ofE10,Z12–16:OH, andE10,Z12–16:Ac, withE10,Z12–16:Ald
held constant at 100µg/septum. Trial conducted December 17–23, 1997, total number of
moths trapped= 113. Treatments were not significantly different (SNK,α = 0.05). Two-
way ANOVA for dose effect,F = 1.06,df= 3, 9, P = 0.4115; for block effect,F = 1.67,
df= 3, 9, P = 0.2426.

with fixed amounts ofE10,Z12–16:OH andE10,Z12–16:Ac (1.3 and 2.6µg,
respectively) and variable amounts ofE10,Z12–16:Ald (0-333µg). Trap captures
increased with increasing amounts ofE10,Z12–16:Ald, the major component of
the pheromone. A third field trial (Figure 4) tested blends of the three compo-
nents in which the amounts ofE10,Z12–16:Ald andE10,Z12–16:Ac were held
fixed at 100 and 4µg, respectively, while the doses ofE10,Z12–16:OH were
varied from 0 to 33µg (approximately 10 times higher ratio than found in gland
extracts from females). Trap catches were directly proportional to the amount
of E10,Z12–16:OH, with the highest dose used (33µg) resulting in the largest
trap catches. An analogous trial conducted the following year tested the effects of
variable amounts ofE10,Z12–16:Ac (0–33µg), with fixed amounts ofE10,Z12–
16:Ald andE10,Z12–16:OH (100 and 10µg/septum, respectively) . There were
no significant differences in numbers of moths captured in traps baited with 0–10
µg of E10,Z12–16:Ac (Figure 5), whereas the highest dose of 33µg resulted in
significantly fewer moths caught than the optimal doses of 1 and 3.3µg.

A further trial was conducted to determine the possible importance of theE10,
E12–16:Ald, -OH, and -Ac isomers seen in the female gland extracts (Figure 6).
Addition of any one ofE10,E12–16:Ald,E10,E12–16:OH, orE10,E12–16:Ac,
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or the mixture of all three (in ratios similar to those seen in pheromone gland
extracts), to the three-component base mixture ofE10,Z12–16:Ald, E10,Z12–
16:OH, andE10,Z12–16:Ac (100:10:1) had no effect on the attractiveness of
lures; all treatments attracted similar numbers of moths. A final trial tested dif-
ferent ratios ofE10,Z12–16:OH toE10,Z12–16:Ac, withE10,Z12–16:Ald held
constant at 100µg/lure (Figure 7). There were no significant differences among
treatments, indicating that the presence of the two components may be more im-
portant than their exact ratio, either in relation to each other or in relation toE10,
Z12–16:Ald.

DISCUSSION

Pheromone components based on (E10,Z12)-hexadienyl compounds have
now been identified in several species in the genusHemileucaand two species
in the sister genusColoradia (McElfresh and Millar, 1999a–d; McElfresh et al.,
2001). However,E10,Z12–16:Ald is the major component of the pheromone blend
of H. maia, whereasE10,Z12–16:Ac constitutes the major component for the other
species. As was found with the other species, a blend of the main component with
at least one of the minor components (E10,Z12–16:OH) is crucial for attraction
of maleH. maia; blends must contain at least these two components to attract
any male moths at all, and trap catches increased monotonically with increasing
amounts of each of these compounds in blends, indicating their importance in
the overall attractiveness. Surprisingly, the highest dose and ratio ofE10,Z12–
16:OH tested (33µg, 33% ofE10,Z12–16:Ald, the major component) was most
attractive, even though this ratio is approximately 10 times the ratio found in the
pheromone gland extracts.

The role of the third component,E10,Z12–16:Ac, is less clear. In one trial,
(Figure 2), deletion ofE10,Z12–16:Ac from the complete blend resulted in a sig-
nificant decrease in attraction, whereas in a subsequent trial testing different ratios
of E10,Z12–16:Ac to the other two components, lures containing noE10,Z12–
16:Ac were as attractive as lures containing 1, 3.3, or 10µg of E10,Z12–16:Ac.
However, possible differences among treatments may have been obscured by the
large variability in trap catches in that trial; lures containing 1µg of E10,Z12–
16:Ac caught almost twice as many moths as the lures without this compound,
but the difference was not statistically significant. However, the highest dose of
E10,Z12–16:Ac tested in this trial resulted in significantly fewer moths captured
than the optimal doses (1–3.3µg), clearly indicating that this compound can affect
males’ behavior.

Other minor components identified in female gland extracts, such as hexade-
canal, hexadecanol, and theE10,E12–16:OH and -Ac isomers, do not appear to
be crucial for the attraction of conspecific males; addition of these components in
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biologically relevant amounts had no significant effect on trap captures. From the
GC-EAD studies, it is clear that at least the latter two compounds are detected by
male antennae, but their biological roles remain to be determined.

The possible role ofE10,E12–16:Ald may warrant further investigation.
Lures containing this compound, although not statistically different than the base
blend without it, attracted more than twice as many male moths as the base blend.
As in a previous trial, differences may have been obscured by the relatively small
number of replicates and the relatively large standard errors. It is also clear that male
moth antennae detect this compound because the EAD traces showed a distinct and
reproducible peak (as a shoulder on the peak corresponding to the response to the
main component,E10,Z12–16:Ald) in response to stimulation by this component
of the pheromone gland extracts.

For practical purposes, the pheromone is already finding use in monitoring
and control programs in those areas of the United States in whichH. maiaout-
breaks result in nuisance and human health problems. For example, since 1997,
the New Orleans Mosquito and Termite Control Board has used pheromone-baited
traps to survey parks, oak-lined boulevards, and the city zoo area, with high trap
catches alerting the Control Board to potential high larval populations the following
spring.
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Abstract—We examined aggregative behavior of hatchlings of the desert lo-
custSchistocerca gregariaemerging from solitaria egg pods that had been in-
cubated in sand previously used for consecutive ovipositions by gregarious fe-
males. Hatchlings derived from such eggs were significantly more gregarious
than those derived from pods laid in clean sand. The gregarizing effect of the
sand-associated factor originating from 3, 5, or 10 ovipositions by gregarious
females increased in a dose-dependent fashion. Washing the sand with organic
solvents following such ovipositions, or flushing it with nitrogen gas, led to
substantial loss of its gregarizing effect, showing that the active signal is volatile
and of medium polarity. The gregarizing activity of the exposed sand correlated
with the presence of C-8 unsaturated ketones, (Z)-6-octen-3-one and (E,E)-3,5-
octadiene-2-one and itsE,Z isomer, previously shown by us to form part of
the releaser pheromone system that mediates group oviposition inS. gregaria.
These ketones were present in relatively large amounts in the eggs obtained
from egg pods of gregarious females and were also detected in the extracts of
accessory glands of gregarious females, a candidate source of the gregarization
factor. It is proposed that the pheromone is secreted at the onset of oviposi-
tion. This would account for its distribution predominantly within the eggs and
surrounding sand at the site of oviposition. The study sheds new light on the
pheromonal mechanism associated with transgenerational transmission of gre-
garious characters in crowdedS. gregariapopulations and provides yet another
case in this insect of dual releaser and primer roles played by the same pheromone
blend.

∗ To whom correspondence should be addressed.

1423

0098-0331/01/0700-1423$19.50/0C© 2001 Plenum Publishing Corporation



P1: GHU

Journal of Chemical Ecology [joec] PP188-303104 June 4, 2001 9:19 Style file version Nov. 19th, 1999

1424 MALUAL ET AL .

Key Words—Schistocerca gregaria, gregarization, oviposition, pheromone
parsimony, primer pheromone, 3,5-octadien-2-ones, 6-octen-2-one.

INTRODUCTION

Locusts are characterized by a pronounced ability to transform reversibly be-
tween two extreme phases, solitaria and gregaria, that differ in physiology, bio-
chemistry, behavior, and morphology (Uvarov, 1966; Pener and Yerushalmi, 1998;
Applebaum et al., 1997). Phase change is predicated on locust density, and crowd-
ing or uncrowding can lead to rapid (hours or days) changes in some of the phase-
related traits, such as aggregation behavior (Roessingh and Simpson, 1994) and the
production of mediating pheromones (Deng et al., 1996). Gregarious characters
may spread horizontally through recruitment of solitary individuals into gregariz-
ing groups (Njagi et al., 1996) and accrue across generations through the eggs
(Pener, 1991; Islam et al., 1994a,b; Boua¨ıchi et al., 1995). Egg pods laid by gre-
garious females produce gregarious hatchlings, and those laid by solitary females
produce solitary hatchlings (Pener, 1991; Islam et al., 1994a,b).

Recent studies on the desert locust,Schistocerca gregaria, have tried to eluci-
date the pheromonal mechanisms that underlie transgenerational transmission of
gregarious characters. Two sets of pheromonal effects have been shown to oper-
ate. One is mediated by volatile signals that promote group oviposition behavior,
thus ensuring spatial cohesiveness of the offspring. These include benzene deriva-
tives, acetophenone and veratrole, associated with egg-froth (Saini et al., 1995; Rai
et al., 1997), unsaturated ketones [(Z)-6-octene-2-one and (E,E)-3,5-octadien-2-
one and itsE,Z-isomer] secreted into the sand during oviposition (Torto et al.,
1999), and a saturated aldehyde emitted by ovipositing females that attract other
gravid females (Njagi et al., unpublished data). Since oviposition is generally a
mixed-sex activity, the male-produced adult aggregation pheromone may also play
a role (Saini et al., 1995).

The second pheromonal effect is mediated by a primer gregarizing factor
associated with gregarious and gregarizing gravid females, including those that
experience crowding at mating or oviposition (Islam et al., 1994a,b; Boua¨ıchi et al.,
1995). McCaffery et al. (1998) considered the soil previously used by gregarious
ovipositing females and foam plugs of egg pods as possible sources of the primer
pheromone. A soil-borne factor was ruled out since egg pods of solitary females laid
into sand previously used for oviposition by gregarious females gave hatchlings that
were not different from solitary controls. On the other hand, there was significant
evidence of gregarization in hatchlings derived from solitary eggs incubated with
froth from egg pods laid by gregarious females. Saline aqueous extracts of the
froth were similarly effective in inducing shifts towards the gregarious phase of
hatchlings from solitary egg pods. Ultra-filtration at 3 kDa gave a filtrate that
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essentially retained the activity of the original extract. The authors then concluded
that the pheromone was a polar substance of low molecular weight (<3 kDa),
released by the egg pod.

In our studies of soil-borne oviposition signals, the relevant compounds (C-8
unsaturated aliphatic ketones) were found to adhere strongly to dry soil and could
only be desorbed under relatively high humidities (Torto et al., 1999). Interestingly,
these compounds were also found in the eggs obtained from egg pods of gregar-
ious females. This and the parsimonious functions of some of the desert locust
pheromones as releaser and primer signals (Mahamat et al., 1993; Assad et al.,
1997; Hassanali and Torto, 1999) led us to hypothesize that the ketones associated
with soil used by gregarious females for oviposition might also function as the
primer gregarization signal. The present study was undertaken to test this hypoth-
esis. Since accessory glands of gregarious gravid females were recently implicated
in the production, release, or activation of the primer factor (H¨agele et al., 2000),
we also examined extracts of the glands for the presence of the ketones.

METHODS AND MATERIALS

Insects

Desert locusts were reared under crowded (gregarious) or isolated (solitary)
conditions as described by Ochieng-Odero et al. (1994). The stocks originated from
egg pods supplied by the Desert Locust Control Organisation for Eastern Africa
(DLCO-EA), Addis Ababa, Ethiopia, and have been periodically supplemented
with collections from ICIPE Field station near Port Sudan. The insects were fed
on fresh wheat seedlings,Triticum spp., and wheat bran.

Solitary-reared locusts had six nymphal instars, largely green in coloration;
the sixth instar had an extra eye stripe. Adults of both sexes were greyish brown
and had F/C ratios (length of posterior femur/maximum width of the head)>3.75,
typical of solitary adults (Ochieng-Odero et al., 1994). Crowd-reared insects had
five nymphal stages. Hoppers had black color patterns on a yellow background;
immature adults were pink, while mature adults were bright yellow (males) or pale
yellow on the head and pronotum (females). The F/C ratios of adults were<3.15,
characteristic of gregarious locusts (Ochieng-Odero et al., 1994). In addition to
morphometric and pigmentary differences, the two cultures differed markedly in
pheromonal characteristics (Njagi et al., 1996; Torto et al., 1994, 1996).

Effect of Incubating Solitaria Egg Pods in Sand Exposed to Oviposition
by Gregarious Females on Aggregation Behavior of Hatchlings

Preparation of Sand.Sand sieved through a wire mesh (2 mm2 mesh size) was
washed sequentially with hot water, methanol, acetone and dicholoromethane to
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remove inorganic and organic contaminants and heat-sterilized at 205◦C for 24 hr.
After cooling to room temperature, it was moistened with distilled water to give a
moisture content of∼15% (15 ml water to 100 g of sand) (Norris, 1968). The purity
of the sand with respect to volatile contaminants was checked by aeration through
activated charcoal and analyzing any trapped material by gas chromatography as
described below. Standard aluminum oviposition cups (10× 4 cm ID) were filled
with the moistened sand and placed at the front of the false floor of standard alu-
minum locust rearing cages (50× 50× 50 cm) containing gregarious gravid fe-
males (Saini et al., 1995). After 24 hr, deposited egg pods were removed, the sand,
thus exposed, was allowed to dry overnight in an aluminum tray in a temperature-
controlled (30± 2◦C) room. The sand was then sifted through a wire mesh (2 mm2)
to remove any remnants of debris of eggs and froth, and its moisture content
restored to 15% by adding the appropriate amount of water.

Experimental Treatments of Solitaria Egg Pods.Egg pods from solitary fe-
males were transferred into oviposition cups with successively exposed sand pre-
pared as described above or further treated, as outlined below: (i) exposed sand
batches with 15% moisture in which gregarious females had previously laid suc-
cessively 3, 5, or 10 egg pods, respectively; (ii) exposed sand batches as in (i)
that were sequentially washed with methanol, acetone, and dichrolomethane, then
spread out on a metal tray and left to dry at 30± 2◦C for 24 hr, and remoistened to
15%; and (iii) exposed sand batches as in (i) that were flushed with gaseous nitrogen
for 24 hr with the sand spread out thin in a glass chamber (24 cm long× 5 cm ID)
to facilitate elution of volatile compounds, and then remoistened to 15%.

The following treatments served as controls: (iv) egg pods laid by solitary
females in clean (unexposed), moistened sand; and (v) egg pods laid by gregarious
females also in clean, moistened sand.

The egg pods thus prepared were then separately incubated at 30◦C and
60–70% relative humidity. After seven days, they were checked repeatedly for
hatching, and additional water was added to restore the moisture level in the sand,
until hatching (12–15 days).

Behavioral Assays.Aggregation bioassays were conducted in a uniform ring-
shaped aluminum arena with the floor divided into 18 equal segments (Ellis, 1953;
Weisel et al., 1996). The diameter of the inner wall was 14.5 cm, the outer wall
29.0 cm, and the height 10 cm. The arena was covered by a glass plate and placed
under an exhaust hood. The hood was fitted with two 60-cm diffused-light tubes
(60 W) 40 cm above the glass plate to provide uniform illumination at the arena.
The temperature of the room was maintained at 30± 2◦C.

On hatching from oviposition cups, 12 neonate nymphs (<12 hr old) were
released randomly into the bioassay arena and observed for 20 min. At the end of
this period, the distribution of the insects (number of divisions that contained 0,1,
2, and≥3 nymphs) was recorded. [Since groups of 4 and 5 in a given division on the
arena were relatively rare, even for hatchlings that had emerged from crowd-reared
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insects (see also Weisel et al., 1996), these were grouped into the≥3 category].
The insects were then disturbed by tapping the glass top of the cage several times,
after which they were allowed to settle before the next recording 20 min later.
The procedure was repeated for 2 hr, which resulted in six readings per replicate.
Each treatment was replicated five times, between which the arena was cleaned
with detergent, rinsed with water and acetone, and dried in an oven at 100◦C for
15 min. The level of aggregation was expressed in terms of the proportions of
single insects and those that were in groups of≥2 or≥3. These were compared
with a random theoretical distribution calculated from Poisson function (Sokal and
Rohlf, 1981).

Analyses of Treated Sand and Eggs

Sands associated with the following three treatments were analyzed for the
presence of volatiles (candidate primer pheromone): (i) cleaned, sterilized, and
moistened sand (untreated control); (ii) sand in which gregarious locusts had
oviposited for five successive times and moistened; and (iii) as in (ii), but
flushed with nitrogen for 24 hr, and remoistened. Batches of sand from these
treatments were put in glass chambers (10 cm long× 3.5 cm ID) and aerated
as previously described (Torto et al., 1999). A charcoal-filtered airstream (106
ml/min) from a compressed air cylinder was passed over the sand for 24 hr in a
room maintained at 30± 2◦C. The effluent passed through activated charcoal (60
mg) contained in Pyrex glass tubes. The trapped volatiles were eluted with pure
dicholomethane (2 ml, Aldrich Ltd., HPLC grade), each set pooled together, and
stored at−15◦C until analyzed. In addition, volatiles were also collected from eggs
derived from five∼1-day old egg pods that had been deposited in treatment (ii)
above. The eggs were crushed in sterilized sand, moistened with water (to 15%),
and volatiles collected as above.

For analyses, the volatiles were concentrated under a stream of nitrogen at
0◦C to∼100µl. Five microliters of the extracts were analyzed by gas chromato-
graphy on a Hewlett-Packard (HP) 5890 Series II instrument equipped with a flame
ionization detector (FID) and a HP capillary column (Carbowax 20 M, 50 m×
0.2 mm ID× 0.2µm with nitrogen as the carrier at a flow rate of 0.35 ml/min
(Torto et al., 1999). The oven was programmed as follows: 60◦C (10 min) to 180◦C
at 5◦C/min, 180◦C (5 min) to 220◦C at 10◦C/min. Peaks were integrated by using
a HP 3396 Series II integrator.

Analysis of Accessory Glands

Accessory glands (located at the anterior ends of the ovaries) were removed
from crowd-reared (gregarious) gravid adult female locusts (40) and transferred
into a vial containing saturated sodium chloride solution (10 ml). The suspension
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was sonicated for 2 hr, dichloromethane or hexane (20 ml) added, and the mix-
ture thoroughly shaken. The aqueous and organic layers were allowed to separate
(2–3 min) and the organic layer collected. This was shaken with aqueous sodium
hydroxide (20 ml, 5%) to remove the large amounts of C1–C16 fatty acids present.
The layers were allowed to separate (2–3 min), the organic phase collected and
dried by passing through anhydrous sodium sulfate and then concentrated under a
stream of nitrogen at 0◦C to∼200µl. Samples of the extracts (10µl) were analyzed
on a Hewlett-Packard (HP) 5890 Series II gas chromatograph and by GC-MS on a
Fisons Instruments 8060 Series II chromatograph coupled to a Fisons Instruments
VG Platform MS (EI, 70eV), employing the same chromatographic conditions
as described above. A synthetic mixture of (E,Z) and (E,E)-3,5-octadien-2-one
(donated by Professor T. C. Baker, Iowa State University, Ames, Iowa) allowed
the confirmation of the identities of these ketones in the extracts of the accessory
glands and contaminated sand.

Data Analyses

The behavioral data were subjected to analysis of variance (SAS Institute Inc.;
Cary, North Carolina). Means were compared by the least significance (LSD) test.

RESULTS

Aggregation Assays.Aggregative behavior of newly hatched first-instar
nymphs was influenced by the mother’s phase state and by the type of sand sur-
rounding the eggs. As expected, solitary mothers produced nonaggregative nymphs
and gregarious mothers produced gregarious nymphs (Figure 1A, i and v). How-
ever, hatchlings derived from egg pods placed in sand contaminated by substances
associated with gregarious egg pods were more gregarious (Figure 1A, ii–iv). On
the other hand, when sands from gregarious pods were washed with organic sol-
vents or flushed with streams of nitrogen, they lost their gregarizing activities
(Figure 1B, ii–iv, and 1C, ii–iv, respectively).

The aggregation behavior of hatchlings from all treatments compared with
those of solitary and gregarious controls is summarized in Figure 1D, where the
proportion of single insects on the arena in different treatments is plotted against
the proportion in groups of 2, 3, and higher. Pairs of insects were also included
in the latter category in this plot, since solitary locusts avoid each other, and
pairing constitutes an expression of grouping behavior (Ellis, 1963; Roessingh
et al., 1993). The gregarizing effect of sand-associated factors originating from
successive ovipositions by gregarious females is seen clearly to increase in a dose
dependent fashion. Washing the sand with organic solvents or flushing it with
nitrogen leads to loss or substantial decrease in the activity associated with the sand.
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FIG. 1. Aggregation tendency ofS. gregariahatchlings from egg pods treated as follows: A,
B, C i and v, untreatedsolitariaandgregaria, respectively; A ii, iii, and iv, solitaria egg pods
incubated in sand exposed to 3,5, and 10 ovipositions by gregarious females, respectively; B
ii, iii, and iv, solitaria egg pods incubated in sand exposed to 3, 5, and 10 ovipositions and then
washed with organic solvents; C ii, iii, and iv, solitaria egg pods incubated in sand exposed
to 3, 5, and 10 ovipositions and then flushed with nitrogen; A, B, C vi, represent values from
Poisson function. D summarizes the results from all treatments:solitaria (S/C) andgregaria
(G/C); S/T3, S/T5, and S/T10 represent hatchlings fromsolitaria egg pods exposed to
sand contaminated by 3, 5, and 10 ovipositions, respectively; S/T3/W, S/T5/W, S/T10/W
represent insects fromsolitaria egg pod from sand similarly contaminated but subsequently
washed with solvents; and S/T3/F, S/T5/F, and S/T10/F represent insects fromsolitaria
egg pods from contaminated sand but subsequently flushed with nitrogen.N= 30 for all
data sets; bars in A, B, and C with the same letter are not significantly different atP< 0.05
(LSD test).
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FIG. 2. Gas chromatograms of volatiles collected from (A) eggs from five egg pods crushed
in clean sand, (B) sand into which five successive ovipositions by gregarious females had
taken place, and (C) as (B) but after the sand had been flushed with nitrogen for 24 hr.
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Analyses of Sand Batches and Eggs.Crushed eggs and sand in which five
egg pods had been laid produced (Z)-6-octen-2-one and (E,E)-3,5-octadiene-2-
one and itsE,Z geometric isomer (Figure 2A, B). In contrast, these compounds
were absent from sand aerated with nitrogen for 24 hr (Figure 2C).

Analysis of Accessory Gland Extracts.Figure 3 gives the total ion GC-MS
chromatogram of the nonacidic fraction of accessory gland extracts. (E,E)-3,5-
Octadiene-2-one and itsE,Z geometrical isomer were relatively prominent, with
mass spectra comparable to library data (NIST Registry, 1995) and to those of
synthetic compounds.E,Z-isomer:m/z (%) at 95(100), 43(70), 81(55), 79(45),
124(34), 41(32), 53(28), 39(25), 109(15);E,E-isomer: 95(100), 81(70), 79(58),
124(50), 53(33), 43(32), 109(22), 65(18), 77(15). (Z)-6-Octene-2-one was present
in lesser amounts and merged with another minor component. It was detected by
single-ion monitoring atm/z 126, 108, 97, 58, 69, 55 and 43.

DISCUSSION

In a recent communication, we reported that crowd-rearedS. gregariaovi-
posited preferentially in sand previously laid in by conspecifics relative to clean
sand (Torto et al., 1999). Volatiles collected from sand previously exposed to
gregarious egg pods also elicited a similar preference. Female responses toward
batches of sand successively laid in by gravid females increased in a dose-
dependent manner and correlated with the amounts of trapped volatiles from such
batches. GC-EAD and GC-MS studies of the volatiles led to the identification of
three EAG-active C8 ketones, (Z)-6-octen-3-one and (E,E)-3,5-octadiene-2-one
and itsE,Z geometric isomer.

The results of the present study show that the aggregative behavior of hatch-
lings from solitary egg pods that were incubated in sand previously laid in by
gregarious females represents a significant shift towards the gregarious phase
(Figure 1A). This shift increases in a dose-dependent manner, as evidenced by
increasing grouping behavior of hatchlings derived from egg pods incubated in
sand batches that had been exposed to 3, 5, and 10 ovipositions, respectively, by
gregarious females (Figure 1D). Washing the exposed sand with organic solvents
or flushing it with nitrogen leads to loss of its gregarizing effect (Figure 1B,C),
consistent with the relative polarity and volatility of the ketones. The presence
of these compounds in relatively large amounts in the eggs of gregarious females
(Figure 2) suggests that they serve an important function there. Moreover, their
detection in the extracts of the accessory glands (Figure 3) is consistent with a
recent study by H¨agele et al. (2000) that demonstrated that the gregarizing factor
probably originates from these glands.

How do we reconcile these findings with those of McCaffery et al. (1998),
who found no significant activity in sand that had been exposed to oviposition by
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gregarious locusts and who identified foam plugs as the source of the gregarizing
factor in the egg pods? First, in our studies we have found that trapping by aeration
of the ketones from exposed sand was dependent on the sand’s moisture level; at
low humidity, the ketones adhered strongly to sand (Torto et al., 1999). Thus, the
failure by McCaffery et al. (1998) to observe any significant shift to the gregarious
phase in hatchlings from solitaria egg pods that were incubated in exposed sand may
have been due to insufficient moisture content of the sand used by these workers.
Second, our analyses have shown substantially less ketones in froth plugs than
in sand into which the gregaria oviposited (Torto et al., 1999). This is consistent
with Szopa’s (1981) finding that the accessory glands are not the primary source of
the froth material, which appears to be produced mainly by the genital ducts (egg
calycesand lateral oviducts). The ketone blend is probably secreted at the onset of
oviposition, which would account for their relatively high titers in the eggs. The
froth forming the plug likely picks up residual compounds, as it is later exuded
from the oviduct.

The results of our experiments strongly implicate the C-8 ketones, previously
identified as part of the releaser oviposition pheromone system of gregarious-phase
desert locusts, as the principal primer signal responsible for maternal transfer of
gregarious character and for predisposing solitaria eggs to produce gregarious
hatchlings. However, other minor volatile components associated with sand and
eggs may also contribute to the signal. The use of this relatively volatile set of
compounds secreted during oviposition by crowded locusts would appear to be
appropriate for its parsimonious functions. It can form an effective component
of the oviposition attractant system of gregarious locusts, thus enhancing group
oviposition and spatial cohesiveness of the resulting offspring (Saini et al., 1995;
Rai et al., 1997; Torto et al., 1999). Since solitaria gravid females are also strongly
attracted, the system also serves to recruit this phase of the insect into gregarizing
groups, important during the early stages of phase transformation (Bashir et al.,
2000). As a primer signal, we propose that the volatile nature of these substances
would allow them to diffuse between the eggs and the surrounding soil and mix
with similar vapors from neighboring oviposition sources to create a relatively
homogeneous stimulus cloud at the communal oviposition site. This would pro-
mote a more uniform phase shift of the developing eggs at the site, the extent of
shift being dependent on stimulus intensity. Further studies in the field and under
controlled conditions are needed to explore the validity of these speculations.

In summary, the present study provides evidence of yet another case of
pheromone parsimony in the desert locust. The blend of C-8 unsaturated ketones,
probably produced in the accessory glands and secreted at onset of oviposition by
crowded females, found earlier to be part of the oviposition attracting pheromone
systems of the desert locust, is a strong candidate for the signal associated with
maternal transfer of gregarious characters to the progeny. In our earlier studies,
we showed that the nymphal and adult aggregation pheromones, respectively,
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sequentially inhibit and accelerate the maturation of young gregarizing or gregari-
ous adults, resulting in a more synchronous development of the insects (Richards
and El Mangoury, 1968; Mahamat et al., 1993; Assad et al., 1997). The mecha-
nisms by which these pheromones exert their primer effects remain to be elucidated.
Studies with synthetic C-8 ketones of both the releaser and primer effects are in
progress.
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(Forskål) (Orthoptera:Acrididae).J. Insect Physiol.42:771–776.

ELLIS, P. E. 1953. Social aggregation and gregarious behavior in hoppers ofLocusta migratoria
migratorioides(R&F). Behavior5:17–258.

ELLIS, P. E. 1963. Changes in the social aggregation of locust hoppers with changes in rearing conditions.
Anim. Behav.11:152–160.
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Abstract—The males of the decorator waspsEucercerishave been observed
to display abdomen-dragging behavior on plants surrounding their nest. It is
thought that this applies a territorial-marking sex pheromone that serves to alert
females to the males’ territory for courtship and mating. The extracts of three
speciesE. rubripes, E. conata, and E. tricolor have been analyzed by GC-
MS. The gas chromatograms revealed the presence, in large quantities, of one
common volatile compound in the male head extracts. By analogy with the
closely related bee wolvesPhilanthus, we believe the pheromone is produced in
the mandibular glands. Utilizing mass spectrometry, microreactions, FT-IR, and
1H and13C NMR spectroscopy the structure of the pheromone was proposed to
be (Z)-3-hexenyl 3-hydroxybutanoate, which was confirmed by synthesis. The
absolute configuration of the chiral center was determined to beR for the three
species by preparing the Mosher esters of the insect samples and comparing their
GC retention times with a synthetic sample of known absolute configuration. In
addition 2- and 3-hexenoic acid and some aromatic compounds were also found
in varying quantities in both males and females along with hydrocarbons and
fatty acids, although no species-specific profiles emerged.

Key Words—Mosher esters, absolute configuration, territorial marking sex
pheromone, (Z)-3-hexenyl (R)-3-hydroxybutanoate, decorator wasp,Eucerceris.
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INTRODUCTION

Eucercerisis a genus of digger wasps whose population is limited in distribution
to North America (Scullen, 1968). These wasps, which we call decorator wasps
because of their elaborate and decorative body sculpture and color patterns, build
underground nests in sandy areas. They are members of the family Sphecidae
within the subfamily Philanthinae (Alexander, 1992) and are closely related to the
beewolvesPhilanthus. Both EucercerisandPhilanthusprey upon other insects
which they sting into a state of paralysis and transport back to the nest. Multiple
prey are then placed in cells, an egg is laid in each cell, and the female seals the
cell. Development to adulthood is completed in the cell, with the prey consumed
by the hatched larva.

Eucercerisand Philanthusalso have a relatively unusual mating system
among wasps and Hymenoptera in general (Thornhill and Alcock, 1983). Males
of these species aggregate into groups, sometimes comprising leks, and establish
territories on different plants. The males then display a walking behavior, during
which they apply a pheromone by dragging their abdomen on the substrate. The
pheromone is used for territorial marking and to attract receptive females to the
territory (Alcock, 1975; Evans and O’Neill, 1985; O’Neill, 1983, 1992). Other
males are also attracted to the territory and may try to usurp the established male’s
territory or mate with the approaching females.

The origin of this territorial marking pheromone is believed to be the mandibu-
lar glands, which has been confirmed by chemical analysis in severalPhilanthus
species (Schmidt et al., 1985, 1990; McDaniel et al., 1987, 1992). The glandular
secretion spreads from the mandibular glands to the brush of hairs present on the
clypeus and from there is passed onto hairs arranged along the ventral part of the
abdomen.

The purpose of this study was to identify and characterize the territorial-
marking pheromones of four species ofEucerceris: E. conata, E. montana, E.
rubripes, andE. tricolor. Males ofE. rubripesand E. tricolor display the ab-
domen dragging behavior and aggressively defend their perches. Morphological
examination of the males of all these species revealed the presence of rows of
abdominal hairbrushes (Evans and O’Neill, 1985; Alcock, 1975).

METHODS AND MATERIALS

Biological Samples. Wasps were collected live, cooled on ice, and placed
either intact or as heads and thorax–abdomens in dichloromethane (Burdick &
Jackson, Muskegon, Michigan). Extracts (Table 1) were maintained at−25◦C until
analyzed. Wasps were obtained from the following locations, all within Cochise
County, Arizona, U.S.A.:Eucerceris conata—5 km ESE of Willcox, September 2,
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TABLE 1. EXTRACTS ANALYZED

Species Male head Male body Female intact

Eucerceris conata 11 7 7
Eucerceris montana 5
Eucerceris rubripes 5 5 1
Eucerceris tricolor 12

1989;E. montana—7 km NW of Huachuca City, June 26, 1993;E. rubripes—7 km
NNE of Tombstone, June 26, 1992; andE. tricolor—7 km NNE of Tombstone,
June 26, 1993.

GC-MS Analysis. Generally gas chromatographic injections of 1µl of a
solution were performed in a splitless mode on a 5890 Hewlett Packard gas chro-
matograph coupled with a 5970B quadrupole mass spectrometer (70 eV electron
impact ionization). The system was controlled by a 59970 ChemStation. For most
samples a SGE/BPX5, 5% phenylpolyphenylenesiloxane was used (column: 12 m
× 0.32 mm; 0.5µm). The GC oven was programmed from an initial temperature
of 40◦C to a final temperature of 250◦C heating at a rate of 10◦C/min. Injection
port and transfer line were set at 250◦C and helium (1 ml/min) was used as carrier
gas. Compounds were identified by comparison of their retention time and mass
spectrum against synthetic standards.

Microreactions. Microhydrolysis of a sample was carried out using sodium
hydroxide, following a similar procedure to one previously described (Pomonis
et al., 1993), and the GC-MS of the resulting ether extract was recorded. Dimethyl-
thiolation was carried out on the ester as previously described (Billen et al., 1986),
but under an atmosphere of nitrogen, and the chromatogram and mass spectrum
recorded.

Spectroscopic Measurements. FT-IR, spectroscopy was carried out on a
Perkin Elmer Paragon 1000 FT-IR, and NMR spectra were recorded on a Bruker
Avance DPX 300-MHz spectrometer. Samples were prepared for NMR by first
passing the solution through a short silica column, eluting with deuterated chlo-
roform, followed by repeated microdistillation of the dichloromethane solution
gradually replacing the solvent with more deuterated chloroform.

Synthesis of(Z)-3-Hexenyl(R)-3-hydroxybutyrate. The compound was pre-
pared using an adaptation of a method by Seebach et al. (1996). Sodium (R)-3-
hydroxybutanoate (0.65 g, 6.2 mmol) in chloroform (9 ml) was added slowly to
a stirred solution of (Z)-3-hexen-1-ol (0.85 g, 8.5 mmol), dicyclohexylcarbodi-
imide (DCC, 1.29 g, 6.2 mmol), 4-dimethylaminopyridine (DMAP, 1.13 g, 9.3
mmol), and 4-dimethylaminopyridine hydrochloride salt (1.96 g, 12.4 mmol) in
chloroform (12 ml) under nitrogen. After 16 hr, the reaction mixture was filtered
through cotton wool, washed with ether (20 ml), and evaporated on a rotary evap-
orator. The resulting residue was purified by flash chromatography (SiO2, 7:3
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petroleum ether–ethyl acetate) to give an oil, which by1H NMR was found to
contain a mixture of the desired ester and (Z)-3-hexen-1-ol. Distillation under
reduced pressure using a Kugelrohr apparatus (125–127◦C, 0.2 mm Hg) gave the
desired ester as an oil (0.45 g, 38.8% yield). FT-IR (CH2Cl2)/cm−1 3449 (O-H),
1737 (C O); 1H NMR (300 MHz, CDCl3) δ 0.73 (3H, t,J 7.6, CH3-CH2), 0.99
(3H, d, J 6.3, CH3-CH), 1.83 (2H, quintet,J 7.6, CH2-CH3), 2.16 (2H, q,J 7.0,
CH2-CH C), 2.18 (1H, dd,J 8.4 and 16.5, CHaHb-CO), 2.27 (1H, dd,J 3.7 and
16.5, CHaHb-CO), 2.80 (1H, d,J 3.7, -OH), 3.89 (2H, t,J 6.9, CH2-O), 3.90–4.30
(1H, m, CH-OH), 5.07 (1H, ddt,J 1.4, 7.3 and 10.8, CHCH-CH2), 5.26 (1H, ddt,
J 1.4, 7.2 and 10.8, CHCH-CH2); 13C NMR (75 MHz, CDCl3, off-resonance
decoupled and DEPT)δ 14.23 (CH3-CH2), 21.08 (CH2-CH3), 22.30 (CH3-CH),
26.63 (CH2-CH C), 42.67 (CH2-C O), 64.08 (CH-OH), 64.20 (CH2-O), 123.49
(CH CH-CH2), 134.83 (CH CH-CH2), 173.30 (O-C O).

Assignment of Absolute Configuration. (Z)-3-Hexenyl 3-hydroxybutyrate
(insect sample or 1 mg, 0.95µmol of synthetic samples) in chloroform (0.1 ml)
was added slowly to a small vial containing a mixture of (R)-3-(3,3,3-trifluoro)-2-
methoxy-2-phenylpropionic acid (9 mg, 3.9µmol), DCC (10 mg, 4.8µmol) and
DMAP (1 crystal) in chloroform (0.1 ml). The reaction mixture was stirred for
16 h at room temperature. A gas chromatogram of the mixture was then recorded
to ensure that all the (Z)-3-hexenyl 3-hydroxybutyrate had reacted. GC resolution
of the resulting diastereoisomers was achieved using a Restek Stabilwax column
with a polyethylene glycol phase (15 m× 0.32 mm; 0.25µm) with the following
temperature program: the injector port was set at 250◦C, the initial temperature of
the oven of 40◦C was held for 3 min and then increased at 10◦C/min to 250◦C.
The transfer line was at 250◦C and helium was used as the carrier gas with a
flow of 1 ml/min. Absolute configuration of the insect samples was established by
comparison of retention times and co-injection with the synthetic (Z)-3-hexenyl
(R)-3-hydroxybutyrate of known absolute configuration.

RESULTS

Male and female whole body extracts ofE. conataand E. rubripeswere
analyzed by GC-MS and the resulting chromatograms compared (Table 2). For
both species the main difference observed between the gas chromatograms was
the presence of peak 7, which was found only in males. Both male and female
body extracts contained similar mixtures of fatty acids and hydrocarbons (peaks
13 and above) plus 4-phenyl-3-hydroxybutan-2-one (peak 8) and its 2-hydroxy
analog (peak 9).

GC-MS analysis was then undertaken on the male head extracts of all four
species ofEucerceris(Table 2). It was found that head extracts ofE. conata, E.
rubripes, andE. tricolor contained the compounds giving rise to peak 7 in high
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TABLE 2. COMPOUNDS INMALE AND FEMALE EXTRACTS OFE. conata, E. rubripes, AND

E. tricolora

E. conata E. rubripes

Peak Compounds MH MB F MH MB F
E. tricolor

male

1 3-Hexenyl acetate — — — — — — ++
2 3-Hexenoic acid ++ — — — — — ++
3 2-Hexenoic acid ++ — — — — — t
4 Octanoic acid t t — t t — —
5 Unknown — — t — — — —
6 4-Phenylbutan-2, — ++ t — t — —

3-dione
7 (Z)-3-Hexenyl (R)-3 +++ +++ — +++ +++ — +++

-hydroxybutyrate
8 4-Phenyl-3-hydroxy- — ++ ++ ++ ++ ++ —

butan-2-one
9 4-Phenyl-2-hydroxy- — ++ ++ — ++ ++ —

butan-3-one
10 Pentadecene — ++ — — — — —
11 Dodecyl acetate — ++ — — — — —
12 9-Hexadecenoic acid — — t — t t t
13 Hexadecanoic acid ++ ++ ++ ++ ++ ++ ++
14 Linoleic acid ++ ++ +++ ++ +++ +++ +++
15 Oleic acid t t ++ t ++ ++ ++
16 Stearic acid t t ++ — ++ t ++
17 Tricosane — — — — — ++ —
18 Pentacosene — — — — ++ — t
19 Pentacosane t t ++ ++ t +++ —
20 Heptacosene ++ ++ ++ — ++ +++ ++
21 Heptacosane t t t ++ ++ ++ —
22 Unidentified — — t — t — —

hydrocarbon
23 Unidentified — t — — — — —

compound
24 Squalene t t t t t t t
25 Nonacosene ++ ++ ++ ++ ++ t —
26 Nonacosane t t — t t ++ —
27 Hentriacontene t — — t t — —
28 Hentriacontane t ++
29 Cholest-5-en-3-ol — — — — t — —

a MH = male head; MB= male body; F= female;+++ = major;++ = minor; t= trace.

amounts, while the gas chromatograms ofE. montanasamples did not contain
any peaks apart from those from fatty acids that could be identified on the polar
column (data not shown). The abundance of the compounds giving rise to peak 7
in relation to the fatty acids and hydrocarbons in the male heads was greater than
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FIG. 1. Mass spectrum of (Z)-3-hexenyl (R)-3-hydroxybutanoate.

that found in the body extracts. There were also other minor compounds in the
head extracts of all three species.

The mass spectrum corresponding to peak 7 had a base peak of 43, strong ions
at 45, 55, 67, 82, and 87, no molecular ion and the highest ion at 171 (Figure 1). As
we were unable to fully interpret the spectrum at the time we decided to undertake
microreactions in order to elucidate the structure (Figure 2). Microhydrolysis under
basic conditions followed by acidification and GC-MS of a hexane extract revealed
the presence of an alcohol, (Z)-3-hexen-1-ol. Surprisingly no carboxylic acid could
be found, suggesting it had either decomposed or it was soluble in the aqueous
layer. The spectrum of the alcohol did explain the presence of the ion at 82 in the
original spectrum resulting from alkyl–oxygen fission and also the 67 from further
fragmentation. Methylthiolation using dimethyl disulfide (DMDS) followed by
GC-MS confirmed the presence of only one double bond with a M+ at 280 and
two distinctive peaks atm/z89 and 191 (Figure 2) resulting from cleavage adjacent
to the methylthio groups.

The high concentration and purity of the compound corresponding to peak
7 in theE. rubripeshead extract allowed FT-IR,1H NMR, and13C NMR spectra
to be taken on the insect sample. FT-IR of the dichloromethane male head extract
of E. conatarevealed two strong absorptions at 3522 cm−1 and 1720 cm−1, sug-
gesting the presence of a hydroxyl group and an ester group. Substitution of the
dichloromethane solvent for deuterated chloroform by careful microdistillation
allowed a1H NMR spectrum of good quality to be acquired. This spectrum also
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FIG. 2. Chemical procedures undertaken for the analysis and synthesis of (Z)-3-hexenyl
(R)-3-hydroxybutanoate (7) and the structures of 4-phenylbutan-2,3-dione (6), 4-phenyl-
3-hydroxybutan-2-one (8), and 4-phenyl-2-hydroxybutan-3-one (9).

confirmed the presence of aZ double bond (J = 10.8 Hz), and the signal atδ 3.8
ppm suggested a CH2 adjacent to an oxygen. The13C NMR decoupled spectrum
showed peaks at 123 and 135 ppm, which corresponded to the alkene carbons
and an absorption at 173 ppm due to the ester carbonyl carbon.13C NMR DEPT
spectra further confirmed the assignment of the structure. All of this evidence
clearly pointed to the structure being (Z)-3-hexenyl 3-hydroxybutyrate. This was
confirmed by coinjection onto the GC-MS of the natural extract with an authentic
synthetic sample, which also had identical IR and NMR spectra.

The absolute configuration of the (Z)-3-hexenyl 3-hydroxybutyrate was deter-
mined by derivatization with (R)-Mosher acid (Dale et al., 1969) and comparison
of the retention times of the resulting diastereomeric esters (Figure 3). Injection of
the Mosher esters of the racemic mixture onto a 15-m Carbowax column showed
two well-resolved peaks corresponding to the two diastereoisomers. Derivatization
and analysis of the head extracts ofE. conata, E. rubripes, andE. tricolor showed
that these samples contained only one diastereoisomer. Preparation and derivati-
zation of an enantiomerically pure sample of (R)-hydroxybutyric acid revealed
that the absolute configuration of the (Z)-3-hexenyl 3-hydroxybutyrate in all of
theEucercerissamples wasR.

A number of minor compounds were found within theEucercerisextracts
that belonged to four groups: aromatic ketones, unsaturated acids, acetates and hy-
drocarbons. Decomposition products of the ester, 3-hexenoic acid and 2-hexenoic
acid, via plausible retroaldol, hydrolysis, oxidation, and isomerization reactions
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FIG. 3. Gas chromatograms of the Mosher esters of (Z)-3-hexenyl-3-hydroxybutanoate
from: (A) a synthetic racemic sample, (B)E. rubripes, (C) E. conata, (D) E. tricolor, and
(E) synthetic (Z)-3-hexenyl (R)-3-hydroxybutanoate.
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were found to be among the minor compounds inE. conataandE. tricolor together
with 3-hexenyl acetate in the latter species.

More interestingly were three related compounds that corresponded to peaks
6, 8, and 9. Peaks 8 and 9 had the same molecular ion M+ 164 and a loss of
18 mass units suggesting they were isomeric alcohols and peak 6 had an M+ of
162 suggesting that it was the corresponding ketone. GC-MS analysis followed by
synthesis (Cocker and Grayson, 1975) confirmed their structures as 4-phenyl-3-
hydroxybutan-2-one (8), its isomer 4-phenyl-2-hydroxybutan-3-one (9), and their
oxidation product 4-phenylbutan-2,3-dione (6).

DISCUSSION

As the territorial marking sex pheromone is produced and released only by
Eucercerismales and (Z)-3-hexenyl (R)-3-hydroxybutyrate is only found in ex-
tracts of males, then it is highly probable that this is the pheromone inE. conata,
E. rubripes, andE. tricolor. We do not know why no other major components
were detected, although there is a precedent for predominantly one compound
from Philanthus triangulum, which contains 89% (Z)-11-eicosen-1-ol (Schmidt
et al., 1990). We can only speculate that the lack of hydrocarbons or (Z)-3-hexenyl
(R)-3-hydroxybutyrate in the chromatograms ofE. montanais due to either de-
composition of the sample or sampling at the wrong time of the season.

The chemical composition of the mandibular gland secretion of a number of
species ofPhilanthus, a sister genus toEucerceris, have been reported to consist
of mixtures of long-chain alcohols, aldehydes, ketones and esters (Schmidt et al.,
1985, 1990; McDaniel et al., 1987, 1992). In the five North American species of
Philanthuspreviously studied, each was shown to have a species-specific blend
of pheromones. It was suggested that as the species nest sympatrically in similar
habitats, these pheromone blends help prevent species interbreeding. If (Z)-3-
hexenyl (R)-3-hydroxybutyrate is the pheromone in all three congeneric species
then this suggests thatEucercerishas evolved a different mechanism of species
differentiation, possibly involving some of the minor compounds identified, even
though our data are insufficient for us to distinguish between species. We also
suspect that the minor aromatic compounds found in the male body and female
extracts ofE. conataand E. rubripesprobably originate from a gland on the
abdomen and are not cuticular compounds.

This is the first report of (Z)-3-hexenyl (R)-3-hydroxybutyrate being found
in nature. Its odor was described by some as similar to that of old rose petals and
its moderate volatility makes it highly suitable for an airborne pheromone that will
degrade with time. (R)-3-Hydroxybutanoic acid is commonly found in microor-
ganisms (Doi, 1990) and the compound itself and its dimer have been identified as
the sex pheromones of the spiderLinyphia triangularis(Schulz and Toft, 1993).
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3-Hydroxy derivatives of other longer-chain acids have also been isolated from
the leaf-cutting antAtta sexdens(C6, C8, C10) (Schildkneckt and Koob, 1971) and
the mandibular glands of the bumble beeBombus terrestris(C6, C8, C10, C12, C14)
(Hefetz et al., 1996). In the former the absolute configuration for the different
3-hydroxy acids varied; 3-hydroxydecanoic acid, the major compound was as-
signed theSconfiguration, whereas 3-hydroxytetradecanoic acid was racemic.

Methyl esters of the 3-hydroxy-substituted octanoic, decanoic, and dode-
canoic acids have been found in the cephalic secretions of the solitary wasp
Campsocolia ciliata(Borg-Karlson et al., 1987). Finally another similar ester to
the one found inEucerceris, (Z)-3-hexenyl (R)-2-hydroxy-3-methylbutanoate has
been found to be the male produced aggregation pheromone of the assassin bug
Pristhesancus plagipennis(James et al., 1994).

The finding that the highest concentrations of (Z)-3-hexenyl (R)-3-hydroxy-
butyrate are in the male head extracts suggests that, by analogy withPhilanthus,
the compound originates from the mandibular glands. Although accurate quantifi-
cation was not possible at the time, what was most surprising were the considerable
quantities of the ester present inE. rubripeshead extracts. We found it remarkable
that the extract of only seven heads was sufficient to take a13C NMR spectrum of
good resolution with approximately 11,500 scans, suggesting there was over 1 mg
of ester in that sample. Further studies are required in order to establish whether
the wasps biosynthesize the compound themselves or sequester part or all of it
from elsewhere.
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Abstract—Soldier defense secretions from samples ofReticulitermescollected
in California, Nevada, Arizona, New Mexico, and Georgia were characterized
and correlated with cuticular hydrocarbon phenotypes. Twenty-seven cuticular
hydrocarbon phenotypes have been defined, and soldier defense secretion (SDS)
phenotypes have been described for 25 of these. Forty-five terpenoid compounds
were found, including monoterpenes, sesquiterpenes, and a few diterpenes. The
monoterpenes include (−)-α-pinene, (−)-β-pinene, (−)-camphene, myrcene,
(Z)- and (E)-ocimene, and (−)-limonene. The major sesquiterpenes produced
are (+)-γ -cadinene, (+)-γ -cadinene aldehyde, (−)-germacrene A, germacrene
B,γ -himachalene, andβ-bisabolene. Some SDS phenotypes pair with more than
one cuticular hydrocarbon phenotype; however, with two exceptions, each hy-
drocarbon phenotype is associated with only one SDS phenotype. These chem-
ical characterizations lend support to the conclusion that there are numerous
undescribed species ofReticulitermesin North America.

Key Words—Reticulitermes, Isoptera, Rhinotermitidae, subterranean termites,
monoterpenes, sesquiterpenes, diterpenes, geranyl linalool, soldier defense se-
cretions, cuticular hydrocarbons.
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INTRODUCTION

We have been studying the foraging ecology ofReticulitermes(Isoptera:
Rhinotermitidae) from sites in the western and southeastern United States, but
have encountered difficulty identifying our collections to species in many locations.
According to accepted biogeographical information, only one species,R. hesperus
Banks, should be present at our California sites;Reticulitermesfrom New Mexico,
Arizona, and Nevada should all beR. tibialisBanks; and the Georgia sites could be
inhabited by the sympatric speciesR. flavipes(Kollar), R. virginicusBanks, and/or
R. hageniBanks (Weesner, 1965, 1970; Haverty and Nelson, 1997; Haverty et al.,
1996, 1999b,c, 2000).

The available keys to soldiers were unreliable in identifying many of our
samples. For example, all California colonies keyed toR. tibialis, notR. hesperus,
regardless of their geographic origin (Haverty and Nelson, 1997). Soldier samples
from Georgia keyed to one of the three extant species that inhabit the southeast-
ern United States (Haverty et al., 1996, 1999b). Alates rarely occur in foraging
groups, thus seldom could be used for species determination. When alate speci-
mens were present, however, species determination was often equivocal, especially
for colonies determined to beR. hageniby soldier morphology. In short, determi-
nation ofReticulitermesspecies based on morphology can be uncertain. Because
of this, we have routinely examined chemical characters as an aid in determining
taxonomic identity.

Chemical characters, such as cuticular hydrocarbons and soldier defense se-
cretions, have proven useful for distinguishing taxa ofReticulitermes(Bagnères
et al., 1988, 1990, 1991; Baker et al., 1982; Cl´ement and Bagn`eres, 1998; Cl´ement
et al., 1985, 1986; Haverty and Nelson, 1997; Haverty et al., 1996, 1999b;
Howard et al., 1978, 1982b; Lange et al., 1989; Parton et al., 1981; Takematsu,
1999; Takematsu and Yamaoka, 1999; Zalkow et al., 1981). Cuticular hydrocar-
bon biosynthesis is largely genetically determined (Coyne et al., 1994; Kaib et al.,
1991; Page et al., 1991), and the resultant mixture of compounds comprises a
chemical “signature” enabling recognition at the species, colony, and individual
levels, especially important in social insects (Bagn`eres et al., 1990, 1991; Cl´ement
and Bagn`eres, 1998; Howard, 1993; Howard et al., 1980, 1982a,b; Takahashi and
Gassa, 1995). In fact, mimicry of the hydrocarbon signature allows termitophilous
beetles to integrate peacefully intoReticulitermescolonies (Howard et al., 1980,
1982a). There is also evidence that when two termite species are artificially mixed,
there will be some exchange of cuticular hydrocarbons, most likely by passive
transfer (Vauchot et al., 1998).

Termite soldier defense secretions are synthesizedde novo(Prestwich, 1979,
1984, 1988; Prestwich et al., 1981) and are used as weapons against intrud-
ers (Mill, 1983; Moore, 1974; Prestwich, 1979, 1983, 1984, 1988; Scheffrahn
et al., 1983). Termite soldiers protect the colony against ants and vertebrate
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predators, while workers are capable defenders in termite–termite conflicts
(Thorne, 1982). Worker termites appear to be devoid of terpenoid compounds,
so it is not likely that these chemicals are part of any colony signature (Cl´ement
and Bagn`eres, 1998). Although cuticular hydrocarbons and soldier terpenoid de-
fense secretions probably have very different functions, both are nonetheless useful
as taxonomic characters.

We analyzed cuticular hydrocarbons and soldier defense secretions from
Reticulitermescollected at our experimental sites in California and Georgia, at
various other sites in these states, and in Nevada, Arizona, and New Mexico.
We report here the results of this chemotaxonomic study, and the complementary
nature of these two sets of chemical characters.

METHODS AND MATERIALS

Insects.Termites were collected from monitoring stations at study sites in
California and Georgia (Haverty and Nelson, 1997; Haverty et al., 1996, 1999b)
or from infested wood in California, Georgia, Nevada, Arizona, and New Mexico
(Haverty et al., 1999b) (Table 1). Termite workers were used for hydrocarbon
analysis and soldiers from the same collection were used for terpene analysis.

Cuticular Hydrocarbons.Hydrocarbons were extracted from 100–200 dried
workers and identified by gas chromatography–mass spectrometry (GC-MS)
(Haverty et al., 1996; Page et al., 1997). Termite samples were sorted, separately
for each state, on the basis of cuticular hydrocarbon composition and assigned to a
hydrocarbon phenotype (Haverty and Nelson, 1997; Haverty et al., 1996, 1999b).
Phenotypes are designated by the two-letter state abbreviation, followed by a letter,
for example GA-A. Letters were assigned to phenotypes in the order they were
discovered. There is no relationship between phenotypes from different states that
have the same letter.

Soldier Defense Secretions (SDS).One to 10 soldiers from single collections
were covered inn-pentane (ca. 200–600µl) and held below−15◦C until analysis.
Monoterpenes, sesquiterpenes, and diterpenes extracted from soldiers were iden-
tified and quantified by GC-MS. Analysis was by splitless (0.7 min) injection on a
0.25 mm ID×30 m 5% phenyl–95% methylpolysiloxane capillary column, helium
carrier gas, temperature program 35◦C (0.7 min isothermal) to 280◦C at 6◦C/min,
with EI detection at 70 eV. Most compounds were identified by retention time
and MS comparison with authentic materials or components of well-characterized
essential oils run under identical conditions. In some cases, identification was by
comparison with published GC-MS data only and considered tentative (compound
name in parentheses). Unknowns were designated by apparent molecular weight
and an identifying suffix letter.

Quantities of each terpenoid were calculated as a percentage of the total
from integrated peak areas of the total-ion chromatograms without correction by
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response factors. Germacrene A, which gradually rearranges toβ-elemene un-
der GC conditions, appeared as a broad hump following theβ-elemene peak. Its
quantity was determined as the sum of the areas of theβ-elemene peak plus the
hump, minus the areas of the other peaks superimposed on the hump. Germacrene
B behaved similarly (rearranging toγ -elemene) and was quantified by the same
technique.

(+)-γ -Cadinene from pooled samples from various collections was purified
by silica gel liquid chromatography and preparative GC as described elsewhere
(Kim et al., 1994) and positively identified by diffuse-reflectance Fourier-transform
infrared spectroscopy of ca. 50µg of the neat material on powdered KBr in a
microcup. Its optical rotation (αD) was measured in hexane at 20◦C.

The enantiomeric identity of a number of the monoterpenes and sesquiter-
penes was determined by chiral GC. Conditions were: 10% permethylated
β-cyclodextrin–90% OV-1701 capillary column, 0.25 mm ID× 30 m; 1◦C/min
program (0.5◦C/min forβ-elemene), 60◦C–80◦C for monoterpenes, 90◦C–140◦C
for sesquiterpenes; splitless injection (0.7 min); flame-ionization detection; in-
ternal retention time reference standard wasn-undecane for monoterpenes and
n-tetradecane,n-pentadecane, andn-hexadecane for sesquiterpenes. Chiral anal-
ysis was done on one soldier collection from the hydrocarbon phenotype that was
richest in the relevant terpene(s). Before analysis, oxygenated components were
removed by passing the pentane solution through activated alumina. Enantiomer
identification (indicated by sign of rotation in Tables 2–6 below) was by retention
time comparison with authentic materials run under identical GC conditions. In
the case of (−)-germacrene A, pooled samples were purified as forγ -cadinene,
although under preparative GC conditions onlyβ-elemene was recovered. This
was then analyzed by chiral GC and compared to authentic (−)-β-elemene. The
Kovats retention indices of the various sesquiterpene enantiomers are presented in
Table 2.

RESULTS

Terpenoid Identification.γ -Cadinene and its aldehyde have often been re-
ported from European and AmericanReticulitermesspecies, but there is some
confusion in the literature as to the precise identity of these compounds. The orig-
inal report (Zalkow et al., 1981) determined them to be the rare (+)-γ1-cadinene
[cadina-4(14),9-diene] and the corresponding C-15 aldehyde, but later literature
from these and other authors variously report the hydrocarbon as “γ1-cadinene” or
just “γ -cadinene.” We found the GC-MS data and IR spectrum of the hydrocarbon
to be identical to that of authenticγ -cadinene [cadina-4,10(15)-diene], and the
value of its optical rotation (+100◦ ± 10◦) was the same as that of the common
enantiomer found in higher plants. Moreover, its retention time on the chiral GC
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TABLE 2. KOVATS RETENTION INDICES OFReticulitermesSESQUITERPENES AND

ENANTIOMERS ONPERMETHYLATED β-CYCLODEXTRIN GC COLUMNa

Kovats
Compound and source retention index

(−)-β-Elemene,Abies concolorcortical oleoresin 1423
(+)-β-Elemene,Reticulitermessp. (GA-J)b 1424
(−)-α-Himachalene,Cedrus deodarawood 1470
(+)-α-Himachalene,Reticulitermessp. (AZ-B, CA-B) orScapania undulata 1478
(−)-α-Amorphene,Pinus edulisoleoresin 1506
(+)-α-Amorphene,Reticulitermessp. (AZ-B) orScapania undulata 1527
(+)-α-Selinene,Abies concolorcortical oleoresin 1531
(−)-α-Selinene,Reticulitermessp. (CA-D) 1537
(+)-β-Selinene,Abies concolorcortical oleoresin 1532
(−)-β-Selinene,Reticulitermessp. (CA-D) 1540
(+)-γ -Cadinene,Reticulitermessp. (GA, CA, AZ) orPinus edulisoleoresin 1565

a10% permethyl-β-cyclodextrin, 90% OV-1701, 0.25 mm ID× 30 m silica; temperature program
1◦/min (β-elemene: 0.5◦/min).

bRearrangement product of (−)-germacrene A.

column was identical to that of authentic (+)-γ -cadinene. As for the aldehyde, the
NMR data reported by Zalkow et al. (1981) are identical to those given in the lit-
erature for cadina-4,10(15)-dien-14-al (Kaiser and Lamparsky, 1983). Thus, these
ubiquitousReticulitermessesquiterpenoids are shown to be (+)-γ -cadinene and
its C-14 aldehyde (hereinafter calledγ -cadinenal), rather than (+)-γ1-cadinene
and its C-15 aldehyde.

The CA-B collections had a sesquiterpene whose mass spectrum was nearly
identical to germacrene A, but which had a slightly different GC retention time.
It also did not rearrange toβ-elemene as does germacrene A. This compound
is tentatively identified as thecis-double bond isomer (Z,E)-germacrene A, also
known as helminthogermacrene. It has been reported as the major SDS component
in Amitermes wheeleri(Scheffrahn et al., 1986). In all examined cases (with the
possible exception ofβ-elemene, the enantiomers of which were poorly resolved),
the terpenoids were found to be optically pure (>90%). It is striking that except for
(+)-γ -cadinene and its aldehyde,Reticulitermessesquiterpenes are enantiomeric
to those found in higher plants (Table 2), many having heretofore been reported
only from fungi, liverworts, or marine organisms. This is further evidence that
these termites are producing the SDS terpenoidsde novorather than sequestering
them from ingested terpene-containing plants.

In this study, we identified 20 SDS terpenoids that have not yet been reported
from termite soldiers of any family. The names of these compounds appear in bold
face in Tables 3–6 below. In addition, we report nine unknowns that may also be
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FIG. 1. Total ion chromatogram of defense secretions extracted from soldiers of cuticular
hydrocarbon phenotype CA-A.

previously unreported. For brevity in the following discussion, signs of rotation
will not be specified, although they are given in Tables 3–6 below.

Reticulitermesfrom California.So far we have characterized five cuticular
hydrocarbon phenotypes ofReticulitermesin northern California: CA-A, CA-A′,
CA-B, CA-C, and CA-D (Haverty and Nelson, 1997). CA-A′ is nearly identical to
CA-A, distinguished only by the presence of two fairly abundant pentacosatrienes
not found in CA-A, and it appears to be the most common phenotype (Haverty
and Nelson, 1997).

Termite collections with cuticular hydrocarbon phenotypes CA-A or CA-A′

produce very similar SDS profiles:γ -cadinene predominates (≥90.0%) (Table 3;
Figure 1). A few compounds appear in small amounts (≤2.0%) in some samples
of CA-A that were not seen in CA-A′: myrcene, unknown (unk.) 204c,δ-cadinene,
(E)-γ -bisabolene, and unk. 238a. CA-B samples producedα-himachalene (5.0%),
γ -himachalene (13.4%),γ -humulene (1.2%),β-himachalene (4.9%), (Z,E)-ger-
macrene A (6.8%),δ-amorphene (8.5%),γ -cadinene (39.6%), unk. 204e (1.4%),
geranyl linalool (16.7%), and a few other minor components. The SDS mixtures of
hydrocarbon phenotype CA-C contain predominantly germacrene A (92.8%), and
small amounts ofγ -cadinene (3.7%) andα-selinene (2.0%).α-Selinene (9.1%)
was a larger component in CA-D, along with germacrene A (33.0%),γ -cadinene
(17.4%), and geranyl linalool (38.0%) (Table 3).
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Reticulitermesfrom Nevada, New Mexico, and Arizona.Collections in west-
ern Nevada provided us with another cuticular hydrocarbon phenotype, NV-A
(Haverty et al., 1999b). The soldiers from these samples produced defense secre-
tions consisting almost exclusively of geranyl linalool (99.7%) (Table 4). One sam-
ple with a cuticular hydrocarbon mixture qualitatively and quantitatively nearly
identical to phenotype CA-B was also collected in Nevada near Pyramid Lake.
However, the soldiers from this colony had a defense secretion comprised of 97.0%
germacrene A, 1.2% germacrene B, and 1.0%β-selinene along with traces of
myrcene, a composition more similar to soldiers of CA-C than of CA-B (Tables 3
and 4). This sample is referred to here as phenotype NV-B.

Currently, only one species ofReticulitermes, R. tibialis, is recognized from
Arizona and New Mexico (Weesner, 1970). So far, five cuticular hydrocarbon
phenotypes have been identified from this region: AZ-A, AZ-B, AZ-C, AZ-D,
and NM-A (Haverty et al., 1999b). The terpene profiles for southwesternRetic-
ulitermessorted into four main SDS phenotypes. Hydrocarbon phenotypes AZ-A
and AZ-B had similar terpene profiles, primarily comprised ofγ -cadinene and
geranyl linalool, although quantities were variable (Table 4). AZ-B generally had
moreγ -cadinenal (0.5–13.2%), than AZ-A (0–1.3%). Soldier defense secretions
from hydrocarbon phenotype AZ-C showed evidence of geographic differences
(Table 4; Figure 2). Phenotype AZ-C has only been collected from the Petran Mon-
tane Coniferous Forests biotic community zone in southcentral Arizona (Brown
and Lowe, 1980; Haverty and Nelson, unpublished observations). Samples from
the Mogollon (Interior) biogeographic province (Brown et al., 1979), from Prescott
to Springerville, Arizona, had soldier defense secretions consisting mainly of
myrcene (1.3–20.3%), (Z)- and (E)-ocimene (0–19.8%),β-bisabolene (17.8–
57.3%),γ -cadinene (1.8–40.5%), and geranyl linalool (0–50.4%). These samples
were summarized as one group, AZ-C(I), although they were quite variable. There
was much less variability in SDS profiles from samples collected in the higher
elevations of the Santa Catalina, Santa Rita, Chiricahua, and Pinaleno mountains
of the Sonoran biogeographic province (Brown et al., 1979). Samples of this SDS
phenotype, AZ-C(II), all produced≥94.7% geranyl linalool. We have not yet col-
lected live soldiers of AZ-D, thus, the defense secretion profile of this phenotype is
unknown. Soldiers of hydrocarbon phenotype NM-A yielded almost exclusively
geranyl linalool (99.8%) (Table 4).

Reticulitermesfrom Georgia.Fifteen different cuticular hydrocarbon phe-
notypes have been reported from Georgia: GA-A, GA-AB, GA-B, GA-C, GA-
D, GA-E, GA-F, GA-G, GA-H, GA-I, GA-J, GA-K, GA-L, GA-M, and GA-N
(Haverty et al., 1996, 1999b). Soldier defense secretions were characterized for
all hydrocarbon phenotypes except for GA-B. Two SDS phenotypes were asso-
ciated with GA-A. Phenotype GA-A(I) was distinguished by a large quantity of
geranyl linalool (47.0–80.9%), while in the second phenotype, GA-A(II), this
diterpene alcohol never exceeded 2.3% of the total (Table 5; Figure 3). Within
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FIG. 2. Total ion chromatograms of defense secretions extracted from soldiers of cuticular
hydrocarbon phenotype AZ-C.
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FIG. 3. Total ion chromatograms of defense secretions extracted from soldiers of cuticular
hydrocarbon phenotype GA-A.
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SDS phenotype GA-A(I), there was marked geographic variation in the amounts
of the sesquiterpenesγ -cadinene andγ -cadinenal. Of the four samples making
up this phenotype, the two from northern Georgia produced moderate amounts of
γ -cadinene (10.7% and 20.4%) andγ -cadinenal (1.3% and 8.7%), while the two
from Athens had trace amounts ofγ -cadinene (≤0.2%) and no detectable
γ -cadinenal. These two sesquiterpenes were the major components for SDS pheno-
type GA-A(II); γ -cadinene averaged 56.3% of the total, andγ -cadinenal 17.2%.
In both GA-A SDS phenotypes, with the exception of the two Athens sam-
ples, the ratio ofγ -cadinene to its aldehyde was approximately 3:1 (Table 5).
These phenotypes both contained monoterpenes (α-pinene, camphene,β-pinene,
and limonene) in varying amounts (<0.1–15.9%) (Table 5). All of these GA-A
samples keyed toR. flavipes.

Hydrocarbon phenotype GA-AB had only one SDS phenotype. This terpene
type appeared to be intermediate between those produced by GA-A and GA-C in
that it contained a significant monoterpene component, trace amounts of geranyl
linalool, and roughly twice as muchγ -cadinenal asγ -cadinene (Table 5; Figure 4).
All GA-AB samples keyed toR. flavipes.

The SDS phenotype produced by GA-C soldiers contained no monoterpenes
or geranyl linalool. The predominant components wereγ -cadinene (averaging
20.1%) andγ -cadinenal (76.7%); the proportion of the latter was about three

FIG. 4. Total ion chromatogram of defense secretions extracted from soldiers of cuticular
hydrocarbon phenotype GA-AB.
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FIG. 5. Total ion chromatogram of defense secretions extracted from soldiers of cuticular
hydrocarbon phenotype GA-C.

times that of the former, the opposite of SDS phenotypes produced by GA-A
(Table 5; Figure 5). All GA-C samples keyed toR. virginicus.

Numerous hydrocarbon phenotypes, specifically those with a predominance
of unsaturated hydrocarbon components (GA-D-I, -K to -N) produced nearly
identical soldier defense secretions. This terpene mixture consisted primarily of
γ -cadinene (79.1–100%) with only a trace ofγ -cadinenal (Table 5; Figure 6). An
unknown diterpene (Mr = 272, with a base peak of 257) was present in amounts
ranging from<0.1% to 12.4%. All these samples keyed toR. hagenibased on sol-
dier morphology, although GA-D was the only phenotype that keyed toR. hageni
based on alate morphology. Two of the cuticular hydrocarbon phenotypes, GA-E
and GA-F, had alates that keyed toR. virginicus(Haverty et al., 1996). Alates were
not available for the other phenotypes.

A single, distinct SDS phenotype was associated with hydrocarbon pheno-
type GA-J and was comprised primarily of germacrene A (50.8%) and germa-
crene B (39.9%) with lesser amounts ofδ-elemene, farnesene, and geranyl linalool
(Table 5). These samples all keyed toR. hagenibased on soldiers.

DISCUSSION

Four SDS phenotypes paired with multiple hydrocarbon phenotypes: CA-C
and NV-B produce nearly identical mixtures of soldier defense secretions; as do
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FIG. 6. Total ion chromatogram of defense secretions extracted from soldiers of cuticular
hydrocarbon phenotype GA-D.

NV-A, NM-A, and some AZ-C samples; AZ-A and AZ-B; and GA-D-I, -K to -N
(Table 6). Conversely, with the exception of AZ-C and GA-A, each hydrocarbon
phenotype is correlated with only one SDS phenotype (Table 6).

The results from northern California consistently and repeatedly associate
one hydrocarbon phenotype with one distinct soldier defense secretion phenotype
(Table 3). We now consider CA-A and CA-A′ to be variations of one hydrocarbon
phenotype, as we have recently seen samples from other locations in California
that appear to be intermediate between the two (L. J. Nelson, unpublished obser-
vations). We believe there are at least four species ofReticulitermesrepresented
by hydrocarbon phenotypes CA-A/CA-A′, CA-B, CA-C, and CA-D (Haverty and
Nelson, 1997).

The cuticular hydrocarbon composition of the single sample of NV-B is nearly
identical to that of CA-B, but we will designate it as a separate phenotype pending
further sampling. There was virtually no overlap in terpene composition for these
two hydrocarbon phenotypes (Tables 3, 4, and 6).

There are many similarities between NV-A and NM-A in both sets of chemical
characters. They could quite possibly represent a single species that occurs in the
Great Basin biogeographic province (Brown et al., 1979). AZ-A and AZ-B also
likely represent a single taxon, based on their chemical phenotypes. These four
phenotypes (NV-A, NM-A, AZ-A, and AZ-B) form a clade when subjected to
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phylogenetic (PAUP) analysis based on cuticular hydrocarbons (Page et al., 2001),
which may indicate a close taxonomic relationship. AZ-C is a distinct cuticular
hydrocarbon phenotype, but exhibits some variability in SDS profiles (Tables 5
and 6; Figure 2). We feel confident that this is a separate species.

Sampling from Georgia has produced 15 cuticular hydrocarbon phenotypes
and 6 SDS phenotypes. We consider GA-C (=R. virginicus) and GA-J (=undes-
cribed species ofReticulitermes) to be distinct species, and we suggest GA-A,
GA-AB, and GA-B are either separate taxa or represent intraspecific variation in
R. flavipes.GA-AB has been found only on Sapelo Island off the Atlantic coast of
Georgia, and nearby on the mainland (Chatham County). GA-B has been rarely
found in Georgia, despite directed efforts to locate additional samples (Haverty
et al., 1996, 1999b).

The remaining 10 hydrocarbon phenotypes from Georgia all possess the same
terpene phenotype. Cuticular hydrocarbon phenotypes GA-D, GA-E, GA-F, GA-
G, GA-H, GA-I, GA-K, GA-L, GA-M, and GA-N also have a common theme in
their abundant production of certain olefins (Haverty et al., 1996, 1999b). Although
some phenotypes appear to be restricted to certain geographic localities, they
have all been seen from multiple collections. Variation in cuticular hydrocarbon
composition due to the influence of seasonal or environmental effects has not been
ruled out. However, when mitochondrial DNA genotypes of several colonies of
Reticulitermesin Georgia were examined, samples with hydrocarbon phenotypes
GA-I and GA-L (which were identified asR. hagenibased on soldier morphology)
formed a separate clade from phenotypes GA-D (identified asR. hageniby soldiers
and alates) (Jenkins et al., 2000). Resolution of this taxonomic conundrum will
require additional biological, chemical and genetic information.

The use of state designations for hydrocarbon phenotypes will undoubtedly
be revised when we have sampled more widely and the phenotype distributions
can be delineated more clearly. There are a few parallels in chemical characters
when comparing collections from distant locations. For example, the hydrocarbon
profiles of GA-A and GA-AB are qualitatively and quantitatively similar to CA-
A/A ′ (Haverty and Nelson, 1997; Haverty et al., 1996; Page et al., 2001), the
main difference being the quantities of C33 methylalkanes present. Their terpene
secretions are less similar, although the percent ranges ofγ -cadinene and geranyl
linalool overlap in some cases (Tables 3, 5, and 6). The hydrocarbon profile of the
single sample of AZ-D appeared to be nearly identical to CA-A′. We were unable
to collect soldiers from this colony, so the terpene profile remains unknown until
more collections can be made in northwestern Arizona as well as other localities
in the Great Basin Desert.

Termite collections that keyed toR. hageniby soldier morphology presented
us with a wide array of hydrocarbon phenotypes (11), but with the exception of
GA-J, all had the same SDS phenotype. This terpene phenotype is characterized
by the abundance ofγ -cadinene (averaging 95% of the total), as is the terpene
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phenotype found in CA-A/A′ (Tables 3, 5, and 6; Figures 1 and 6). However, these
10 hydrocarbon phenotypes from Georgia are, as a group, qualitatively quite dis-
similar in hydrocarbon components from phenotype CA-A/A′. The former have an
abundance of olefins (>50% of total hydrocarbon) and the latter are characterized
by a predominance of normal and methylbranched alkanes (Haverty and Nelson,
1997; Haverty et al., 1996, 1999b; Page et al., 2001).

No terpene compound was seen in every sample, althoughγ -cadinene and
geranyl linalool were present in some amount in most phenotypes. The only pheno-
type with no detectable geranyl linalool was GA-C (Tables 5 and 6).γ -Cadinene
was not detected in hydrocarbon phenotypes NV-A, NV-B, NM-A, or GA-J
(Tables 4–6). Monoterpenes were seen in most phenotypes, in trace amounts, but
were consistently present in cuticular hydrocarbon phenotypes GA-A and GA-AB
(Tables 5 and 6).

Our results add to the body of knowledge already accumulated regarding the
utility of these chemical characters for distinguishing taxa of North AmericanReti-
culitermes. Howard et al. (1978, 1982b) first reported the cuticular hydrocarbons of
R. flavipesandR. virginicuscollected near Gulfport, Mississippi. “γ1-Cadinene”
and “γ1-cadinenal” were reported by Zalkow et al. (1981) as the major soldier
cephalic secretion components of bothR. flavipesandR. virginicusfrom Missis-
sippi. Quantities were reported only forR. flavipes, and the two sesquiterpenes
were present in nearly equal amounts. The identity of these sesquiterpenes is
here revised to (+)-γ -cadinene and (+)-γ -cadinen-14-al. A few of ourR. flavipes
samples within groups GA-A(II) and GA-AB had comparable proportions to those
reported by Zalkow et al. (1981), however, we found considerable variation in ter-
pene composition within the threeR. flavipesgroups (Tables 5 and 6).

Clément et al. (1985) also examined frontal gland secretions and described
four phenotypes ofReticulitermesin the southeastern United States:R. flavipes
1 and 2,R. virginicus, and R. malletei. Both R. flavipesphenotypes, Rf1 and
Rf2, hadγ -cadinene, geranyl linalool and small amounts of monoterpenes, but
Rf1 also hadγ -cadinenal. They also reportedγ -cadinene andγ -cadinenal from
R. virginicusandγ -cadinene alone in what is referred to as the speciesR. malletei.
These would correspond to the SDS from our cuticular hydrocarbon phenotypes
GA-C and GA-D-I, -K to -N, respectively (Haverty et al., 1996, 1999b). The
hydrocarbon phenotype ofR. malleteias reported in Bagn`eres (1989) is equivalent
to our cuticular hydrocarbon phenotype GA-M (Haverty et al., 1999b).

Bagnères et al. (1990) documented the cuticular hydrocarbons and soldier
cephalic secretions ofR. flavipesin the southeastern United States andR. santonen-
sisin France. The hydrocarbons of these two species were found to be qualitatively,
but not quantitatively, identical.R. flavipesexhibited polymorphism in both sets of
chemical characters, whileR. santonensisdid not. Three hydrocarbon phenotypes
of R. flavipeswere defined by multivariate analysis, two of which had unique
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defensive secretion phenotypes (A and B), while the third was further divided into
four defensive secretion phenotypes (C–F). Terpenes identified wereα-pinene,
β-pinene, limonene,γ -cadinene, cadinene aldehyde, and geranyl linalool. Phe-
notype A was defined as having the three monoterpenes and two sesquiterpenes,
while B had only the two sesquiterpenes. Phenotype C exhibited all six compounds,
D the two sesquiterpenes and geranyl linalool, while E and F had noγ -cadinene,
only its aldehyde. Phenotype E also produced geranyl linalool, as did F, and F also
had the three monoterpenes.

All but two of our samples identified asR. flavipeshadγ -cadinene in quan-
tities of at least 10.0% of the total. Those two samples, from Athens, Georgia,
showed only traces ofγ -cadinene and noγ -cadinenal, their profiles consisting
mostly of geranyl linalool (>75.0%) and monoterpenes. As forR. santonensis, its
terpene profile included the monoterpenes, geranyl linalool, and an unidentified
sesquiterpene (Bagn`eres et al., 1990).γ -Cadinene and its aldehyde were absent.
These authors suggest thatR. santonensisandR. flavipesare the same species and
that the lack of chemical variation inR. santonensisresults from a founder event
of a single colony ofR. flavipesbeing successfully introduced to Europe from the
United States (Bagn`eres et al., 1990).

The primary function of the various termite-produced terpenoid compounds
has been attributed to their effectiveness in deterring predation by ants, either
by toxicity or repellency (Zalkow et al., 1981; Baker et al., 1982; Mill, 1983;
Scheffrahn et al., 1983; Cl´ement et al., 1988; Lemaire et al., 1990). There is a
strong indication of coevolution between termites and ants: where they are sym-
patric, the ants are less sensitive to the specific terpenoid compounds and where
they are allopatric the ants are more sensitive (Zalkow, et al., 1981; Lemaire et
al., 1990). Further behavioral studies are needed involvingReticulitermesspecies’
defensive compounds and their effects on predators. Although an untested hy-
pothesis, variation in SDS may reflect adaptation to the local ant fauna and could
explain the presence of multiple SDS phenotypes of GA-A and AZ-C.

Howse and Bradshaw (1980) discussed the use of chemical data in ant and
termite systematics and felt that the behavioral or ecological roles of the vari-
ous chemicals should be known in order to be useful in this context. However,
Prestwich (1983) suggested that the necessity of understanding the biological
or ecological functions of the chemical characters is perhaps less important than
knowing their biosynthetic relationships and that the phylogeny of the biosynthetic
pathways reflects genetic drift or founder effects, rather than selective pressure.
Brand (1978) stated that all available evidence, including chemical data, should
be taken into account in describing a taxon and suggested that the biosynthetic
homology of chemical characters provides a closer look at genetic relationships
than does the similarity of morphological characters. Chemical variation certainly
seems as likely to affect behavior as would variation in morphology. This suggests
that chemical characters such as cuticular hydrocarbons and soldier defense
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secretions are ideal tools for understanding the evolutionary relationships of the
taxa in question, particularly so once the full elucidation of their biosynthesis has
been achieved.

We believe, and have so stated, that existing keys to species ofReticulitermes
are grossly inadequate and give a false sense of confidence in identifying species
(Haverty and Nelson, 1997; Haverty et al., 1996, 1999b). Taxonomic assessments
based on chemical characters and those based on morphological characters are not
always in agreement. Takematsu and Yamaoka (1999) recently examined the cu-
ticular hydrocarbons of six species ofReticulitermes, including three undescribed
species, in Japan, Korea, and Taiwan. They observed nine different hydrocarbon
phenotypes and recommended that four subspecies be elevated to species status.
Takematsu (1999) then published a revision ofReticulitermesspecies in Japan,
which included cuticular hydrocarbon data to supplement the more conventional
characters used in taxonomy.

We agree that chemical characters have a place in the description of species.
The more differences that exist to distinguish two groups of organisms, the greater
the likelihood of their being separate species (Futuyma, 1998). Genetic studies
of this genus will provide additional clarification. In studies of EuropeanRetic-
ulitermes, variation in the composition of soldier frontal gland secretons has been
correlated with differences in frequencies of esterase alleles (Cl´ement, 1981; Parton
et al., 1981). In future research we will attempt to match chemical characters with
DNA sequences for all cuticular hydrocarbon phenotypes, building on previous
work in this area (Jenkins et al., 1998, 1999, 2000). Agonistic behavior bioassays
usingReticulitermesfrom northern California demonstrated a high degree of cor-
relation between aggression and hydrocarbon phenotype (Haverty et al., 1999a).
These chemotaxonomic studies have served to benefit our studies of ecology, be-
havior, and control ofReticulitermes(Getty et al., 1999a,b, 2000a,b; Haverty et al.,
1999a,c, 2000). We hope further study will allow us to fully characterize these taxa.
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Abstract—Pheromone communication systems have a reliable signal with a
restricted window of amounts and ratios released and perceived. We propose a
model based on a Gaussian response profile that allows a quantification of the
response peak (location of optimum) and a measure of the peak width (response
window). Interpreting the Gaussian curve, fitted by nonlinear regression (NLR),
as a standard normal distribution, the peak location equals the mean (µ) and
the window width equals 2× the standard deviation (2σ ). The NLR procedure
can provide an objective measure for both peak location and width for a wide
range of data sets. Four empirical data sets as well as 10 literature data sets
were analyzed. The double-spined spruce engraver,Ips duplicatus, was field
tested in four populations to find the optimum proportion for attraction to the
two male aggregation pheromone components, ipsdienol (Id) and (E)-myrcenol
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(EM), ranging from 0 to 100% of Id. Tests in Norway and the Czech Republic
confirmed the preference of western populations for a blend between 50 and
90% Id. A population in Inner Mongolia showed a preference for traps with the
10 and 50% Id baits. The NLR fitted values for response peak and width (µ; 2σ )
were: Norway 0.64, 0.73; Czech Republic 0.53, 0.73; NE China 0.77, 0.29; and
Inner Mongolia 0.33, 0.50. The signal produced by Norwegian field-collected
males had a narrower window width (2σ = 0.12). Males of the maize stem borer,
Chilo partellus, were tested in a flight tunnel for their response to variation in the
two major female sex pheromone gland components, (Z)-11-hexadecenal and
the corresponding alcohol (OH). Variation of the alcohol in seven levels from 2
to 29% OH showed the highest male response for 17% OH. For all behavioral
steps, the peak of male response was nearµ = 0.14, while the window width
fell from 2σ = 0.5 to 0.2 for eight sequential behavioral steps from take-off
to copulation. Female production had a similar peak location (µ = 0.13) but
a narrower width, 2σ = 0.14. Literature data from other moth species showed
similar patterns, with a wider male response relative to the female production
windows. Literature data on response to enantiomer ratios in a hymenopteran
and to pheromone amounts in a dipteran were also described by our model. In
a bark beetle population (Ips pini), with two hybridizing enantiomeric strains,
the production peaks were narrower (0.1) than the response peaks (0.5). Thus,
it in general, seems that in the pheromone systems analyzed, the width of the
response window (2σ = 0.1 to 0.8) is larger than that of the production window
(2σ = 0.03 to 0.14), irrespective of the sex of the sender.

Key Words—Response window, Gaussian curve,Ips, Chilo, individual vari-
ation, population variation,Pectinophora, Argyrotaenia, Agrotis, Spodoptera,
Neodiprion, Dacus.

INTRODUCTION

The importance of ratios of pheromone components for optimum response and
species specificity has long been appreciated for lepidopteran pheromone systems
(Roelofs, 1978), and only more recently for coleopteran systems (Teale et al.,
1991; Leal et al., 1994). The term “response window” was coined by Roelofs
(1978) for a two-dimensional range of amounts (concentrations) and proportions
of components evoking an optimum behavioral response, limited by a lower re-
sponse threshold and an upper arrestment threshold. Later reviews (L¨ofstedt, 1990;
Linn and Roelofs, 1994; Svensson, 1996b) and experimental papers (Linn et al.,
1991; Svensson, 1996a) show the importance of variation in ratios for optimum
response and the width of the response, determined by genetic (L¨ofstedt, 1990,
1993) and environmental (Svensson, 1996b and references therein) factors. How-
ever, the optimum of response has so far been determined by simply choosing the
best experimental value or by visual interpolation between discrete values of the
independent axis. The width of the response window has sometimes been set by
visual inspection, but usually not quantified at all.
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We propose a more analytical approach to quantify the optimal value of ratios
of pheromone components. We will illustrate this by two examples. One is a bark
beetle species,Ips duplicatus, which utilizes two male-produced monoterpene
alcohol pheromone components attracting both sexes (aggregation pheromone)
(Bakke, 1975; Byers et al., 1990; Schlyter et al., 1992). The other is a pyralid moth,
Chilo partellus, which uses two female-produced major components, a monoun-
saturated aliphatic alcohol and aldehyde, attracting males only (sex pheromone)
(Nesbitt et al., 1979; Beevor et al., 1990; Unnithan and Saxena, 1990).

We could not find any readily available method, except simple interpola-
tion, to pinpoint the exact peak location and no objective method for defining the
width of the response window. To this end, we developed a simple model, using
the Gaussian or normal curve fitted by nonlinear regression. Our model gives the
location and width of the optimum for field attraction in four different popula-
tions of Ips duplicatusand a comparison to male pheromone production. For the
moth Chilo partellus, we quantified the decline in response window width with
the sequence of male flight-tunnel behaviors and compared it to the variation of
female production. Our method is then applied to a range of literature data on
lepidopteran, coleopteran, and hymenopteran systems for proportions, including
a hybrid population with two optima, and one example of response to amounts in
a dipteran pheromone system.

METHODS AND MATERIALS

Rationale for the Model.We expected a maximum frequency of signaling to
occur at a point (an optimum) on the independent axis. Thus, we seek a function,
g(x), to describe the signalling frequency,y, depending onx,

y = g(x) (1)

Such a function shall measure both the location (position) of the peak on thex axis
and the width of the peak. The signaling frequency profile includes both response
and production. The response profile is typically measured in field experiments as
number of trapped specimens for a continuous range of baits or in the laboratory as
the frequency of responding individuals to a range of stimuli. In the same way we
may measure production profile as frequency distributions (histogram) of individ-
ually analyzed calling insects. It is expected that a signal system should possess
a peak of response or production, as well as two tails. For the sake of simplicity,
we seek a symmetrical distribution function that is unimodal as well. In addition,
a function describing such a profile must be convex near the peak and have two
longer or shorter tails. For these reasons, neither the asymmetrical Poisson,F, or
χ2 distributions nor power functions likeg(x)= x2 without tails are suitable. The
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FIG. 1. Relative catches ofIps duplicatusin different experiments. Baits with 0–100%
ipsdienol were released from wick dispensers containing solutions with varying ratios, but
the same total amount. The relative amounts of each compound is given for each bait below
the x axis. Active control is neat Id and EM in separate vials releasing about 86% Id at a
dose of about 200 male equivalents (1 mg/day) (Schlyter et al., 1992). Bars with the same
letter are not different by Duncan’s multiple-range test (α = 0.05). N is the total number
beetles caught per experiment.

normal distribution and thet distribution have the desired properties. However,
such functions are intrinsically nonlinear [cannot be linearized by a mathemati-
cal transformation (Norusis, 1994, p. 233; Sokal and Rohlf, 1995, p. 677)]. The
Gaussian or normal curve was chosen for two reasons: (1) it was apparent from
one data set (Figure 1A) that a response profile could be superficially close to such
a curve; and (2) the normal curve and its parameters are well known to biologists
as many characteristics in living organisms show such a distribution pattern and it
makes statistical sense using it to describe a frequency distribution.

Equations for the Model.The formula for the well-known Gaussian or normal
curve, with the two parameters for a population,µ, the mean or central moment
of the population andσ , the theoretical population standard deviation (second
moment) is;

g(x)= 1

σ
√

2π
e−(x−µ)2/2σ 2

(2)

In an empirical sample, the estimated mean,x̄, replacesµ, and similarly the stan-
dard deviation, SD, replacesσ . By analogy, we may interpretµ as the location of
the optimum, or maximum response, of a response profile with a perfect bell shape.
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The sample in this case is only the points defining the shape of the profile and the
sample size,N, is 1. However, the sample size per se does not enter the equation
(see formula above). (In a normal empirical sample, the sample size enters only
when the uncertainty of the location ofx̄ must be estimated by the standard error
of the mean (SEM=SD/

√
n) or by a confidence interval based on SEM andN,

using theN dependentt distribution.)
For a production or response profile, we have usedµp andσp, orµr andσr ,

for the two parameters estimated here by fitting the Gaussian curve. The subscripts
p andr refers to production and response, repectively. The width of a response
window we define in the simplest possible way as ranging fromµ+ 1σp orr to
µ− 1σp orr = 2σp orr , which is equivalent to ca. 70% of a normal distribution. In
addition, a scaling factor,f, was included to achieve a good fit in all cases, e.g.
when the maxima were far fromx= 0.5. Thus, the function fitted here included
a factor to adjust the shape of the distribution for these more skewed and peaked
data sets (with maxima close tox= 0 or 1), so that for describing a response or
production profile the equation is:

g(x)= f

[
1

σ
√

2π
e−(x−µ)2/2σ 2

]
(3)

The factor f corresponds to a combination of the more commonly used mea-
sures of the third and fourth moments of a distribution; skewness and kurtosis
(peakedness).

Parameter Estimation for the Model.Profiles were fitted by the unconstrained
nonlinear regression procedure (NLR) of SPSS/PC+5.01 for DOS and SPSS for
Windows 6.01 and 8.0 and SPSS for Macintosh 6.1.1. Direct comparison of pro-
gram output showed that numerical results from the three platforms agreed exactly.
Such NLR procedures are available in all other major statistical packages. Empir-
ical data was fitted only to proportions of components, except for one literature set
on amounts. In principle, any variable of the signal could be used, like emission of,
or response to, component proportions or amounts. In most cases, proportions (p)
were arcsin

√
p transformed, and this was especially important for those cases with

maxima close tox= 0 or 1. To retransform the estimate of 2σp orr from the arcsin
transformed scale, one has to use the relation, 2σ = (µ+ σ )− (µ− σ ), which on
the retransformed (linear) scale becomes

2σ = sin(µ+ σ )2− sin(µ− σ )2 (4)

As for any nonlinear regression procedure, the NLR procedure used here is
iterative, and by using a model with improper starting values one might arrive at
a local solution with a poor global fit. For this reason, it is mandatory to make
plots of predicted values from the statistical fitting together with the experimental
data. When data are less well behaved, either by having few points on thex axis
in the region where the true peak is located or by having their maxima at extreme
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x values (close to 0 or 1), the predicted curve may peak at a higher value than the
empirical maximum response. This is not an error of fitting, but simply reflects
that the true maximum resides between or outside the independent data points.
Such fitted functions, seemingly artificial in relation to the data, may then generate
new testable hypotheses. In the plots displayed here, we have scaled the raw
data by dividing the response variable by the maximum empirical value. This
makes fitted models comparable across data sets, but is not necessary for applying
the model on a single set. Details of parameter estimates obtained are given in
Tables 1–3.

Bark Beetle(Ips duplicatus)Data. The double-spined spruce engraver of
Eurasia,Ips duplicatus(Sahlb.), occurs in the Paleartic from central Scandinavia,
across eastern Europe to Siberia and NE China, and in the mountains of cen-
tral Europe (Postner, 1974; Lekander et al., 1977; Pfeffer, 1995). It has recently
become of concern as a forest pest in the lowlands of central Europe (Mrkva,
1994; Knı́zek and Zahradn´ık, 1996). I. duplicatususually occurs on trees that
are under attack byI. typographus, where it occupies the top position of the tree
trunk (Schlyter and Anderbrant, 1993).I. duplicatushas not been considered as
a major pest (Postner, 1974), but recent outbreaks in Czech Republic (Kn´ızek
and Zahradn´ık, 1996) and in Inner Mongolia (Zhang et al., 1995) as well as its
status as a vector of phytopathogenic fungi (Krokene and Solheim, 1996), might
alter its economic status.I. duplicatushas been known to respond to racemic ips-
dienol (±)-2-methyl-6-methylene-2,7-octadien-4-ol (Bakke, 1975; Schlyter et al.,
1987), but its pheromone includes also (E)-myrcenol, (2E)-2-methyl-6-methylene-
2,7-octadien-1-ol (Byers et al., 1990). West palearctic (Norway/Sweden)I. dupli-
catuscontains a blend of about 90:10 of ipsdienol–E-myrcenol (Id/EM) and a
synthetic blend of these de novo produced components (Ivarsson et al., 1993) is
highly competitive to natural pheromone emitted by unpaired males in spruce logs
(Schlyter et al., 1992).

In spite of several qualitative tests (Bakke, 1975; Schlyter et al., 1987, 1992;
Byers et al., 1990) and quantitative variations of the Id and EM combination
(Schlyter et al., 1992), no test has varied the ratio of the two components, to find
the bait with the optimum ratio for attraction in the field.

Field Response of BothIpsSexes

Wick-Dispensers.For Ips trapping, we used a wick dispenser made of cotton
yarn (Birgersson and Lejfalk, 1997) to deliver the two compounds. When releasing
components of similar volatility, this dispenser delivers a range of proportion re-
leased without any accompanying change of total amount of released components.
Compounds were dissolved in 4 ml octane as 1:100 (alcohols–octane) solutions
in dark glass bottles, evaporating from a thin-walled Teflon tube-enclosed cotton
wick yarn end (tube: 2.5 mm OD, 1.7 mm ID) at approximately 1 mg/day. Solutions
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were prepared by making a concentrated stock solution of each compound and
adding it in the required amounts to make up a 1% solution with a total of 40 mg
of the two compounds combined in each vial (seex axis in Figure 1). The two
components were ipsdienol, provided by Borregaard (Sarpsborg, Norway), and
(E)-myrcenol, provided in 1992 by W. Francke (Organic Chemistry, University of
Hamburg, Germany) and in 1993–1994 purchased from Phero Tech Inc. (Delta,
British Columbia, Canada). Both compounds are monoterpene alcohols and have
evaporation rates in the same range (Schlyter et al., 1992). A positive control
consisted of a standard synthetic bait using polyethylene vials (Schlyter et al., 1992)
releasing at total of ca. 1 mg/day of about 86% Id or about 200 male equivalents.

Study Areas and Traps.In Norway, trapping was done with a set of nine black
nonsticky, standard Norwegian drainpipe traps (N79) as in an earlier test (Schlyter
et al., 1992). The test sites were clear-cuts in a Norway spruce [Picea abies(L.)
Karst.] forest from recent winter logging nearÅs in SE Norway (Schlyter et al.,
1992) in May–June in 1993 and, 1994. Traps were set up in a line and randomized
using the same scheme in all sites.

In the Peoples Republic of China, black nonsticky, flight barrier (slot) traps
(Theyson, Germany) were used in NE China 1992 and in Inner Mongolia 1993
and, 1994. In NE China, beetle response was tested in June 1993 in a recent clear-
cut in a natural forest ofLarix gmelinii L. with no prior record ofI. duplicatus.
The site used was near Xin-Lin (51◦48′N, 125◦38′E), ca. 150 km W of the Amur
river in the Great Xingan Mountains. Nine traps were set up in a line ca. 30 m
from the stand margin with 25 m between neighboring traps. Inner Mongolia
beetles were sampled in 1993 and 1994 in a reserve of ca. 2000 ha of natural
spruce forest [Picea mongolica(Wu, H.-Q.) Xu, formerlyP. koraiensisNakai orP.
meyerior P. meyerivar.mongolicaWu, as discussed by Xu (1994) and Liu (1994)]
at Baiyinaobao (43◦30′–36′N, 117◦06′–16′E), Keshiketeng Qi (formerly Hexigten
Qi) Inner Mongolia, China, which is situated in the grassland at the east edge of
the Hunshandake desert, with a thick layer of sandy soil. Since the 1950s these
stands, at the southwest margin of the natural distribution ofPicea mongolicaXu,
have been severely infested by sawflies andI. duplicatus(Liu, 1994; Zhang et al.,
1995). The larger bark beetle competitor,I. typographus, has not been recorded
here. In 1993 and 1994, two sets of nine traps were set up in small glades at the
margin of the surrounding stand of dead trees killed byI. duplicatusthe previous
year. Traps were arranged in a curve in order to ensure a similar distance (ca. 15 m)
to the insect source (the dead trees) for each trap. The distance between traps was
ca. 8 m.

In the Czech Republic, black nonsticky, multifunnel traps (Lindgren trap,
Phero Tech, Vancouver, British Columbia) were used in NE Moravia in Chucheln´a
near Opava (49◦59′N, 18◦8′E) in May 1994. The test site was a 1-year-old clear-
cut in a monoculture of artificially planted Norway spruce forest (80 years old) at
approximately 300 m above sea leavel. Since 1992, the largest European outbreak
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of I. duplicatushas been recorded in this area (Kn´ızek and Zahradn´ık, 1996).
Although most trees were attacked byI. typographus, many apparently healthy
trees were killed byI. duplicatusalone.

Statistics.Number of replicates (trap rotations following a Latin-square ran-
domization scheme) (Byers, 1991) and total catch for each study area and year
are given in Figure 1. Statistical analysis of field trapping data from each replicate
(trap rotation) was done by ANOVA, followed by Duncan’s multiple-range test
with SPSS/PC+ V5.01, on arcsin

√
p transformed data to approach normality and

homoscedasticity as judged by Barlett’s and Cochran’s C tests.
Ips Male Aggregation Pheromone Production.Collection of volatiles from

individual unpaired wild males, freshly collected from Skotterud, Norway, estab-
lished in host logs were made in the laboratory in G¨oteborg applying the method
of Birgersson and Bergstr¨om (1989) as modified by Ivarsson (Ivarsson et al., 1993;
Ivarsson and Birgersson, 1995). Logs of Norway spruce,P. abies, infested with
I. duplicatuswere collected outside Skotterud, Hedmark County, Norway. The
beetles were reared out of the logs at 23◦C and relative humidity 75% and stored
in cooled containers (4◦C) with moist paper. Prior to experiments, male beetles
were allowed to fly in transparent boxes at 25◦C, 85% relative humidity and 35,000
lx for 6 hr. Each beetle was put on a freshP. abiesbolt in a shallow predrilled hole
(2.5 mm ID) and covered with a gelatin capsule (#00) fitting in the grooves, made
with a cork borer (4 mm dram.), around the hole. As the beetles began to enter
the bolt, the capsules were removed and the bolt placed in a climate chamber (75%
relative humidity 23◦C). During the first 20 hr, no collection of volatiles was made
as the beetles excavated their nuptial chambers (Schlyter et al., 1992). After this
time, Teflon tube columns (20× 3 mm), filled with 35 mg Porapak Q (60–80 mesh,
Supelco Inc, Belfonte, Pennsylvania) were placed outside each individual entrance
hole (Birgersson and Bergstr¨om, 1989) and air at 20 ml/min was pumped through
each column. After 3 hr of collecting, the columns were removed and eluted with
500µl diethyl ether (p.a.; Fluka Chemie AG, Buchs, Switzerland) with 500 ng
of quantification standard (heptyl acetate) added. The aeration extracts were con-
centrated to 100µl prior to analysis. After aeration, the corresponding individual
male hindgut extracts were done by the standard method (Birgersson et al., 1984;
Schlyter et al., 1992; Ivarsson and Birgersson, 1995).

Analyses of the aeration extracts were performed by GC-MS on a Hewlett-
Packard 5890II GC–Finnigan TSQ-700 quadrupole MS at 70 eV. The GC was
fitted with a fused silica capillary column (45 m× 0.25 mm) coated with DB-Wax
(PEG,df = 0.25µm; J&W, Folsom, California). Helium was used as carrier gas at
25 cm/sec, and the temperature program was constant at 50◦C for 5 min, 10◦C/min
to 230◦C, held for 10 min. Injector and transfer line temperatures were 210◦C and
230◦C, respectively. The amounts of collected pheromone components [ipsdienol
and (E)-myrcenol], were quantified against the added standard, and calculated
based on a standard curve, covering 0.5–5000 ng. All extracts included here for
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calculation of component proportions were above limit of quantification (LOQ)
for both compounds.

Moth Chilo partellusData. ChiloZincken is a large genus in the Pyralidae
family. The larvae of allChilo spp. are stalk borers, several being serious pests on
graminaceous crops (Moyhuddin, 1990). The sex pheromone ofC. partellushas
been studied as a tool for population monitoring and control methods. Nesbitt et
al. (1979) established that the aldehyde, (Z)-11-hexadecenal (Z11–16:Ald) and
the corresponding alcohol (Z)-11-hexadecen-1-ol (Z11–16:OH) were the major
female sex pheromone gland constituents of virgin females ofC. partellus, orig-
inating from India. Both major components are found in airborne volatiles from
calling females (Nesbitt et al., 1979), suggesting a behavioral role for both com-
ponents. However, when tested at several sites in Africa, the aldehyde alone or
blends of the aldehyde and the alcohol were later found to be less effective in
attracting male moths to traps (Beevor et al., 1990; Unnithan and Saxena, 1990,
1991), as well as in India (Seshu Reddy, personal communication). To test if both
the major components previously identified were necessary, and, if so, to optimize
the pheromone blend ofC. partellus, we needed to test both the total dose of the
two-component synthetic blend and the ratio between the two components. This
was done by comparing the male pheromone response in a wind-tunnel bioas-
say to different pheromone blends. This approach also required a quantification
of the individual female variation in the sex pheromone content, to compare the
relationship between female production and male response.

MaleChilo Flight Tunnel Response

Insects. Chilo partellusmoths were obtained from a laboratory culture estab-
lished from field-collected material from Kenya and reared on a semisynthetic diet
based on white beans. The culture was maintained in a climatic chamber (24◦C,
80% relative humidity, 12-hr reversed scotophase), and was renewed regularly
with field-collected material. The insects were sexed as pupae and kept separately
under the same light and temperature regime. Males were collected every day and
kept in humidified plastic boxes until use.

Pheromone Formulations.Chemicals, purchased from The Research Insti-
tute for Plant Protection, Wageningen, The Netherlands, were at least 98% pure
with respect to geometrical and positional isomers. Stock solutions of each com-
pound (1–50µg/µl) were made up in hexane (Chemicon, redistilled p.a. quality).
Blends of pheromone components to be tested were made by mixing various
amounts of the stock solution and adding hexane to the desired concentration. All
mixtures were checked before use, on a Hewlett Packard 5890 GC-FID equipped
with a 30-m×0.25-mm DB-1-coated fused silica capillary column (J & W, Folsom,
California) to ensure purity.
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Extracts of calling virgin females were made as described by Svensson
(1996b). The female extracts and synthetic blends to be tested in the wind tunnel
were applied to 1-cm2 filter papers (Wratten 80) and the solvent was left to evap-
orate. This was done immediately before use. Filter papers with mixtures applied
were used for only 15 min in the wind tunnel and then exchanged for new ones to
ensure a relatively stable release rate.

Wind Tunnel Behavioral Tests.Wind-tunnel tests were performed in a
0.9× 0.9× 2.5 m Plexiglas tunnel (L¨ofstedt et al., 1985) as described by Svensson
(1996a). The environmental conditions were: 21–22◦C, 50–60% relative humidity,
0.3 m/sec wind speed, light intensity 2 lux. The wind-tunnel tests took place 7–9 hr
into the scotophase. The male insects were tested the first night after their eclo-
sion and were conditioned at least 1 hr before testing. The physical wind-tunnel
conditions were checked prior to every test. Vital single males were chosen from
boxes containing emerged males and placed in glass tubes. The tube was sealed in
both ends with a fine mesh until placed in the wind tunnel. The mesh was removed
from one end and the tube held in the pheromone plume 200 cm downwind of the
odor source. Males were given 1 min to respond. Males not responding during that
time were discarded and recorded as nonresponders.

Three calling females, placed in a 12-cm-long× 28-mm-diam. glass tube,
open in both ends, were used as a biological standard (the best possible stimuli)
for every other treatment. All other treatments were run with the tester blinded with
respect to the treatment tested. A mixture of 100 ngZ11–16:Ald and 30 ngZ11–
16:OH applied on filter paper was used as the synthetic control in all tests unless
otherwise described. By including both the best biological standard and a highly
repeatable synthetic control, both the ultimate goal (attracting a virgin female) and
the testing conditions (control of abiotic conditions) could be compared between
different tests. All equipment, including all glassware that was used inside the wind
tunnel, was heated over night between tests; metal stands for 12 hr 180◦C, and glass
tubes for 12 hr at 360◦C, to prevent contamination. Eight behavioral steps were
recorded (Table 3) and response expressed as percentage or proportion of tested
males performing a behavior. Wind-tunnel data were analyzed by the method of
adjusted significance levels of proportions (Ryan, 1960) for post hoc comparisons
between treatments.

Dose–Response to Two-Component Synthetic Blend and Alcohol/Aldehyde.
First, a dose–response study of the total amount at a fixed proportion was done. A
two-component blend ofZ11–16:Ald+ Z11–16:OH (100+ 30 units of each, i.e.,
23% alcohol of the total blend) applied on filter paper was made with the following
doses: 1, 3, 10, 30, 300, 1000, and 3000 ngZ11–16:Ald, respectively. Each com-
bination was tested on at least three different occasions, with calling females as
controls. Secondly, different proportions of the two main components were tested at
an optimal level of total amount. We added 2–40 ngZ11–16:OH to a fixed amount
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of 100 ng Z11–16:Ald in an attempt to optimize the synthetic two-component
blend. Seven different ratios ofZ11–16:Ald andZ11–16:OH (from 100+ 2 to
100+ 40 units, or from 2 to 29% alcohol of total, Figure 3) were tested.

FemaleChilo Sex Pheromone Production

Virgin females, in their second scotophase, were taken for extraction of
pheromone components 9 hr into the scotophase and dissected. Single sex phero-
mone glands were extracted in 10µl redistilled hexane (p.a. quality, Chemicon),
with an internal standard of 10 ng (Z)-8-tridecenyl acetate, for 60 min. The extract
was transferred to a 50-µl glass capillary, which was sealed immediately under an
open flame. The capillaries were kept in a freezer until analysis. The analyses of
individual female pheromone gland extracts were performed on a Hewlett Packard
5890 GC-FID. Gas chromatography parameters: 25 m× 0.25 mm DB-Wax col-
umn; temperature program: 70◦C for 10 min, 70 to 230◦C at 5◦C/min, 230◦C for
20 min. Hydrogen was used a carrier gas at 30 cm/sec.

RESULTS

Empirical Data

Field Response of FourIps Populations.The first test in NE China in 1992
showed a marked preference byI. duplicatusfor a high proportion of ipsdienol
(% Id), close to 90% (90:10 Id/EM, Figure 1A). Overall catches were low due
to a low population and allowed only three replicates. However, the validity of
this small data set is shown by the unambiguous positive dose–response by the
congenerI. sexdentatusto an increase of Id up to and including 100% (Figure
1A). In contrast,I. duplicatusshowed an optimum response, as the catches were
lower at 99% Id and 100% Id baits than at the 90% Id, and this fitted well with
the necessity of (E)-myrcenol as a synergist, as found in earlier tests in Norway
(Byers et al., 1990; Schlyter et al., 1992). From the bell-shaped response profile it
was obvious that the optimum was not located precisely at the treatment with the
highest catch. The 90% Id bait had highest catch, but catches of the surrounding
treatments were not symmetrically distributed around the 90% Id maximum (Fig-
ure 1A). Similar optima, situated between treatment values were observed later
(Figure 1B–F).

In spite of few replicates due to cold weather, the test in Norway in 1993
showed a good response to 50% and 90% Id, as expected based on earlier results
from this area (Schlyter et al., 1992) (Figure 1C). Data from Inner Mongolia in
1993 were quite surprising and almost a mirror image of those from NE China
in 1992 and Norway in 1993. The best bait here was the 10% Id (10:90 Id/EM)
followed by 50% Id (Figure 1B). These mirror-like results shed some doubt on
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the reliability of bait preparation/labeling for China in 1993. Bait dispensers from
China were not available for GC analysis, but three dispensers with pheromone
solution left from Norway could be analyzed. GC results from these three baits
showed no error in the Norway baits, proving the correctness of the solutions
prepared, whereas the possibility of labeling errors for baits sent to China could
not be disregarded.

The 1994 results from Inner Mongolia, Norway, and Czech Republic con-
firmed results of previous years (Figure 1D,1E). Inner Mongolia had the best
catches for 50% Id followed by 10% Id, while Norway and Czech Republic had
highest response to baits with≥50% Id. The distribution of catch in Norway 1994
with ample replication, was very close to the results of the previous year (Figure
1C,F). The data from Inner Mongolia in 1994 were somewhat less extreme than
data of the previous year, but both years had ample replication (Figure 1E). The
results from Czech Republic had good catches with somewhat fewer replicates,
and they were similar to the Norway data (Figure 1D). Sex ratios showed gener-
ally that the baits with the strongest attractivity had the lowest ratio of males. In
other words, males—the pheromone-producing sex inIps—had a wider response
window than females, as shown for data from Norway in 1994 (Figure 1F).

Male Ips Aggregation Pheromone Production.In entrainments of emitted
volatiles from field collected Norwegian males, there was a proportion (mean±SD)
of 86± 15% Id (N = 30). The same mean ratio of pheromone components was
quantified from hindgut extracts: 85± 9% Id (N = 27). The frequency profile of
the components emitted from males had a peak around 0.90 Id/(Id+EM), with a
small left-tailed skewness (Figure 2). The absolute amounts quantified were higher
in entrainments than in hindguts. For ipsdienol the amount in entrainments was
1800± 2100 ng with a range of 0–9600 ng (N = 36), while hindguts had only
300± 340 ng with a range of 0–1580 ng (N = 32).

Earlier data, based on batch analyses of males, agrees favorably with the
present data, both from entrainments (85% Id, laboratory strain) and from hindgut
extracts (82 and 86% Id, wild and laboratory strain) (Schlyter et al., 1992, 13–50
males per batch).

Chilo partellusDose–Response to Two-Component Synthetic Blend.For all
eight behavioral steps in the flight tunnel, the 100- or 300-ng doses gave the
highest response. However, by post-hoc multiple range test there was no significant
difference between baits with 30–1000 ng loading of the aldehyde for any of
the eight steps (Figure 3A). The response pattern, e.g., doses that evoked the
highest responses, became narrower and bell-shaped in the later behavioral steps
(Figure 3A).

Chilo partellusDose–Response to Proportions of Alcohol–Aldehyde.Seven
different ratios ofZ11–16:Ald andZ11–16:OH were tested for behavioral activ-
ity (Figure 3B). We found that an optimum synthetic blend ofZ11–16:Ald and
Z11–16:OH released a behavioral response as good as the corresponding amount
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FIG. 2. Frequency distributions of production of pheromone component proportions ()
with overlaid estimated Gaussian curve (). Frequencies (y axes) were rescaled so that the
bin with the highest frequency= 1. (A) Female pheromone production blends frequency
profile of Chilo partellus, N = 44 females from a laboratory culture. See Table 3 for
parameter estimates. (B) Male pheromone emission inIps duplicatusfrom Norway,N = 30
wild collected males. For details of parameter estimates see Table 1.

of female gland extract. The male response to calling females was consistently
around 90% in all tests (N = 140). However, calling females gave a slightly better
response rate than synthetic baits at the later behavioral steps (Svensson et al.,
unpublished data). Both pheromone sources resulted in ca. 80% response at the
200-cm (source contact) behavioral step (Figure 3B). Response to the different
ratios was apparently different, especially for the later behavioral steps (Figure
3B). The 17% OH treatment was the optimum, showing the highest response in
all seven behavioral steps. However, by post hoc multiple-range test, usually only
the 2% OH treatment was consistently different from the optimum (17% OH).

FemaleChiloSex Pheromone Production.Extracts ofN= 46Chilo partellus
females showed that most female glands contained between 5% and 25% OH of
the two main components, with a mean of±SD 16.5%± 8.9 (range 0–49%).
However, there was a tail of the distribution of the production profile skewed
towards higher values (Figure 2B). Some females had≥30% alcohol component in
their glands. By visual inspection, the male response profile (Figure 3B) seemed to
have a somewhat wider window than that of the female production profile (Figure
2B). Gland extracts contained, on average, 74.2± 43.7 ng (11–202 ng) of the
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FIG. 3. Comparison of response frequency during different behavioral steps of maleChilo
partellusin a wind tunnel to variation in total dose and proportions of components. Each
combination was tested on at least three different occasions, with three calling females as
controls. Bars with different letters are significantly different atP < 0.05, test of adjusted
significance levels of proportions (Ryan, 1960). (A) Variation of total amount of the two-
component mixture ofZ11-16:Ald+ Z11-16:OH (100:30) applied on filter paper,N = 22,
19, 24, 29, 31, 28, 28, and 22 for 1, 3, 10, 30, 300, 1000, and 3000 ngZ11–16:Ald,
respectively. (B) Variation in proportion; different amounts ofZ11–16:OH added to 100 ng
Z11–16:Ald (100+ 2 to 100+ 40), comparable to 3 FE, and applied on filter paper,N = 30,
31, 25, 30, 15, 28, and 31 for 2, 10, 15, 20, 25, 30, and 40 ng OH, respectively.
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major Z11–16:Ald component and 15.6± 13.7 ng (0–63 ng) of the minorZ11–
16:OH component. The variation in amount of the aldehyde (CV %= 59), the main
component, was thus somewhat lower than in amount of the alcohol (CV %= 88).

Model Parameter Estimation

Regression analyses for proportion (p) of pheromone components were gen-
erally more successful when arcsin

√
p transformed̄y values were used than when

the raw or lineary values were used (Tables 1 and 2). The arcsin
√

p transforma-
tion of the independent axis was particularly valuable when empirical data was
close to the extremes (0 or 1). The data on frequency of response or production (y
axis) were rescaled so that the highest frequency was set at 1 for each data set, to
facilitate comparisons between data sets. Plots of overlaid predicted values with
the experimental data showed a subjectively pleasing fit in most cases (Figures 2,
3, and 6). Better estimates were obtained when using the mean of the response
for each treatment (̄y values), rather than the raw data (e.g., Norway, 1994 data in
Table 1).

Examples of plots with functions estimated from data that used the trans-
formedx axis values but plotted on both the linear and transformed axis are given
in Figure 4. On an arcsin

√
p transformed independent axis (Figure 4A) both the

data points and the profile obtained for response ofIps duplicatusin Norway, 1993
is more compliant with a Gaussian curve than when they are plotted on the linear
(untransformed)x axis (Figure 4B). The fitted functions from other data sets for
this species show the same change in shape (Figures 4C, D).

Iterations usually showed convergence in less than 100 iterations when using
suitable starting values on good empirical material. In data sets with few values
on thex axis or with a jagged profile, the convergence either took longer (>100
iterations) or sometimes arrived at local solutions giving globally impossible re-
sults. In some cases this was remedied by choosing starting values closer to those
suggested by the raw data (e.g.,Agrotis segetummales in Table 2). With the better
empirical data sets, starting values were not at all important. This is normal for
iterations of nonlinear regression systems in general (Norusis, 1994).

Ips duplicatusPopulation Response and Male Production Models.Fit to
mean trap data estimates of Gaussian curves by NLR generally showed good
correlation (r 2> 0.8, Table 1); an example is the curve for Norway 1993 data
shown in Figure 4A. The data from Norway 1993 and 1994 gave functions that
looked similar (Figure 4C) and had fitted parameter estimates close to each other,
although the better replicated data from 1994 had a somewhat betterr 2 (0.98)
than the 1993 data (r 2 = 0.93, Table 1). Especially for NE China 1992 data, the
fitted Gaussian curve was narrower and the peak was much higher than the data
points, but thesex-axis points were based on only three replicates. Similarly, a
somewhat higher absolute response value may be seen for Inner Mongolia 1993
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FIG. 4. Illustration of estimation on both transformed and untransformed independent axes
by nonlinear regression (NLR) of Gaussian curve to relative catch profiles ofIps duplicatus.
(A) The data set from Figure 1C with the fitted Gaussian curve; thex axis scaled as arcsin√

p. (B) Same data and NLR curve as in A, but plotted on thex-axis scaled asp and with the
formula for obtaining the window width on the untransformed scale. (C) Fitted Gaussian
curves for selected data sets from Figure 1 with thex scale as arcsin

√
p. (D) As in C, but

plotted on thex scale asp. Catch data (y axis) were rescaled so that the treatment with the
highest catch= 1 for each data set. See Table 1 for parameter estimates.
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data (Figure 4B). However, as the peaks of the fitted curves are between the
data points, this is not an error in curve fitting. Instead, this means that the true
maximum response is located between the fixed treatment values (x axis points
for p values).

A summary of re-transformed estimates is shown below (number of trap
rotations,N, in parenthesis):

NE China 1992 µ = 0.77 2σ = 0.29 (3)
Inner Mongolia 1993 µ = 0.24 2σ = 0.42 (9+ 9)
Inner Mongolia 1994 µ = 0.42 2σ = 0.59 (9+ 9)
Norway 1993 µ = 0.62 2σ = 0.71 (4)
Norway 1994 µ = 0.65 2σ = 0.75 (11)
Czechia 1994 µ = 0.53 2σ = 0.79 (6)

(For details of estimates see Table 1)
All data sets showed a peak of response (µr ) located above 50% Id, except for

the two sets from Inner Mongolia. The width of the response window (2σr ) did not
vary consistently with the location of the optimum. The number of replicates did
not seem to influence window width, as the NE China 1992 sample with the fewest
replicates (N = 3) had the lowest 2σr , while the two Inner Mongolia samples with
the largest number (N = 18) had intermediate values.

As an alternative way of separating the response from the different popula-
tions, cluster analysis was performed on the whole data set (T´oth et al., 1992), but
with variable results. When including the active control, i.e., the earlier used 200
male equivalents bait (Schlyter et al., 1992), there was better resolution. However,
in the cluster analysis, one may use five different methods for measurement of
distances between clusters and four ways to combine cases into clusters, yielding
4× 5= 20 different plots. Of these, the cosine measurement together with aver-
age linkage combination of clusters methods gave a clustering result similar to the
results obtained by our model.

Norway male beetles emitting pheromone (Figure 2) had a somewhat higher
estimated peak location (µp = 0.94 Id proportion) compared to the arithmetic
mean of the sample,̄x = 86% Id. This is due to the two values in the extreme
left-hand tail of the male frequency polygon with a high EM content, influencing
the x̄, but not the Gaussian model production curve fitted by NLR (Figure 2).
These data points were not included, as the model (equation 3) assumes and fits
only a single, unimodal peak. To represent these two points would have required a
model for two peaks or optima, as in equation 5. The estimated window width for
production was 2σp = 0.14, which was much smaller than that of Norway beetles
responding (Figure 5), these having a window width of 2σr ≈ 0.7 both in 1993
and 1994 for their fitted response profiles (for details see Table 1).
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Chilo partellusMale Behavioral Steps and Female Production Models. Male
response width, when estimated by NLR, showed a marked decrease with the se-
quence of behavioral steps. The decreasing width of the response profile is plain
to see when plotting the NLR estimated Gaussian curves for the sequential be-
havioral steps (Figure 5A). The overall fit of the regression was good (see Table 3
for details of parameter estimates), but the peak of the model response curve did
not reach as high as 1.0, due to adjustment to the low values for the 20% OH
treatment (Figure 3B and 5A). Quantification of the width of the response window
with the progression of behavioral steps is shown in Figure 5B. The location of the
peak did not change much after the two first behavioral steps (Figure 6B). After
the first behavioral step, the continuous decline in response window width (2σr )
with subsequent steps was highly significant (rS = −0.96, P = 0.0005,N = 7).
In contrast, the location of the peak response (µr ), did not vary with behavioral
step [rS = −0.14, P = 0.76 (N.S),N = 7].

FIG. 5. Decrease in response width (σ ) with behavioral steps sequence by male moths
in flight tunnel. (A) Gaussian curve fitting by NLR to relative response frequencies of
Chilo partellus.For raw data see Figure 3B and for details of parameter estimates see
Table 3. (B) Decline in parameter values ofµr (location of response peak) andσr (width
of response profile) with the sequence of behavioral steps recorded.) Regression for
decline in response width,P < 0.001,N = 7, ) Regression for change in peak location,
N = 7, p > 0.1 NS. For both parameters the first point was omitted from analysis as their
confidence intervals included zero (see Table 3).
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The peaks of male response and female production were similar in their
location (µp ≈ 0.4 on arcsin scale, Table 3). In contrast, the width of the female
production window was somewhat smaller than that of the male response window,
even at the last behavioral step. For the female gland content, the width was
2σp = 0.14 compared to 2σr ≈ 0.2 for males in their two latest steps (Table 3).

DISCUSSION

Literature Data. The method for estimation of location and width of the
response window developed here can be easily extended to other pheromone sys-
tems. Examples are given in Figure 6. Best fits are obtained with data that have
a symmetrical profile and many values on the independent axis, such as those for
Pectinophora gossypiella(Lepidoptera: Gelechiidae) (Linn and Roelofs, 1985)
in Figure 6A. Highly asymmetrical profiles with few data points, such as that
for Spodoptera litura(Lepidoptera: Noctuidae) (Tamaki, 1977), also can be fitted
reasonably well (Figure 6B,C).

FIG. 6. Analysis of selected literature data on lepidopteran female sex pheromones; ex-
amples of Gaussian curve fitting by NLR to relative responses in males and production of
females. For details of parameter estimates and references see Table 2.
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Löfstedt (1990) plotted together the male response and female production of
pheromone component ratios ofP. gossypiellaandArgyrotaenia velutinanaand
concluded that the male window of response was “relatively wider.” Qualitatively,
this conclusion seems reasonable when comparing Figure 6A vs. 6D and Figure
6B vs. 6E. Quantitatively, the 2σp for female production is 0.054 and 0.033, while
the corresponding male window is more than twice as wide, having 2σr = 0.33
and 0.11, forP. gossypiellaandArgyrotaenia velutinana, respectively (Table 3).

Clearly, pheromone responses in other insect orders can also be analyzed as
can responses to variation in amount of stimuli. Quantification of the response
to variation in extreme enantiomer ratios in a sawfly is shown in Figure 7A. The
variation in amount of pheromone in a fruit fly can be easily quantified by our
method (Figure 7B).

The model may also be extended to analysis of data sets with a mixture of
response profiles, where more than one peak of activity exists. A nice example of
a sample with two optima for response and production is theIps pini population
in Princeton, British Columbia, Canada reported by Miller et al. (1996). This
population seems to have two types of members belonging to one of two different
signaling types, each producing and responding to ipsdienol of specific chirality,
one with a peak near racemic (around 50/50) and one at high (+)-enantiomeric
composition. A model for such a two-peak system can be expressed as the sum of
two equations:

y = g1(x)+ g2(x) = f1

[
1

σ1

√
2π

e−(x−µ1)2/2σ 2
1

]
+ f2

[
1

σ2

√
2π

e−(x−µ2)2/2σ 2
2

]
(5)

The two subfunctions,g1(x) andg2(x), are of the same form as equation (3) and
their parameters are estimated by NLR in the same way. For the two-peaked model
of this I. pini population sample, we assumed the width parameters to be the same,
σp1 orr1 = σp2 orr2, for the two response profiles in the population, whilef , µp,
andµr were allowed to vary. The fit to the raw frequencies of male production
and population(s) response is good (Figure 8). In principle, the one-dimensional
fitting along anx axis done here may be extended to a true two-dimensional
response window, sensu Roelofs (1978), by fitting data on response to variation in
both amount and proportion. Our present data sets do not allow this, as dose and
proportion have not been independently varied over the whole parameter space.

Empirical Data. The wick dispensers forIps duplicatusproved satisfactory
over time, as they lasted for about 10 replicates (rotations) and with uniform release,
as all baits went dry at approximately the same time. The optimum catch of the
wick dispenser in Norway was similar to that of open PE vials used earlier (here
active control) giving≈200 ME (Schlyter et al., 1992). The traps used in the four
different populations differed in their design and partly in their trapping principle.
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FIG. 7. Analysis of variation in attraction to extremely small proportion differences and
to amounts of pheromone in two different insect orders. (A) Literature data of pine sawfly
Neodiprion sertiferfemale sex pheromone; variation in proportion of diprionol enantiomers
(Löfqvist, 1986). (B) Literature data of olive fruit flyDacus oleae; variation in amount
pheromone (Haniotakis and Pittara, 1994).
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FIG. 8. Literature data of bark beetleIps pini (Princeton, British Columbia, Canada) male
aggregation pheromone; variation in proportion of (R)-(+)-ipsdienol enantiomer (Miller
et al., 1996). Male enantiomer composition frequency profile () with double peaked
Gaussian curve overlaid () and relative catches of both sexes at baits with varied enan-
tiomer composition () with overlaid double peaked Gaussian curve (). The type of
equation fitted is equation 5, see Discussion.

While all provide a dark silhouette as a visual cue, the N79 model used in Norway
in 1993 and 1994 requires beetles to both land and enter holes to get trapped. The
Lindgren multifunnel trap (Czech Republic 1994) and the Theyson slot trap (China
1992–1994) are partly barrier traps in their function and require only that beetles
orient close enough to the odor source to be intercepted and collected by a funnel
or extended slot. A fraction of beetles probably still lands on the trap surfaces and
later fall down to be trapped, but this has not been studied in detail. The similar
sex ratios recorded in the whole material and the similarities between catches in
Norway and Bohemia (Czech Republic) make it unlikely that trap design would
have affected results. The most striking differences were in fact found between
two localities in China using the same traps during the three years of study.

The results from the two years of sampling in Norway are almost identical in
peak location and response width (window size). They also showed a very small
cluster distance in the hierarchical cluster analysis. The two samples from Inner
Mongolia differed somewhat in their location of optima but less in window width.
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Correspondingly, the two Inner Mongolia data sets combined at larger cluster dis-
tance than the two Norway sets. The data sets that stand out from the others are
the catches from Inner Mongolia in 1993 and 1994. Based on raw data showing
the highest response for 50% and 10% Id baits, cluster analysis, and fitting of
our model, this east Palearctic population seems to be unique. It should be noted
that the geographic location of this population is 9◦ or about 1000 km west of
the NE China locality of 1992. Thus, the Inner Mongolia population is not the
population most distant from Europe, but it is biologically distinctive since it is
isolated from other populations ofIps duplicatusandPicea(Zhang et al., 1995).
Its hostPicea mongolicaXu has been considered as a probably endemic taxon
separate from bothP. koraiensisandP. meyeri(Xu, 1981, 1994; Liu, 1994). In
addition, both the bark beetle and the spruce tree live in a highly isolated environ-
ment in respect to the taiga, surrounded by grassland and on sandy soil. NoIps
typographuscould be detected by trapping with Pheropraxc pheromone dispenser
in this area (Zhang, unpublished data). Therefore, the evolutionary direction ofI.
duplicatuspopulation in Baiyinaobao, Inner Mongolia, together with its host tree,
might have been genetically different from other populations, as in NE China and
in Europe.

The analysis, or even accurate description, of differences in response to an
array of several stimuli for different populations is not simple. Strictly speaking,
this is a multivariate problem and cluster analysis is one possible method (T´oth
et al., 1992). However, cluster analysis is a purely descriptive tool, and by using
the many possible combinations of clustering techniques and distance measure-
ments it is possible to get almost any dendrogram. We believe our method of
fitting a Gaussian curve by NLR is more objective and quantitative, although it
is still mainly descriptive. However, by use of the asymptotic SE (Table 1), it is
possible to construct confidence intervals for the estimated parameters, as for any
other standard univariate statistic. With our model, the several stimuli variables are
reduced to one fitted function and the inherently more complex multivariate anal-
ysis types need not be evoked.

The variation of the proportion of the two major sex pheromone components
of C. partelluswas made in a fashion where the amount also was changed. The
change in amount loaded on filter paper, however, was a minor one: the lowest
dose was 100µg and the highest 140µg when ratio was changed (Figure 3B).
The test of different total amount showed almost no difference between filter paper
loads of 100 and 300µg (Figure 3A). The two separate experiments gave the same
result; unimodal pattern for both amount and ratio. This pattern is also seen in the
other systems (L¨ofstedt, 1990).

Nesbitt et al. (1979) identified two major components in both female gland
extracts and in female effluvia fromC. partellus. However, they could only confirm
a positive attraction effect for one of the components (Z11–16:Ald). Additions
of the corresponding alcohol (Z11–16:OH) reduced the attraction. Our results
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confirm the presence of these two major components in the gland extracts but, in
contrast, indicate that both components are needed to achieve a high male response.
The pheromone ofC. partellusincludes two major components;Z11–16:Ald and
the corresponding alcoholZ11–16:OH, indicating a shared biosynthetic pathway.

The two pheromone components have also been identified in otherChilo
species.Z11–16:OH is the major component of the sex pheromone ofC. infus-
catellusidentified by Wu et al. (1984). A mixture ofZ11–16:Ald andZ13–18:Ald
was first identified as the female sex pheromone of the rice stem borer moth,Chilo
suppressalis(Walker) (Nesbitt et al., 1975; Ohta et al., 1976). It was later shown
that a synthetic two-component blend was less attractive in the field than live virgin
females, although both components were shown to be essential for male attrac-
tion. A positional isomer ofZ11–16:Ald, i.e.,Z9–16:Ald, was later identified as
a third pheromone component which drastically enhanced attractiveness to male
moths in the field when combined with the two previously identified components
(Tatsuki et al., 1983). However, inC. partelluswe have no evidence that any of the
minor gland constituents of the female have a positive effect on male pheromone
attraction (Svensson et al., unpublished data).

Difference in Signaling Width of Production and Response

In most mating systems, the reproductive success of a male can be measured
by the number of females he inseminates. In addition, the often strikingly male-
biased operational sex ratio (OSR) in most insect species further rewards male
reproductive strategies that lead to detection of as many females as possible (Emlen
and Oring, 1977; Ims, 1988). In female-produced pheromone systems, the male
detection propensity may be interpreted as the male response window. A male
that is broadly tuned to female signals will probably have a greater chance of
finding mates than a more finely tuned male, depending on female population
variation. However, there may be a trade-off between the width of the male response
window and his overall sensitivity (Svensson, 1996a), as well as a stabilizing
or directional selection on male response if responding to sympatric species or
different ecological races (Phelan, 1992). The differences in signaling width (2σ )
between female pheromone production and male response inC. partellusseems
to follow these predictions. The male response window is, however, not always
much wider than the female production, as is the case inPectinophora gossypiella
(Figure 8). This may be explained by factors such as differences in the pheromone
chemistry (P. gossypiellauses an easily controlled ratio between two isomers with
the same vapor pressure) as well as differences in the OSR.

The aggregation pheromone systems in bothI. pini (Figure 8) andI. duplica-
tus (Figures 1 and 2) show similar differences between production and response.
The composition of pheromone components produced by males of both species is
narrowly canalized (2σ = 0.10 and 0.14), whereas the response window by both
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sexes in bothIpsspp. is much wider (2σ = 0.5 and 0.3–0.8) (Table 1 and Figure 8).
Schlyter and Birgersson (1989) quantified variation in amounts in samples of lep-
idopteran sex pheromones and in scolytid bark beetle aggregation pheromones.
They found the coefficient of variation to be significantly higher in scolytid sam-
ples (N = 9) for the amounts of pheromone components than in moths (N = 15).
This finding seems to contrast with the data on proportions of components quan-
tified here. However, Schlyter and Birgersson (1989) did not find any difference
between variation in proportions of components (nmoths= 13, nbark beetles= 6) in
samples from the two taxa. Thus, irrespective of the sex and taxa of the communi-
cating insect, the responder seems be less precise than the sender. Interestingly, the
absolute values estimated from both moths and bark beetles by our method were
2σ ≤ 0.15 for production but 0.3–0.8 for response. This fact may reflect both a
common basic structure of constraints in these communication systems as well as
the generality of our model.

A direct comparison of the descriptive and analytical power of our method is
not possible as few authors have quantified widths of signaling windows, but our
successful quantification of 26 profiles in 13 populations from 9 species indicates
a rather wide usefulness.
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LÖFSTEDT, C. 1990. Population variation in moth pheromone communication systems and its genetic
control.Entomol. Exp. Appl.54:199–218.
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Abstract—The response of plants to many phytochemicals changes from stimu-
latory to inhibitory as the concentration of the phytochemical increases. In
this paper, a previous biological response model is extended to yield estimates
of plant responses to changes in phytochemical concentrations in the case of
density-dependent phytotoxicity. This requires a knowledge of plant densities,
phytochemical concentrations in soil, and the relationship between the two.
According to this model extension, inhibition is a probable outcome in density-
dependent chemical interference, but phytotoxic effects may become stimulatory
as plant density increases. In addition, low phytochemical concentrations in soil
may cause an increase in the slope of the biomass–density relationship com-
pared to the slope of control treatments. Experimental data from the literature
support this model extension, and in several cases density-dependent chemical
interference can be estimated mathematically.

Key Words—Chemical interference, phytotoxicity, competition, model, den-
sity, biological response, plant–plant interactions.

INTRODUCTION

To date, only a few methods have been described to distinguish the effects of chemi-
cal interference from those of resource competition (Lockerman and Putnam, 1981;
Weidenhamer et al., 1989; Nilsson, 1994; Pellissier, 1995; Weidenhamer, 1996; Wu
et al., 2000). The methods described are suitable only in certain situations. Growth
experiments that utilize the density-dependent nature of phytotoxic effects can be
used when the source of phytotoxins is independent of the activity of target plants
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and phytotoxins are homogenously distributed in the environment (Weidenhamer
et al., 1989; Thijs et al., 1994; Weidenhamer, 1996; Wu et al., 2000). Examples of
such situations are monocultures under phytotoxic exposure or vegetation growing
beneath allelopathic trees.

Weidenhamer et al. (1989) expressed the density-dependent nature of phyto-
toxic interactions as a graphic model (Figure 5 in Weidenhamer et al., 1989). In
this model, the relationship between log mean plant weight and log plant density
is linear if direct chemical interference does not exist. If chemical interference
exists, the log-weight–log-density slope shifts downwards as plant density de-
creases or phytotoxin concentration increases in the substratum. In other words,
the fewer individuals that share the toxins, the more their total response is affected.
If the concentration is sufficiently high, growth may be completely inhibited at low
plant densities. Weidenhamer et al. (1989) presented several data sets in support of
their model, with varying target species, effective chemicals, harvest times, plant
densities, and rates of phytotoxins.

Carballeira et al. (1988) modeled plant responses to varying allelochemical
concentrations graphically. They proposed that the response is stimulatory at low
concentrations, reaches a maximum at a certain concentration, becomes inhibitory
as the concentration increases, and ends in total inhibition. An et al. (1993) pre-
sented the phenomenon as a mathematical model, based on enzyme kinetics. In
this model, the biological response (P) to an allelochemical is the difference be-
tween biological responses to the stimulatory (S) and inhibitory (I ) attributes of
the allelochemical:

Px = 100+ Sx − Ix (1)

= 100+ SmXq

(KS)q + Xq
− ImXq

(KI)q + Xq
(2)

in which 100 is the control (%),Px is the biological response at concentrationX,
Sx is the stimulatory attribute at concentrationX, Sm is the stimulatory response
at saturating concentration, andKS is the concentration at whichS= Sm/2. The
term q is a constant that controls the shape of the curve and is connected to
the number of active sites per enzyme molecule for the substrate.Ix, Im, andKI

are the respective parameters of the inhibitory attribute (An et al., 1993).
In this article, the biological response model of An et al. (1993) is combined

with the density-dependent model of Weidenhamer et al. (1989). The resulting
extension of the biological response model is applied to data presented by Hoffman
and Lavy (1978), Andersen (1981), Weidenhamer et al. (1989), and Thijs et al.
(1994). Finally, some practical and theoretical implications of the model extension
are discussed.
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METHODS AND MATERIALS

Description of Model Extension.It is hypothesized that the models of both
Weidenhamer et al. (1989) and An et al. (1993) are applicable. The model of An
et al. (1993) presents the biological response of plants to varying phytochemi-
cal concentrations. The density-dependent model by Weidenhamer et al. (1989)
is based on the dilution of these phytochemical concentrations. Obviously, such
dilution occurs when all plants try to take up the same phytochemicals at any plant
density. WhenN plants compete for the same phytochemicals, any one of them
cannot take up more than oneNth of those phytochemicals. If plants differ in size
or activity, some of them may absorb more than others, but the mean exposure to
phytochemicals does not change significantly when the model of Weidenhamer
et al. (1989) is applicable (see Weidenhamer et al., 1989; Thijs et al., 1994; Wu
et al., 2000). Thus, the phytochemical concentrationXi per plant at densityi is a
fraction (or multiple) of a known concentrationX0 per plant at a known number
of individuals (N0). As a result, there is a linear correlation

Xi = N0X0

Ni
(3)

between the concentration at density 0 and the concentration at densityi . X in
equation 2 can therefore be replaced withXi in equation 3:

Pitot = Citot + Sm(N0X0/Ni )q

(KS)q + (N0X0/Ni )q
− Im(N0X0/Ni )q

(KI)q + (N0X0/Ni )q
(4)

Equation 4 computes the total response (Pitot) of treated plants compared to a
control treatment (Citot) at densityi . Note that equation 2 is expressed in per-
centages, but equation 4 is not. Note also that the model of Weidenhamer et al.
(1989) considers the responses of individual treated plants at a range of densi-
ties where total biomasses are constant (= C0tot) in control treatments. There-
fore, Pitot is divided by the plant number (Ni ) at densityi , giving the final model
(Figure 1):

Pi = Ci +
Sm(N0X0/Ni )q

(KS)q + (N0X0/Ni )q − Im(N0X0/Ni )q

(KI )q + (N0X0/Ni )q

Ni
(5)

Ci is the response of an average control plant at densityi . If total plant biomasses
areC0tot in control treatments,Ci is a fraction (or multiple) ofC0tot:

Ci = C0tot/Ni (6)

Note that ifSx > Ix, Pi > Ci , and if Ni →∞, (Pi − Ci )→ 0. Note also that if
XiSOIL < XjSOIL, thenNPi=Ci < NPj=Cj , where the subscriptSOIL refers to phyto-
chemical concentration in soil andi > 0. Equations 3 and 6 must be true only at
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FIG. 1. Response of individual plants to plant density in arbitrary units at three phytotoxin
concentrations. Straight line= nontreated controls. Default parameter values areCi =
100/Ni , N0 = 1, q = 2, Sm = 100, Im = 200, KS = 5 andKI = 30. X0 (low) = 20; X0

(moderate)= 100; X0 (high)= 500.

the densities and concentrations used. IfCitot 6= C0tot, equation 6 may be redefined
to suit the current situation.

Application of Model Extension.To examine the validity of the model, pa-
rameters were derived to suit data by Hoffman and Lavy (1978), Andersen (1981),
Weidenhamer et al. (1989), and Thijs et al. (1994). Lagrangian interpolation and
the Levenberg-Marquardt nonlinear regression were used to determine models for
control treatments. The NLIN Procedure in SAS System for Windows Release 8
(SAS Institute Inc., Cary, North Carolina) was used to iterate all model parameters
that minimized the difference between actual data values and the corresponding
estimates of the used model. Finally, Pearson correlation coefficients were used to
verify the accuracy of each model.

RESULTS

The effects of metribuzin residues on the yield of soybean (Glycine maxL.)
(Andersen, 1981) and the response of oat (Avena sativaL.) to atrazine (Hoffman
and Lavy, 1978) have been parameterized (Figures 2 and 3). The lowest oat density
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FIG. 2. Relationship of log plant density and log mean seed yield of individual soybean
plants in the presence of residues of metribuzin.Ci = 31.38/Ni .q = 1.11,Sm = 7.17, Im =
40.35,KS = 0.039,KI = 0.73,N0 = 1.r = 0.98,P < 0.001. Values have been calculated
from Andersen (1981).

(20 plants/pot) was excluded from analysis due to the exceptionally low dry weight
of the control treatment (see Discussion).

Figure 4 shows the parameters modeled for soybean biomass at varying
atrazine concentrations in a target-neighbor design by Thijs et al. (1994), where
soybeans grew as neighbor plants and phytochemicals were added to the soil every
other day. Competitive and chemical interference by the target plant, maize (Zea
maysL.), decreased the suitability of the model extension at the lowest neighbor
plant density, because the impact of the target plant increased as the number of
neighbor plants decreased (see Niemeyer, 1988; Thijs et al., 1994). The lowest soy-
bean density was, therefore, excluded from the analysis after many unsuccessful
attempts (P> 0.05).

Figure 5 shows the parameters derived for shoot dry weights of bahiagrass
(Paspalum notatumFluegga) grown for five weeks in soil that had been treated
with gallic acid and hydroquinone (Weidenhamer et al., 1989). It was not possible
to calculate single parameters (see Discussion). Instead, the biomasses at differ-
ent phytochemical concentrations of the substratum followed separate parameter
values.
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FIG. 3. Relationship of plant density and mean weight of individual oat plants grown in
soil treated with atrazine.Ci = 0.214− 0.207∗e−196.16∗N−1.43

i , N0 = 1,q = 3.21,Sm = 8.74,
Im = 14.2, KS = 0.0065,KI = 0.0067.r = 0.97, P < 0.001. Values have been calculated
from Hoffman and Lavy (1978).

DISCUSSION

Benefits of the Present Model.This extension of the model of An et al. (1993)
is useful when estimating whether the response of plants to direct chemical inter-
ference can be distinguished from pure competition (Figures 2–5). In addition, this
model extension attaches (both graphically and mathematically) growth-promoting
interactions to the model of density-dependent phytotoxicity by Weidenhamer et al.
(1989). They were aware of the possibility of growth- promoting chemical interfer-
ence but did not include it in their graphic model. In density-dependent chemical
interference, stimulatory effects do not necessarily differ greatly from the slope
of control treatments at any plant density. The possibility of chemical interference
should, therefore, be taken into consideration in cases where it may have been
excluded previously.

This extension of the model of An et al. (1993) also has other benefits com-
pared to the graphic model of Weidenhamer et al. (1989). The model extension
does not require logarithmic conversion of the data. The best fit of the control
treatments can be calculated with or without any conversion, and the result can be
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FIG. 4. Relationship of soybean density and individual soybean dry mass when corn was
planted as target species and soil solution was treated with atrazine.Ci = 0.627− 0.525∗

e−11.70∗N−1.37
i . N0 = 1, q = 1.052,Sm = 4.545, Im = 6.877,Ks = 0.143,KI = 0.194,r =

0.98, P < 0.001. Data from Thijs et al. (1994).

used asCi in equation 5. If plants share most active chemicals at low densities, this
model extension may not be limited to the densities of equal total plant biomasses
in control treatments.

Limitations of the Present Model.Very high phytochemical concentrations
and very low plant densities may not fit into this model extension. Plants may
be so small or distances so great that phytochemicals cannot be diluted. Those
conditions may create phytochemical-poor patches around plant roots that can be
utilized with minor phytotoxic effects. A possible example of such conditions is the
oat–atrazine bioassay by Hoffman and Lavy (1978). The dry matter of the control
plants at the lowest density was two thirds that of the dry matter of control plants
at other densities, and none of their treatments ended up in total growth inhibition
(Figure 3). In addition, in that experiment, the seed number was approximated and
no replacements of nongerminated seeds were made, which may negatively affect
the accuracy of the parameters modeled.

The sensitivity of plants to phytochemicals may vary among treatments
due to density-dependent stress (see Reigosa et al., 1999). The significance of
such stress probably changes when the total dry matter of the treated plants has
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FIG. 5. Shoot dry weight of bahiagrass individuals grown in soil treated with gallic acid
and hydroquinone.Ci = 10.21/Ni + Ni /16.16, N0 = 1; : q = 0.60, Sm = 32.91, Im =
51.04; KS = 1.16 andKI = 42.80; : q = 1.51, Sm = 18.00, Im = 33.79; KS = 2.98
and KI = 15.00; : q = 1.15, Sm = 23.50, Im = 39.55; KS = 21.68 andKI = 30.37.
r = 1.00, P < 0.001. Data from Weidenhamer et al. (1989).

reached its maximum. In accordance with that assumption, the lowest density
could not be parameterized in the atrazine bioassay by Hoffman and Lavy (1978)
(Figure 3), and the biomasses of the two lowest surviving plant densities pos-
sibly raised parametrized slopes in the metribuzin bioassay by Andersen (1981)
(Figure 2).

The degradation of phytochemicals may also depend on the plant density or
phytochemical concentration in the soil. For example, the quality of phytochemi-
cals varied among treatments in the bahiagrass experiment by Weidenhamer et al.
(1989). Hence, it was not surprising that common parameters could not be iterated
for all three used phytochemical concentrations in that study. Instead, every con-
centration fit excellently in concentration-specific model parameters, as predicted
by the present model (Figure 5). On the other hand, if the proportion of degraded
phytochemicals was the same at all densities and concentrations used, and if the
biological response of plants to phytochemicals was relatively linear at all occur-
ring concentrations (see An et al., 1993), it should be possible to find common
parameters for all treatments. The atrazine bioassay by Andersen (1981) may be
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an example of such a situation, since single parameters were found even though
atrazine probably degraded during the growing season (Figure 2).

When bioassays are conducted to study density-dependent chemical interfer-
ence, it is essential to be aware of the other limitations of this model extension.
Stimulatory effects may be slight due to intensive resource competition and other
stress factors. More than one trend in the availability and activity of phytochemi-
cals may be involved (see Gerig and Blum, 1991). In addition, the organisms
studied may be autotoxic (Hall, 1989; Choesin and Boerner, 1991; Hedge and
Miller, 1992). In general, as a consequence of any of these reasons, the results of
a bioassay may not show parametrizable nonlinear weight–density slopes. In such
cases, it may still be possible to determine graphically whether or not chemical
interference is significant in a bioassay (see Weidenhamer et al., 1989) (Figure 1).

Implications of the Present Model.The case studies presented in this pa-
per satisfy many of the assumptions of this model extension. When phytochem-
icals were added regularly, uniform parameters could be determined (Figure 4);
when phytotoxins degraded nonlinearly, uniform parameters could not be found
(Figure 5). Furthermore, changes in resource availability per plant affected the
accuracy of the parameters modeled (Figure 3). However, bioassays designed to
test this model extension are useful if we want to know whether or not the param-
eterization of a data set is actually due to the phytochemicals themselves. A time
series of phytochemical concentrations in the soil may be a useful way to test the
validity of this model in density-dependent growth experiments. If the assumptions
of the model extension are true, uniform parameterization of randomly degrading
phytochemical concentrations in the soil (with respect to original concentrations
at different plant densities) will not be possible, but similarly degrading phyto-
chemical concentrations may or may not be parameterized with single parameters
depending on the linearity of the slope of plant responses to phytochemical con-
centrations (see An et al., 1993).

Based on the examples presented in this paper, the biological response model
by An et al. (1993) is suited for modeling plant responses to density-dependent
chemical interference. However, it may be possible to modify the model equations
in some cases. First, equation 3 may be modified if an environmental factor, such
as absorption of phytochemicals by soil particles or degradation of phytochemicals
by soil microorganisms, alters the equation in a predictable way. Second, it may
be possible to add a density-dependent stress factor to the model. This stress factor
would change the power of stimulatory and inhibitory attributes at different plant
densities. However, every modification must be based on empirical data showing
a distinctive pattern that can be modeled.

One of the major problems in allelopathic studies has been the impossibility
of estimating the role of rhizosphere microorganisms in allelopathic phenomena
(Williamson and Weidenhamer, 1990; Inderjit and Dakshini 1995; Pellissier and
Souto, 1999; Blum et al., 2000). In density-dependent chemical interference, the
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phenomena observed may be affected by the quality, quantity, and patchiness of
rhizosphere microorganisms, together with plant density, plant size, and phyto-
chemical concentration. It is impossible to know whether this occurred in the
examples presented in this paper. An appropriate method for testing the influence
of soil microorganisms might be to measure the concentrations of potential phyto-
chemicals in the soil as a time series in the presence and absence of rhizosphere
bacteria and to compare this time series to parameterized plant responses in both
situations.

Weidenhamer et al. (1989) speculated on the possible ecological implica-
tions of the density dependence of phytotoxic effects on the target species. Since
stimulatory effects may exist regularly in the field, and since the balance between
stimulation and inhibition depends on both plant density and the phytochemical
concentration in the soil, the consequences of the effects of phytochemicals may
perhaps be more diverse than has previously been assumed. The target species may,
for instance, tend to evolve towards stimulation at higher phytochemical concen-
trations. In that case, however, the stimulatory effects will probably be weaker at
low concentrations. Thus, the opposite of improved tolerance is also possible if
plant densities are permanently high or phytochemical concentrations low. It may,
therefore, be difficult to identify evolutionary adaptations to phytotoxicity without
a detailed knowledge of the characteristics of every population and every chemical
involved.
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Abstract—We examined 40 taxa from nine genera within the subfamily
Mimosoideae; 29 (73%) from six genera produced carbon disulfide (CS2). In
addition, 19 of 40 taxa (48%) produced carbonyl sulfide (OCS). Of nine mi-
mosoid taxa that produced CS2, all possessed a djenkolic acid and a cysteine
lyase. Of three mimosoid taxa that did not produce CS2, two lacked a cysteine
lyase and one lacked both a lyase and a djenkolic acid. Of 16 taxa from 14 gen-
era from the other two subfamilies of the Fabaceae, the Caesalpinioideae and
Papilionoideae, none produced CS2. The results suggest that CS2 production
is common in the Mimosoideae and uncommon in the Caesalpinioideae and
Papilionoideae and that plants in the Mimosoideae that do produce CS2 must
possess both a djenkolic acid and a cysteine lyase for this production to occur.

Key Words—Carbonyl sulfide, cysteine lyase, djenkolic acid, organic sulfide.

INTRODUCTION

The family Fabaceae consists of three subfamilies, the Caesalpinioideae,
Mimosoideae, and Papilionoideae. When the roots of some plants in the Fabaceae
are injured or wetted, they produce carbon disulfide (CS2), a volatile, toxic,
foul-smelling liquid (Haines et al., 1987, 1989; Hartel and Reeder, 1993;
Feng and Hartel, 1996). Within the Mimosoideae, the presence of CS2 has been
reported inAcacia pulchellaR. Br. (Whitfield et al., 1981),Enterlobium cyclo-
carpum (Jacq.) Griseb.,Leucaena multicapitulaSchery, Mimosa pigra L.,
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Pithecellobium arboreum(L.) Urban [=Cojoba aborea(L.) Britton & Rose],
Pithecellobium catenatumDonn. Sm.,Pithecellobium pedicellareAjillo, Stryphn-
odendron excelsumHarms (Haines et al., 1987, 1989),Mimosa pudica(L.)
(Hartel and Reeder, 1993), and all knownLeucaenaspp. (Feng and Hartel, 1996).
Within the Caesalpinioideae and Papilionoideae, the presence of CS2 has been
reported inGliricidia sepium (Jacq.) Kunth ex. Walp. (Haines et al., 1987),
Medicago sativaL., Phaseolussp., andPisumsp. (Westberg and Lamb, 1984).
Thus, it appears that the presence of CS2 is potentially common in the
Fabaceae.

Our studies with the roots of the mimosoid speciesM. pudicasuggest that
CS2 is produced through the hydrolysis of a djenkolic acid by a cysteine lyase
(Piluk et al., 1998). Djenkolic acid [3,3′-methylenedithiobis(2-aminopropionic
acid)] is a nonprotein, sulfur amino acid consisting of two cysteine molecules
bound at the sulfhydryl groups by a C atom. With regards to djenkolic acid,
many other mimosoid species contain djenkolic acid or its analogs, including
Acacia acapulcensisKunth (Evans et al., 1993),Acacia farnesiana(L.) Willd.
(Gmelin et al., 1962),Acacia georginaeF.M. Bailey (Ito and Fowden, 1972),
Acacia lemmonniiRose (Gmelin, 1959),Acacia saficinaLindley (Seneviratne
and Fowden, 1968),Acacia willardianaRose (Gmelin, 1959),Albizia lophantha
(Willd.) Benth. [=Paraserianthes lophantha(Willd.) I. Nielsen subsp.lophantha]
(Gmelin et al., 1957),Desmanthus brachylobusBenth. (von Krauss and Reinbothe,
1970),Desmanthus chacoensisBurkart (von Krauss and Reinbothe, 1970),Des-
manthus depressusHook & Berneby ex. Willd. (von Krauss and Reinbothe, 1970),
Desmanthus virgatus(L.) Willd. (von Krauss and Reinbothe, 1970),Dichrostachys
glomerata(Forsskal) (Gmelin et al., 1962),Neptunia gracilisBenth. (von Krauss
and Reinbothe, 1970),Piptadenia macrocarpaBenth. (von Krauss and Reinbothe,
1970), andPithecellobium lobatumBenth. (von Krauss and Reinbothe, 1970). With
regards to a cysteine lyase, seeds (Gmelin et al., 1957) and roots (Schwimmer and
Kjaer, 1962) ofAlbizia lophanthaand the roots ofA. julibrissinDurazz. (Mazelis
and Fowden, 1973) andAcacia farnesiana(Mazelis and Creveling, 1975) possess
S-alkyl cysteinea-b lyase (EC 4.4.1.6). It may be that production of CS2 through
the hydrolysis of a djenkolic acid by a cysteine lyase is the general mechanism for
CS2 production in the Fabaceae.

The objectives of this study were twofold: (1) to determine how common CS2

production was in plant species within the Fabaceae, and (2) to determine from
a select subset of CS2-producing plants if this production was always associated
with the presence of a djenkolic acid and a cysteine lyase. To do this, plants of
40 species from 9 genera within the subfamily Mimosoideae and 16 species from
14 genera in the subfamilies Caesalpinioideae and Papilionoideae were selected
for testing. Because microorganisms can produce CS2 (Kelly and Smith, 1990),
all plants were grown gnotobiotically.



P1: GHU

Journal of Chemical Ecology [joec] PP188-303109 June 5, 2001 10:18 Style file version Nov. 19th, 1999

CS2 IN FABACEAE 1527

METHODS AND MATERIALS

For the taxa surveyed, seeds were obtained from Banco Latinoamericano de
Semillas Forestales, Centro Agronomico Tropical de Investigacion y Ensenanza
(CATIE); J. L. Hudson, Redwood City, California; GoldKist Farm and Garden,
Athens, Georgia; Oxford Forestry Institute, Oxford, United Kingdom; Peter B.
Dow Seed Company, Gisborne, New Zealand; Southern Regional Plant Introduc-
tion Station, Griffin, Georgia; Vaughan’s Seed Company, Downers Grove, Illinois,
and the seed collection at the University of Georgia. In addition, researchers col-
lected seeds of various species for us from Costa Rica, Georgia (USA), Guatemala,
India, and Senegal.

To increase germination rates, seeds possessing a thick seed coat (>0.5 mm)
were scarified around their edges with fine sandpaper (220 grit) until the endosperm
or cotyledon was just visible; areas adjacent to the hilum were not scarified. Seeds
with thin and thick seed coats were surface-sterilized with 0.7M NaOCl for 15
and 30 min, respectively and germinated on water agar (15 g agar per liter of
distilled water) until the radicles emerged. Individual seedlings were aseptically
transferred to gnotobiotic plant assemblies (Hartel et al., 1993) supplying both
macro- (McClure and Israel, 1979) and micronutrients (Ahmed and Evans, 1960).
Plants were grown under metal halide lights with an average light intensity of 550
µmol photons/m2/sec. Average day/night temperatures on a 16L:8D cycle were
26 and 24◦C, respectively.

Potential maximum production of CS2 was quantified by using a sulfur-
specific gas chromatograph calibrated against a CS2 permeation standard as de-
scribed by Piluk et al. (1998). The low limit of detection for CS2 was 0.1 ng/ml.
Some plant species also produced carbonyl sulfide (OCS), hydrogen sulfide (H2S),
methane thiol (CH3SH), ethane thiol (CH3CH2SH), or a mixture of these gases.
When detected, these compounds were also quantified against the appropriate
permeation standard. The low limits of detection for OCS, H2S, CH3SH, and
CH3CH2SH were 0.2, 0.2, 0.2 and, 0.5 ng/ml, respectively.

The presence of a cysteine lyase among a select group of CS2-producing plants
was determined as described by Piluk et al. (1998). The presence of a djenkolic
acid among the same group of plants was determined using high-performance
liquid chromatography with modifications of the methods of Bidlingmeyer et al.
(1984) and Randle et al. (1995) as described in Piluk et al. (1998).Mimosa pudica
was the positive control, andGlycine max(L.) Merr. andPisum sativumL. Alaska
were the nonmimosoid, non-CS2-producing controls.

RESULTS

Of 40 taxa from nine genera within the subfamily Mimosoideae, 29 taxa
(73%) from seven genera produced CS2 from their roots (Table 1). In addition,
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18 of 40 (45%) taxa produced OCS from roots. No taxon produced OCS without
also producing CS2. Of threeAlbizia species, onlyA. lophanthaproduced CS2
and OCS from roots. Of 24Acaciataxa, 20 (84%) produced CS2 from their roots
and 12 (50%) also produced OCS. Roots ofDesmanthus virgatusproduced the
highest amounts of both CS2 and OCS. Only two species,Desmanthus illinoensis
(Michaux) MacMillan ex. Robinson & Fern. andD. velutinusScheele, produced
CS2 and OCS from shoot tissues (includes cotyledons), and these were detected
in only trace amounts. Of the 29 mimosoid taxa that produced CS2, individuals of
17 taxa (59%) produced CS2 every time. In the remaining 12 taxa, CS2 production
was variable and at least one or more individual plants did not produce CS2.

Hydrogen sulfide was also produced from the roots ofAcacia x giraffae
Willd. (2.4± 1.2 ng/mg dry root) andPithecellobium elegansDucke (3.1±
2.3 ng/mg dry root), and occasionally in the roots ofAcacia dealbata(Link.),
Acacia farnesiana, Acacia nilotica(L.) Willd. ex. Del., andDesmanthus illinoen-
sis.The roots of some mimosoid taxa also produced trace amounts of methane thiol
(Acacia melanoxylonR. Br. andAcacia nilotica) and ethane thiol (Acacia caffra
(Thunb.) Willd. andAcacia nilotica). With the exception ofAcaciax giraffaeand
Pithecellobium elegans, not every individual plant was positive for these trace
gases.

Of 15 species from 14 genera in the subfamilies Caesalpinioideae and
Papilionoideae, none produced CS2 (data not shown). These wereCaesalpinia
ferreaC. Martius ex. Tul.,Cercidium microphyllum(Torrey) Rose & I.M. Johnson,
Clianthus formosus(G. Don) Ford & Vick,Crotalaria longirostrataHook. & Arn.,
Dalea purpureaVent., Desmodium gangeticum(L.) D.C., Desmodium incanum
D.C., Gledistia triacanthosL.f. inermis (L.) C. Schneider,Gliricidia sepium,
Glycine max, Parkinsonia aculeataL., Pisum sativumAlaska, Schizolobium
parahyba(Vell. Conc.) S.F. Blake,Sesbania formosa(F. Muell.) N. Burb., and
Vigna acontifolia(Jacq.) Marechal. Incidental, trace amounts of methane thiol
were detected in the roots of some individuals ofS. parahyba, and ethane thiol
was detected in some individuals ofG. maxandS. formosa.As with some plants
from the Mimosoideae, not every individual plant was positive for these trace gases.

Of nine mimosoid taxa that produced CS2 from roots, all showed the presence
of a cysteine lyase and a djenkolic acid (Table 2). Of three mimosoid species that
did not produce CS2, two lacked a cysteine lyase and one lacked both a lyase and
a djenkolic acid. Neither of the two nonmimosoid, non-CS2-producing species
examined,Glycine maxandPisum sativumAlaska, possessed a cysteine lyase or
a djenkolic acid.

DISCUSSION

This is the first report of CS2 production from the roots ofAlbizia,
Desmanthus, Neptunia, and Schrankiaspecies, and additional reports of CS2
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TABLE 2. CS2 PRODUCTION, PRESENCE OFDJENKOLIC ACID, AND CYSTEINE LYASE

ACTIVITY DETECTED(+) OR NOT DETECTED(−) IN ROOTS OFPLANTS WITHIN

SUBFAMILY MIMOSOIDEAEa

Subfamily (species) CS2 Djenkolic acid Lyase activity

Mimosoideae
Acacia elata + + +
Acaciax giraffae + + +
Acacia greggii − + −
Albizia julibrissin − − −
Albizia lophantha + + +
Desmanthus virgatus + + +
Leucaena cuspidata + + +
Leuceana retusa + + +
Mimosa pudica + + +
Neptunia dimorphantha + + +
Pithecellobium elegans + + +
Prosopis alba − + −

Papilionoideae
Glycine max − − −
Pisum sativumAlaska − − −

aMimosa pudicawas the positive control, andGlycine maxandPisum sativumAlaska were the non-
mimosoid, negative controls. Authority names are given in the text and Table 1.

production from twoPithecellobiumand 20Acacia species. Therefore, of ca.
65 genera in the subfamily Mimosoideae, eight of the 10 tested genera (for a total
of 50 species) produce CS2. As with someAcacia, Pentaclethra, andPithecel-
lobiumspecies (Haines et al., 1987), some species within a genus did not produce
CS2 (e.g.,Albizia). One species,E. cyclocarpum, previously described as a CS2

producer (Haines et al., 1987), did not produce CS2 when grown under gnotobiotic
conditions.

Of 15 gnotobiotically grown taxa from the Caesalpinioideae and Papiliono-
ideae, none produced CS2. Although earlier reports described CS2 production from
G. sepiumandPisumsp. (Westberg and Lamb, 1984; Haines et al., 1987), we did
not observe CS2 production when these species were tested. Although this may be
because of genetic variability, a more likely possibility is that the plants in these
earlier studies were grown in nonsterile soil and the soil microorganisms produced
the CS2 (Kelly and Smith, 1990).

In addition to CS2, many plants from the subfamily Mimosoideae also pro-
duced OCS. Carbonyl sulfide is toxic, although its toxicity is only half that of CS2

(Peyton et al., 1978). With the exception of severalLeucaenaspecies (Feng and
Hartel, 1996) and twoDesmanthusspecies, all OCS production was in the roots.

The quantitative amounts of CS2, OCS, and trace sulfides produced from gno-
tobiotic plants were consistent for some species and variable for others. Reasons
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for this variability are unclear but may be because of genetic variability, the labile
nature of many S-containing compounds (in which the intermediate products of
an enzyme reaction can often lead to more than one end product; Cavallini et al.,
1980), or the highly reactive nature of S-containing gases with various materials
(Kuster and Goldan, 1987). In this study, it is unlikely that environmental condi-
tions were responsible for the variability because conditions for sulfide production
were optimal (Feng and Hartel, 1996).

Within the family Fabaceae, our results suggest that CS2 production is com-
mon in the Mimosoideae and uncommon in the Caesalpinioideae and Papil-
ionoideae. Within the Mimosoideae, the results show that both a djenkolic acid
and a cysteine lyase were required for CS2 production. This was shown for eight of
the 11 previously untested species (i.e.,Acacia elataA. Cunn. ex. Benth.,Acacia
x giraffae, Albizia lophantha, Desmanthus virgatus, Leucaena cuspidataStand-
ley, Leucaena retusaBenth.,Neptunia dimorphanthaDomin, andPithecellobium
elegans). Of the remaining three mimosoid species, where a cysteine lyase or
a djenkolic acid or both were absent, no CS2 production occurred (i.e.,Acacia
greggiiA. Gray,Albizia julibrissin, andProsopis albaGriseb.).

The ecological role of CS2 in plants in the Fabaceae is probably that of a
deterrent to pathogens. Carbon disulfide is bacteriostatic (Bremner and Bundy,
1974; Hartel and Haines, 1992), fungicidal (Lewis and Papavizas, 1971; Banwart
and Bremner, 1975; Filip and Roth, 1977), nematicidal (Guba, 1932), and insecti-
cidal (Punj and Girish, 1969). Carbon disulfide produced byM. pudicadecreases
fungal colonization on the rhizoplane (Feng et al., 1998). It is also possible that
plant-produced CS2 affects soil ecological processes. Carbon disulfide is a potent
inhibitor of nitrification (Bremner and Bundy, 1974; Ashworth et al., 1975; Hyman
et al., 1990), and if a plant could produce sufficient CS2 to inhibit nitrification,
then this could be a N-conserving mechanism. The vast majority of soils have a net
negative charge, thus, NH+4 does not leach through these soils as readily as NO−

3 .
It would not be surprising if a djenkolic acid was indeed the parent compound
for all plant-mediated CS2 production in the Mimisoideae. Mimosoid legumes
are well-known for containing nonprotein amino acids, and there is considerable
evidence for their functional multiplicity in physical stress, insect deterrence, and
phytotoxicity (e.g., Romeo, 1998).
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Abstract—We tested two hypotheses: 1) that there is semiochemical-mediated
attraction of male and female webbing clothes moth (WCM),Tineola bisselliella
(Hum.) (Lepidoptera: Tineidae) to suitable larval habitat; and 2) that selection
of optimal larval habitat has fitness consequences. In binary or ternary choice
arena bioassay experiments that prevented WCM from contacting test stim-
uli, males and females were attracted to dried but untanned animal pelts (red
squirrel, muskrat, beaver, coyote, red fox and bobcat) and preserved horseshoe
crab but not to unprocessed sheep’s wool, demonstrating semiochemical-based
recognition of, and discrimination between, potential larval habitats. Selection
of habitat has fitness consequences for ovipositing females, because significantly
more male and female WCM completed development when the larval diet con-
sisted of intact animal pelt (hide plus hair) rather than hide or hair alone. Equal
attraction of male WCM to muskrat pelt volatiles in Porapak Q or solvent ex-
tracts of muskrat pelts indicated that volatile semiochemicals could be obtained
by both methods.

Key Words—Tineola bisselliella, Lepidoptera, Tineidae, semiochemicals,
larval-habitat location, host-habitat location, dietary requirements, fitness, larval
development, untanned animal pelts, fur.

INTRODUCTION

Larvae of the webbing clothes moth (WCM),Tineola bisselliella(Hum.) (Lepi-
doptera: Tineidae), develop in temporary microhabitats not exposed to direct
light, including sheltered nests (Woodroffe, 1953), animal lairs (Mallis, 1969;
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Hill, 1990), and dry carrion (Bornemissza, 1957). Like other scatophagous and
necrophagous insects, adult WCM discriminate between and select a particular
stage of temporary microhabitats (Bornemissza, 1957; Read, 1958; Stafford, 1971;
Anderson and VanLaerhoven, 1996). For example, tineids such as WCM appear
during the dry stage of carrion when only skin, hair, bones, and a little dry flesh
remain (Bornemissza, 1957; Read, 1958; Stafford, 1971), whereas dipterans arrive
quickly at and colonize fresh carrion (Rodriguez and Bass, 1983; Parker, 1970;
Early and Goff, 1986; Anderson and VanLaerhoven, 1996; VanLaerhoven and
Anderson, 1999).

In buildings, WCM larvae may feed year round on woollen textiles and
other animal-based products, such as furs and carpets causing economic depreci-
ation of goods disproportionate to the physical damage (Roth and Willis, 1952;
Hinton, 1956; Mallis et al., 1959; Baker and Bry, 1982; Story, 1985). Depreciation
caused by keratophagous insects including WCM approximates one billion dollars
annually in the United States alone (Metcalf and Metcalf, 1994).

In optimal larval habitat and environmental conditions, female WCM may
lay up to 250 eggs in 2 weeks. Larvae hatch in 3–7 days and develop through
5 instars (Titschak, 1922; Griswold, 1944). When feeding on raw animal pelts,
they spin webbing tubes close to the hide to help maintain their water balance
(Chauvin and Gueguen, 1978; Chauvin et al., 1981). Consuming first the base of
the hair and surface of the hide, larvae ingest mainly soft keratin while avoiding
sulphur-rich hard keratin in the distal shaft of the hair. This feeding habit leads to
the debriding effect often seen in museum specimens. Under favorable conditions,
larval and pupal development is complete after 3–5 weeks. In sub-optimal habitats
like wool fabric, development may exceed 4 years because larvae may moult≥40
times and repeatedly enter diapause (Titschak, 1922; Griswold 1944; Baker and
Bry, 1982).

Previous studies suggested that tactile and contact chemoreceptive stimuli
mediate selection of oviposition sites by females (Kan and Waku, 1985; Tranyier
et al., 1994). Chemicals in eluents of acetone-washed raw sheep’s wool and high
concentrations of wool wax or vegetable oil deterred oviposition, whereas yeast or
feces from larvae feeding on yeast-supplemented wool induced oviposition (Kan
and Waku, 1985; Tranyier et al., 1994). Both of these studies were conducted in
small Petri dishes (10 cm diam.), making it difficult to discern between tactile,
contact chemoreceptive, and olfactory moieties of test stimuli.

We are engaged in a large study on sonic- and semiochemical-based commu-
nication in clothes moths. Herein we report long-range attractionsensuKennedy1

(1974) of male and female WCM to larval habitat, and differential development
of larvae in habitats of different quality.

1An organism is attracted over long range if the distance to the stimulus exceeds a few body lengths
of the organism.
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METHODS AND MATERIALS

Experimental Insects

WCM adults were collected in the Natural History Museum of Simon Fraser
University and placed in 1-l glass containers with mesh lids at 20–25◦C, 40–70% R.
H. and a 10L: 14D photoperiod. Larvae were provided with either freshly sheared
untreated sheep’s wool (courtesy of Anne Embra, Langley Spinners and Weavers
Guild, Langley, B. C.) supplemented with brewer’s yeast or with untanned ani-
mal pelts (Western Canada Fur Auctions, Vancouver, B. C.). These untanned pelts
were from animals trapped and skinned during the 1996-1997 season. They were
skinned, stretched, scraped of flesh and fat, air dried, and stored at≤ −1◦C be-
fore use. Every day, within 3 hr after dawn, adult WCM were collected and their
sex determined through the presence of claspers and aedagus (male) or ovipositor
(female).

Resource-Dependent Development of Larvae

Experiment 1 tested development of larvae on three resources: muskrat hair,
muskrat hide with no hair, or muskrat hide with hair (intact pelt). Six each of
these three resources (treatments) were kept separately for 18 months in 1-l glass
containers with mesh lids at 25◦C, 70% R. H. and a 10L:14D photoperiod. To obtain
experimental insects, eggs were floated in 2% formaldehyde, rinsed three times
with sterile water, and transferred with a brush to filter paper-lined Petri dishes. On
hatching, 50 neonate larvae were transferred to each treatment container. Eclosed
males and females were removed and recorded every day until no further moths
were found for 14 consecutive days. Numbers of males and females per treatment
were compared using the Kruskal Wallis test with Tukey type multiple comparisons
(α = 0.05) (Zar, 1984).

Capture of Habitat-Derived Semiochemicals

Dry, untanned pelts (150 cm2) of eight vertebrate species, as well as
formaldehyde-preserved dry horseshoe crab (Table 1), all potential habitats for
WCM larvae, were placed in a cylindrical PyrexTM glass chamber. For one week,
charcoal-filtered, humidified air was drawn at 2 l/min with a water-aspirator
through the chamber and a glass column (14 cm× 13 mm O. D.) filled with Pora-
pak Q (50–80 mesh, Waters Associates, Inc., Milford, MA). Volatiles were eluted
from the Porapak Q with 5 ml of redistilled pentane. The eluent was concentrated
to 2 ml by distillation in a 30 cm Dufton column, adjusting the volatile extract so
that 2µl equalled 5 pelt (or horseshoe crab)-min of volatile collection. Untanned
pelts of muskrat (40 cm2) were also extracted in dichloromethane (Cl2CH2) for 10
min. The supernatant was pipetted into vials, sealed, and refrigerated until used.
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TABLE 1. SUMMARY OF EXPERIMENTSINVOLVING WEBBING CLOTHESMOTHS

(T. bisselliella) AND STIMULI TESTED INBINARY CHOICE ARENA BIOASSAY EXPS. 2–16

No. of
Exp. replicates Sex Mating statusa Test stimulib

2 6 Female Mated Sheep’s Wool
3 6 Female Mated Horseshoe Crab
4 10 Female Mated Red Squirrel
5 6 Female Mated Muskrat
6 6 Female Mated Beaver
7 6 Female Mated Coyote
8 6 Female Mated Red fox
9 6 Female Mated Bobcat

10 6 Female Mated Mink
11 6 Male Unknown Horseshoe Crab
12 6 Male Unknown Red Squirrel
13 6 Male Unknown Muskrat
14 6 Male Unknown Beaver
15 6 Male Unknown Coyote
16 6 Male Unknown Mink

aMating status of males is unknown because 2 males had been confined with 1 female to ensure mating
of females.

bSheep’s Wool, from domestic sheep sheared in spring 1995, stored for one year in polyethylene
bag at room temperature;Horseshoe crabs, Limulus polyphemusL. (dry, formaldehyde-preserved);
Red squirrel, Tamiasciurus hudsonicus(Erxleben), Peace River District, British Columbia, 20 dorsal
and ventral samples cut from separate pelts;Muskrat, Ondatra zibethica(L.), Northwest Territories,
20 dorsal and ventral samples cut from separate pelts;Beaver, Castor canadensisKuhl, Northwest
Territories, 6 dorsal samples cut from 2 pelts;Coyote, Canis latransSay, Northwest Territories, 6
ventral samples cut from 1 pelt;Red fox, Vulpes fulva(Desmarest), Peace River District, British
Columbia, 6 ventral samples cut from 1 pelt:Bobcat, Lynx rufus(Schreber), Prince George District,
British Columbia, 6 ventral samples cut from 1 pelt:Mink, Mustela visonSchreber, Vancouver Island,
British Columbia, 12 dorsal and ventral samples cut from 3 pelts. All pelt samples originated from
specimens trapped in winter 1996, and measured 150 cm2. Control treatments consisted of cardboard
or plastic models similar in size and shape to sheep’s wool, horseshoe crab, or pelts.

Arena Bioassay Experiments

Tactic responses of WCM to untanned pelt samples or dry horseshoe crabs
(Table 1) paired with cardboard or plastic model control stimuli in experiments
2– 16 were assessed in a closed PlexiglasTM arena olfactometer (Figure 1). Bioassay
experiments in moving air olfactometers proved unsuitable (see also Trematerra
and Fontana, 1996). Stimuli were suspended 2 cm above the centre of Tanglefoot-
coated disks kept 80 cm apart. Volatile extracts as test stimuli (Table 2, experiments
17–26) and solvent controls were pipetted on filter paper before being tested in
two-choice (experiments 17–24) or three choice (experiments 25, 26) bioassays
in the same arena olfactometer. Twenty-five male or 25 female moths per repli-
cate were released from a Petri dish in the center of the arena after a 30-min
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FIG. 1. Experimental design for ternary-choice arena bioassays.A: Plexiglas arena with
capture device (1), Petri dish from which moths were released (2), and access port (3). For
binary choice bioassays, one of the capture devices was replaced by the Petri dish (2) for
release of moths.B: Capture device with animal pelt (150 cm2) (1a, treatment) or cardboard
model (1b, control) placed on a cardboard platform (2) suspended on rubber stoppers (3)
(height 2.5 cm) above a Tanglefoot-coated cardboard disc (4) (10 cm diam.).C: Capture
device with pin-supported filter paper impregnated with natural candidate semiochemicals
in HPLC-grade solvent.
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TABLE 2. SUMMARY OF EXPERIMENTSINVOLVING WEBBING CLOTHESMOTHS

(T. bisselliella) AND STIMULI TESTED INBINARY OR TERNARY CHOICE ARENA BIOASSAY

EXPERIMENTS17–26

Experimental treatmentsa

Exp.
No. of

replicates Sex Mating status Treatment 1 Treatment 2

17 10 Female Mated Volatiles of Horseshoe Crab Pentane
18 10 Male Unknown Volatiles of Horseshoe Crab Pentane
19 10 Female Mated Volatiles of Beaver Pelt Pentane
20 10 Male Unknown Volatiles of Beaver Pelt Pentane
21 10 Female Mated Volatiles of Red Squirrel Pelt Pentane
22 10 Male Unknown Volatiles of Red Squirrel Pelt Pentane
23 10 Female Mated Extract of Muskrat Pelt Cl2CH2

24 10 Male Unknown Extract of Muskrat Pelt Cl2CH2

Treatment 1 Treatment 2 Treatment 3

25 10 Female Mated Extract of Volatiles of Both
Muskrat Pelt Muskrat Pelt

26 10 Male Unknown Extract of Volatiles of Both
Muskrat Pelt Muskrat Pelt

aIn each replicate of experiments 17–24, treatment 1 received 75 horseshoe crab- or pelt-minutes of
Porapak Q volatile extract; treatments 1 and 2 received the same amount of solvent ranging from
30–35µl. In each replicate of experiments 25 and 26, treatment 1 received 10µl (2%) of Cl2CH2
extract of muskrat pelt (150 cm2 ) plus 30µl of pentane, treatment 2 received 75 pelt minutes of
Porapak Q volatile extract plus 10µl of Cl2CH2.

acclimation period. After 12 hr, moths captured on the sticky disks were recorded as
responders, whereas all other moths were collected from the arena and classed
as non-responders. After completion of a replicate (a), every third replicate (b),
and experiments (c), the interior surfaces of the arena olfactometer were wiped
with a paper towel saturated with a SparkleenTM-solution (a, b, c), followed by
hexane (b, c) and methanol (c); cleaned surfaces were allowed to dry and were
ventilated for≥ 7 hr (a, b) or≥ 36 hr (c).

Experiments 2–16 (Table 1) tested the response of male and female WCM
to potential larval habitats. Numbers of captured moths were analysed by the
Wilcoxon’s paired sample test for two choice experiments (α = 0.05) and by
the Kruskal Wallis test with Tukey type multiple comparisons for three choice
experiments (α = 0.05) (Zar, 1984).

RESULTS AND DISCUSSION

Most, fewer, and least adult WCM eclosed when larvae were reared on muskrat
hide with hair, hide alone, and hair alone, respectively (Figure 2; experiment 1).
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FIG. 2. Number ofT. bisselliellacompleting development and emerging as adults when pro-
vided with different resources. Bars with different letters are significantly different [Kruskal
Wallis test with Tukey type non-parametric multiple comparison (P < 0.05)].

FIG. 3. Total number ofT. bisselliellacompleting development and emerging as adults over
time when provided with different resources.
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Adult moths eclosed earlier and in greater numbers from muskrat hide with hair
than from hide or hair alone, indicating that selection of suitable larval habitat
has fitness consequences for ovipositing females (Figures 2, 3). Muskrat hide with
hair met dietary requirements of developing larvae better than hair or hide alone.
Although hair provides proteinous keratin for production of larval body mass
(Cowell and McKay, 1937; Baker and Bry, 1982), hide-derived nutrients likely
supplement the diet and facilitate development of larvae. B-complex vitamins and
sterols essential for growth and development of insects are absent from clean an-
imal hair (Fraenkel and Blewett, 1946) but present in vertebrate body fluids and
cells (Mallis et al. 1959; Mallis et al., 1962). Untanned hide with glandular and
cellular skin components contain these essential nutrients. WCM larvae ingesting
these nutrients on the hide surface and soft keratin at the base of hair shafts cause
the debriding effect seen on museum specimens.

The results of arena bioassay experiments provide evidence for long-range
attraction2 of both males and females to potential larval habitats. Female and
male WCM were strongly attracted to preserved horseshoe crab (Figure 4; exper-
iments 3 and 11) and pelt samples from red squirrel, muskrat, beaver, coyote, and
mink (Figure 4; experiments 4–7, 10, 12–16). Females were also attracted to pelt
samples from red fox and bobcat (Figure 4; experiments 8 and 9), but not to wool
(P > 0.05) (Figure 4; experiment 2). This rejection of raw sheep’s wool by female
WCM even in the absence of alternative larval habitat is in agreement with Kan and
Waku (1985) and Traynier et al. (1994), and supports the results of experiment 1
that hair alone is suboptimal for larval development. Wool or wool-fabric with pro-
teinous keratin as the main constituent lack nicotinic acid, pantothenic acid, and
sterols and are thus inadequate for larval development (Titschak, 1922; Griswold
1944; Fraenkel and Blewett, 1946; Mallis et al., 1959; Mallis et al., 1962; Baker
and Bry, 1982).

Extracts of Porapak Q-captured volatiles from horseshoe crab, beaver, or red
squirrel pelts were also highly attractive to both males and females (Figure 5; ex-
periments 17–22), providing further evidence for olfactory recognition of larval
habitat. Unlike females (P > 0.05), males preferred solvent extracts of muskrat
pelt over solvent (Cl2CH2) alone (Figure 5; experiments 23 and 24), and Porapak
Q-captured volatile extract plus solvent extract of muskrat pelt over either stimu-
lus alone (Figure 5; experiments 25 and 26). Equal attraction of males to semio-
chemicals Porapak Q captured or solvent-extracted from muskrat pelt (Figure 5;
experiments 25 and 26), suggested that essential attractants can be obtained by ei-
ther method of volatile acquisition. Enhanced attraction of male WCM to Porapak
Q plus solvent extracts from muskrat pelts (Figure 5; experiment 26) was likely

2The term long range attractionsensuKennedy (1974) is applicable because webbing clothes moths
(<0.8 cm in body length) were attracted to test stimuli positioned 2.5 cm above the sticky surface of
the trap.
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FIG. 4. Responses of adultT. bisselliellain binary choice arena bioassays to test stimuli
(Table 1) in experiments 2–16. For each experiment, asterisks indicate a significant prefer-
ence for a particular treatment [Wilcoxon paired-sample test (P < 0.05)]. Non-responders
as follows: Exp. 2, 67+/− 11%; Exp. 3, 31+/− 3%; Exp. 4, 39+/− 4%; Exp. 5,
39+/− 7%; Exp. 6, 31+/− 7%; Exp. 7, 28+/− 5%; Exp. 8, 59+/− 7%; Exp. 9, 55
+/− 9%; Exp. 10, 45+/− 5%; Exp. 11, 27+/− 10%; Exp. 12, 34+/− 5%; Exp. 13, 50
+/− 9%; Exp. 14, 41+/− 5%; Exp. 15, 50+/− 13%; Exp. 16, 59+/− 7%.
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FIG. 5. Responses of adultT. bisselliellato test stimuli (Table 2) in binary choice arena
bioassays (experiments 17–24) or ternary choice arena bioassays (experiments 25–26).
For each of experiments 17–24, asterisks indicate a significant preference for a particu-
lar treatment [Wilcoxon paired-sample test (P < 0.05)]. For experiments 25 and 26, bars
with different letters are significantly different [Kruskal Wallis test with Tukey type non-
parametric multiple comparison (P< 0.05)]. Non-responders in experiments as follows:
Exp. 17, 41+/− 3%; Exp. 18, 27+/− 8%; Exp. 19, 49+/− 10%; Exp. 20, 52+/− 6%;
Exp. 21, 54+/− 5%; Exp. 22, 39+/− 6%; Exp. 23, 58+/− 4%; Exp. 24, 27+/− 5%;
Exp. 25, 17+/− 3%; Exp. 26, 12+/− 3%.

due to increased quantities of semiochemicals, because GC-MS analyses failed to
reveal any qualitative differences between these two sources of semiochemicals.
Because Porapak Q-captured volatile extracts are void of fatty acids and are well
suited for chromatographic analyses, they will be used to determine the identity
of the semiochemicals that mediate attraction of male and female WCM to larval
habitat.
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(Hummel), by sex pheromone.Anz Scḧadlingskunde Pflanzenschutz Umweltschutz69:119–121.

VANLAERHOVEN, S. L., and ANDERSON. G. S. 1999. Insect succession on buried carrion in two bio-
geoclimatic zones of British Columbia.J. Foren. Sci. 44:32–43.

WOODROFFE, G. E. 1953. An ecological study of the insects and mites in the nests of certain birds in
Britain. Bull. Entomol. Res. 44:739–772.

ZAR, J. H. 1984. Biostatistical Analysis. Prentice-Hall, Englewood Cliffs: New Jersey.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-341393 June 14, 2001 0:41 Style file version Nov. 19th, 1999

Journal of Chemical Ecology, Vol. 27, No. 8, 2001

COMMUNICATION ECOLOGY OF WEBBING CLOTHES
MOTH: 2. IDENTIFICATION OF SEMIOCHEMICALS
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Abstract—Our objective was to identify the semiochemicals that mediate
attraction of the webbing clothes moth (WCM),Tineola bisselliella(Lepi-
doptera: Tineidae), to suitable larval habitat. Coupled gas chromatographic-
electroantennographic detection (GC-EAD) analyses of Porapak Q-captured
bioactive volatiles from horseshoe crab, and dried but untanned vertebrate pelts
revealed numerous EAD-active volatiles. These volatiles were identified by com-
parative GC-mass spectrometry and GC-EAD analyses of natural and synthetic
compounds. A blend of 28 synthetic candidate semiochemicals attracted both
male and female WCM. Experiments deleting various components determined
that saturated aldehydes—but not unsaturated aldehydes, saturated hydrocar-
bons, saturated alcohols, or ketones—were essential for blend attractiveness.
A blend of nonanal, the single most attractive aldehyde, in combination with
geranylacetone was more attractive to WCM than the 28-component blend or
dried, untanned animal pelt. Selection of larval habitat resides more with male
than female WCM, as indicated by stronger EAD responses from male than fe-
male antennae to habitat-derived semiochemicals, and more selective and early
response to habitat cues by males than females. Exploitation of nonanal and
geranylacetone as resource-derived semiochemicals by both adult WCM and its
larval parasitoid,Apanteles carpatus,is an example of convergent semiochem-
ical parsimony.

Key Words—Tineola bisselliella, Lepidoptera, Tineidae, semiochemicals,
larval-habitat location, host-habitat location, nonanal, geranylacetone, coupled
gas chromatographic-electroantennographic detection, GC-EAD.
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INTRODUCTION

Insects use short- and long-range, habitat-derived semiochemicals to locate larval
or host habitat. Most such semiochemicals have been identified for phytophagous,
predatory or parasitic insects (e.g., Borden, 1982; Vet, 1983; Lindroth et al., 1988;
Lin and Phelan, 1991; Nottingham et al., 1991; Leal et al., 1994; Byers, 1995;
Takács et al., 1997; Macias-Samano, 1998; DeLury et al., 1999). Very few have
been determined for scavenging and detritus-feeding insects like the webbing
clothes moth (WCM),Tineola bisselliella(Hum.) (Lepidoptera: Tineidae) (e.g.,
Wilson, 1940, Kan and Waku 1985; Detmers et al., 1992; Gerard et al., 1993;
Tranyier et al., 1994). Long-range attraction (Kennedy, 1974) of WCM to larval
habitat has been demonstrated (Tak´acs et al., 2001). We report identification of the
semiochemicals that mediate this attraction.

METHODS AND MATERIALS

Capture and Analyses of Habitat-derived Semiochemicals. Dried but un-
tanned pelt (150 cm2) of various vertebrates or dry, formaldehyde-preserved horse-
shoe crab,Limulus polyphemus, (Table 1) as potential larval habitat were aerated for
one week in a cylindrical PyrexTM glass chamber or extracted with dichloromethane
(Cl2CH2) (Takács et al., 2001). Five pelt-min of volatile collection equalled 2µl
of volatile extract. Aliquots (1µl) of Porapak Q-captured volatiles or Cl2CH2

extracts were analyzed by coupled gas chromatographic-electroantennographic
detection (GC-EAD) (Arn et al., 1975), employing a Hewlett Packard (HP) 5890A
gas chromatograph equipped with a fused silica column (30 m× 0.25 or 0.32 mm
ID) coated with DB-5, DB-210, or DB-23 (J & W Scientific, Folsom, CA). Full
scan electron impact (EI) mass spectra of EAD-active compounds were obtained
by coupled GC-mass spectrometry (MS), using a Varian Saturn II Ion Trap GC-
MS and a HP 5985B GC-MS, respectively, each fitted with the DB-210 or DB-5
column referred to above.

Experimental Insects and Arena Bioassay Experiments. Wild WCM adults
were collected and reared for bioassays as previously described (Tak´acs et al.,
2001). Tactic responses of WCM to test stimuli were assessed in a closed
PlexiglasTM arena (Tak´acs et al., 2001). Twenty-five male or 25 female moths
per replicate were released from a Petri dish in the center of the arena after a
30-min acclimatization period. After 12 hr, moths captured on the sticky disks
associated with test stimuli were recorded as responders; all other moths were re-
moved and classed as non-responders. Numbers of captured moths were analysed
by the Wilcoxon’s paired sample test (α = 0.05) (Zar, 1984).

Treatments and test insects for 23 experiments are documented in Table 2. Ex-
periments 1 and 2 tested captured volatiles from pelts of red squirrel,Tamiasciurus
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hudsonicus, for attractiveness. Experiments 3–6 compared attractiveness of a com-
plex blend of synthetic candidate semiochemicals (Table 1) with that of a solvent
control (experiments 3, 4) or red squirrel pelt volatiles (experiments 5, 6). To de-
termine essential semiochemicals, experiments 7–15 tested the complex synthetic
blend versus blends lacking certain classes of organic chemicals (Byers, 1992).
An attractive but less complex blend plus geranylacetone–the latter identified after
completion of preceding experiments—was then tested versus the complex blend
(experiment 16). Taking results of experiments 7–16 into account, experiments
17–21 tested various blends of (mainly) aldehydic candidates. Experiments 22
and 23 tested a 2-component synthetic blend (nonanal plus geranylacetone) ver-
sus an attractive natural pelt. In experiments 22 and 23, captures of moths in bait
stations were recorded hourly for 12 hr and once again after 24 hours.

Capture and Quantitative Comparison of Natural and Synthetic Kairomones.
In experiment 24, volatiles from the following sources (4 replicates) were captured
for 24 hr on Porapak Q: 1) muskrat pelt as used in experiments 22 and 23; 2)
filter paper impregnated with equivalent amounts of synthetic chemicals tested in
experiments 22 and 23; and 3) filter paper. Aeration and extraction procedures were
as described above. Aliquots of 1.5 pelt-min equivalents of Porapak Q-captured
volatiles, with piperitone added as an internal standard, were subjected to GC
analysis, employing a Hewlett Packard (HP) 5890A GC equipped with a fused
silica column (30 m× 0.25 mm ID) coated with DB-5 (J & W Scientific). Mean
proportions of nonanal and geranylacetone relative to the internal standard were
compared with the Kruskal Wallis test (α = 0.05) followed by a Tukey-type non-
parametric test (α = 0.05) (Zar, 1984).

RESULTS

GC-EAD analyses of volatiles from horseshoe crab and dried but untanned
animal pelts including red squirrel, muskrat (Ondatra zibethica), beaver (Castor
canadensis), coyote (Canis latrans), mink (Mustela vison), red fox (Vulpes fulva),
and bobcat (Lynx rufus) revealed 32 EAD-active volatiles (Figures 1, 2; Table 1).
Responses from male antennae were consistently stronger than those from female
antennae (Figures 1, 2). Chemical structures were assigned to EAD-active com-
pounds based on their comparable retention indices, EI mass spectra, and EAD
activity with synthetic compounds.

Volatiles from red squirrel pelts and a blend of 28 synthetic candidate semio-
chemicals (SB1; Table 1) were highly and equally attractive to both sexes
(Figure 3; experiments 1–6). Responses by females did not significantly differ
between the complex blend (SB1) and blends lacking either unsaturated aldehy-
des (SB2), hydrocarbons (SB3), or alcohols (SB4), but males consistently preferred
certain incomplete blends over SB1 (Figure 4; experiments 7–12). Both males and
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TABLE 2. SUMMARY OF EXPERIMENTSINVOLVING WEBBING CLOTHESMOTHS

(T. bisselliella), AND STIMULI TESTED INARENA BIOASSAY EXPERIMENTS1–23. TEN

REPLICATESWERETESTED FOREACH EXPERIMENT

Experimental insects Experimental treatmentsa,b

Exp. Sex Mating status Treatment 1 Treatment 2

1 Female Mated Volatiles of squirrel pelt Pentane
2 Male Unknown Volatiles of squirrel pelt Pentane
3 Female Mated SB1 Hexane
4 Male Unknown SB1 Hexane
5 Female Mated SB1 Volatiles of squirrel pelt
6 Male Unknown SB1 Volatiles of squirrel pelt
7 Female Mated SB1 SB2
8 Male Unknown SB1 SB2
9 Female Mated SB1 SB3

10 Male Unknown SB1 SB3
11 Female Mated SB1 SB4
12 Male Unknown SB1 SB4
13 Female Mated SB1 SB5
14 Male Unknown SB1 SB5
15 Male Unknown SB1 SB6
16 Male Unknown SB1 SB7
17 Male Unknown SB8 SB9
18 Male Unknown SB7 SB10
19 Male Unknown SB7 SB11
20 Male Unknown SB11 SB12
21 Male Unknown SB13 SB6
22 Female Mated SB14 Muskrat pelt
23 Male Unknown SB14 Muskrat pelt

aFor experiments with solvent controls, both treatments received the same amount of solvent ranging
from 15–25µl. For experiments 1, 2, 5, and 6, 75 pelt-min of Porapak Q captured volatiles from pelts
of red squirrel were tested. In experiments 22 and 23, untanned muskrat pelt was 150 cm2 in size.

bChemical composition of synthetic blends as in Table 1.

females were more strongly attracted to SB1 than to a blend lacking all saturated
aldehydes (SB5) (Figure 4; experiments 13, 14), and males were equally attracted
to SB1 and to a blend of saturated aldehydes (SB6) (Figure 4; experiment 15). How-
ever, males preferred a blend of saturated aldehydes plus geranylacetone (SB7)
over SB1 (Figure 4; experiment 16) and a blend of C8 to C14 aldehydes (SB8)
over a blend of C14–C18 aldehydes (SB9) (Figure 5; experiment 17). Males also
preferred nonanal at high dose (SB10) over a blend of aldehydes including nonanal
(SB6) (Figure 5; experiment 18). Nonanal at low dose (SB11) was as attractive as
the blend of nonanal plus higher homologues (SB6) or nonanal plus lower homo-
logues (SB12) (Figure 5; experiments 19, 20). Finally, males preferred nonanal
plus geranylacetone (SB13) over unsaturated aldehydes including nonanal (SB6)
(Figure 5; experiment 21).
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FIG. 1. Representative flame ionization detector (FID) and electroantennographic detector
(EAD: or T. bisselliellaantenna) responses to aliquots of 2.5 pelt-min equivalents of
Porapak Q-collected volatiles from five museum specimens of horseshoe crab. Chromatog-
raphy: Hewlett Packard 5890A equipped with DB-5 coated column; linear flow velocity
of carrier gas: 35 cm/sec; injector and FID detector temperature: 240◦C; temperature pro-
gram: 1 min at 50◦C, 20◦C/min to 70◦C then 7.5◦C/min to 280◦C. Numbers above FID
peaks correspond to identified components in Table 1.

FIG. 2. Representative flame ionization detector (FID) and electroantennographic detector
(EAD: or T. bisselliellaantenna) responses to aliquots of 2.5 pelt-min equivalents
of Porapak Q-collected volatiles from red squirrel pelt. Chromatography as in Figure 1.
Numbers above FID peaks correspond to compounds in Table 1.
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FIG. 3. Responses of adultT. bisselliellato test stimuli (Table 1) in binary choice arena
bioassay experiments 1–6. For each experiment, asterisks indicate a significant preference
for a particular treatment [Wilcoxon paired-sample test (P < 0.05)]. Nonresponders as
follows: Exp. 1, 54+/− 5%; Exp. 2, 39+/− 6%; Exp. 3, 52+/− 7%; Exp. 4, 42+/−
8%; Exp. 5, 38+/− 7%; Exp. 6, 33+/− 5%.

Both females and males were more strongly attracted to the 2-component
semiochemical blend of nonanal plus geranylacetone (SB14) than to natural
muskrat pelt (Figure 5; experiments 22, 23). Males responded to test stimuli sig-
nificantly earlier than did females (Figure 6).

When synthetic nonanal and geranylacetone released from filter paper, or
natural nonanal and geranylacetone emanating from muskrat pelt, were captured
on Porapak Q and quantified, amounts of nonanal were similar but more geranyl
acetone was found emanating from muskrat pelt (Figure 7). This indicates that
in experiments 22 and 23 nonanal and geranylacetone were released at quantities
equivalent to, or less than those emanating from muskrat pelt, and that superior
attractiveness of the synthetic blend was due to blend quality.

DISCUSSION

Our analyses show that nonanal and geranylacetone are key semiochemi-
cals that mediate attraction of male and female WCM to larval habitat. The equal
response of adult WCM to red squirrel pelt volatiles and a blend of 28 synthetic can-
didate semiochemicals (SB1) at equivalent quantities (Figure 3; experiments 5, 6),
indicates that essential semiochemicals were present in SB1. Testing SB1 ver-
sus blends lacking unsaturated aldehydes (SB2), saturated hydrocarbons (SB3),
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FIG. 4. Responses of adultTineola bisselliellato test stimuli (Table 2) in binary choice arena
bioassay experiments 7–16. For each experiment, asterisks indicate a significant preference
for a particular treatment [Wilcoxon paired-sample test (P < 0.05)]. Non-responders as
follows: Exp. 7, 52+/− 6%; Exp. 8, 21+/− 3%; Exp. 9, 52+/− 8%; Exp. 10, 18+/−
2%; Exp. 11, 58+/− 9%; Exp. 12, 34+/− 6%; Exp. 13, 26+/− 8%; Exp. 14, 40+/−
5%; Exp. 15, 42+/− 8%; Exp. 16, 48+/− 5%.

saturated alcohols (SB4), or saturated aldehydes (SB5) revealed that blend at-
tractiveness required the presence of saturated aldehydes (Figure 4; experiments
7–14). The single most attractive aldehyde (nonanal) and attractiveness-enhancing
geranylacetone were determined in bioassays with only males (Figure 4, experi-
ments 15, 16; Figure 5, experiments 17–21), because males were generally more
responsive and discriminating than females (Figure 4; experiments 7–14).

The prediction by a simulation model (Tak´acs, unpublished data) that selec-
tion of larval habitat resides more with male than female WCM is supported by
long-range attraction of males to larval habitat (Tak´acs et al., 2001), and by our
findings that: 1) habitat-derived stimuli elicited stronger responses by male than
female antennae (Figures 1, 2); 2) males responded more selectively to habitat
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FIG. 5. Responses of adultT. bisselliellato test stimuli (Table 2) in binary choice arena
bioassay experiments 17–23. For each experiment, asterisks indicate a significant preference
for a particular treatment [Wilcoxon paired-sample test (P < 0.05)]. Non-responders as
follows: Exp. 17, 37+/− 5%; Exp. 18, 35+/− 7%; Exp. 19, 50+/− 6%; Exp. 20, 26
+/− 4%; Exp. 21, 41+/− 7%; Exp. 22, 14+/− 4%; Exp. 23, 13+/− 5%.

cues (Figure 4, experiments 7–12); and 3) that males sought larval habitat earlier
in the scotophase than females (Figure 6; experiments 22, 23). Habitat selection
by males could enhance their potential mating success. It may place them at or
near resources essential for resource-seeking females (Emlen and Oring, 1977).

The identification of nonanal and geranylacetone as key semiochemicals for
both adult WCM (this study) and its larval parasitoid,Apanteles carpatus(Takács
et al., 1997), provides an example of convergent semiochemical parsimony (Blum,
1996). Nonanal and geranylacetone obviously emanate from natural resources like
dry carrion or untanned animal pelt in quantities (Figure 7) sufficient to serve both
WCM andA. carpatusas habitat-derived cues.

Progressive colonization of temporary microhabitat by scatophagous and
necrophagous insects seems to be associated with progressive changes in the
composition of habitat-derived odorants (Bornemissza, 1957; Reed, 1958; Parker,
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FIG. 6. Cumulative captures of adultT. bisselliellain binary choice arena bioassay exper-
iments 22 and 23 on traps baited with a synthetic blend of nonanal plus geranylacetone
(SB14, Table 1) or with dry, untanned muskrat pelt (150 cm2). Experimental replicates
commenced at the onset of the scotophase.

1970; Stafford, 1971; Rodriguez and Bass, 1983; Early and Goff, 1986; Anderson
and VanLaerhoven, 1996; Tak´acs et al., 1997; VanLaerhoven and Anderson, 1999).
We hypothesize that respective odorants are characterized, in part, by their oxida-
tive state, and that aldehydes predominate in the final dry stage of carrion. If true,
female WCM may utilize the relative proportion of alcohols and aldehydes to
assess suitability of larval habitat. Antennal response (Figures 1, 2) to, and behav-
ioral deterrence by alcohols (Figure 4; experiments 11, 12) suggest that alcohols
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FIG. 7. Relative quantities of Porapak Q-captured synthetic and natural nonanal and ger-
anylacetone disseminating from filter paper or muskrat pelt (150 cm2). For each chemical,
bars with different letters are significantly different [Kruskal Wallis test with Tukey-type
non-parametric multiple comparison (P< 0.05)]. Note: Filter paper was provisioned with
the equivalent amount of nonanal and geranylacetone that emanated from natural pelt during
24 hr of aeration in preceding studies.

signal sub-optimal larval habitat. Olfactory recognition of semiochemicals both
from sub-optimal and optimal larval habitat by WCM may represent a fail-safe
mechanism to select the microhabitat most suitable for larval development. Alter-
natively, a sub-optimal habitat at the time of oviposition may become optimal as
the larvae develop.
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Abstract—Males of the European pine sawfly,Neodiprion sertiferGeoffr.,
were marked and released downwind from pheromone traps, baited with
100µg of the sex pheromone (2S,3S,7S)-3,7-dimethyl-2-pentadecyl acetate.
Males were released 5 m downwind from one trap, or downwind from five traps,
50 m or 200 m away. The average capture rates after 24 hr were 21.5%, 17.7%
and 3.8%, respectively. The capture rate was highest at moderate wind speeds
(1–2 m/sec) in the 50 m experiments, whereas it decreased above wind speeds
of 1.5 m/sec in the 200 m experiments. With no precipitation and>13.5◦C dur-
ing overcast, wind speed is presumably the most important climatic factor for
N. sertifermales flying upwind to a pheromone source. Travel time, the elapsed
time form take-off to landing on the trap, varied considerably, and the shortest
recorded travel times were 1, 6 and 45 min for the 5, 50, and 200 m experiments,
respectively. The trap efficiencyi.e., number of captured males per number of
males that landed on the trap, was estimated at 52% in the 5 m experiments. The
sampling range after 24 hr was calculated at approximately 400 m by regression
analysis. The combination of the males’ flight ability during upwind progress
and their longevity (12 days), suggests a potentially large seasonal sampling
range of the traps used in this study.

Key Words—Diprionidae, Hymenoptera, sampling range, mark-release-capture.
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INTRODUCTION

Traps baited with species-specific pheromones are becoming common tools for
monitoring insect pests, but the correspondence between catches and damage is
often poor (Trumble, 1996; Lyytik¨ainen-Saarenmaa et al., 1999), partly because
of an unknown sampling range of the trap. The sampling range is the maximum
range from which insects can be shown to reach an attractive (odorant) source
within a given time period (Wall and Perry, 1987). Another definition used for
describing the action range of a pheromone trap is attraction range, the maximum
distance over which insects can be shown to direct their movement to a source
(Wall and Perry, 1987). The sampling range will increase with time until it levels
off, whereas the attraction range is constant.

By performing well designed mark-release-capture experiments, one can de-
termine how many insects are captured from different distances within a given
time, and how fast the insects reach a trap. The influence of weather on trap catch
can also be determined. Studies of this kind are rare, but should be useful when
designing a monitoring program.

The European pine sawfly,Neodiprion sertifer Geoffr. (Hymenoptera:
Diprionidae), is one of the most harmful defoliators of pines in Europe (Austar˚a
et al., 1987; Day and Leather, 1997). Many pine sawflies use sex pheromones for
mate attraction (e.g.,Anderbrant,1999).On average,oneN. sertiferfemale contains
ca. 10 ng of the sex pheromone precursor, (2S,3S,7S)-3,7-dimethyl-2-pentadecanol
(diprionol) (Wassgren et al., 1992). Males respond to the female-released phero-
mone (either acetate or propionate of the alcohol), both in electrophysiological
recordings (Hansson et al., 1991) and in field trapping (Anderbrant et al., 1992a).

Östrand et al., 2000 showed thatN. sertiferresponded to synthetic pheromone
200 m away in the field; males directed their behavior, and also took off faster when
stimulated by pheromone. Here, we report the capture rates ofN. sertifermales
released at various distances from pheromone traps, how weather affects capture
rates, travel times of males flying upwind to a pheromone source, and the behavior
of males landing on the pheromone trap.

METHODS AND MATERIAL

Study Site and Local Pine Sawfly Population.The study was performed in
August and September, from 1996 to 1998, 35 km east of Lund, southernmost
Sweden. To reduce the influence of native females, the experiments were carried out
in a 210× 210 m plot inside a 28 ha plantation of 2 to 3 m tall birch,Betula pendula
Roth., bordered on the north and west by plantations of Scots pine,Pinus sylvestris
L., 15 to 20 m tall. Small plots of larch,Larix deciduaMill., approximately 0.8 m
tall, were present within the birch plantation.
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To monitor the local population ofN. sertifer, four Lund-I sticky traps
(Anderbrant et al., 1989) were hung in a square, approximately 350 m from each
corner of the experimental plot. Traps were baited with 100µg of the attractive iso-
mer, (2S,3S,7S)- 3,7-dimethyl-2-pentadecyl acetate (99% stereochemically pure),
prepared at the Mid Sweden University (H¨ogberg et al., 1990; Anderbrant et al.,
1992a), and released from a cotton roll, Celluron©R No. 2 (Paul Hartmann, S.A.,
France). Monitoring began at the end of July in 1996 and 1997, and baits were
renewed every fortnight.

Insects. Neodiprion sertiferlarvae were collected in June 1996 and 1997 near
Valdemarsvik,Östergötland, Sweden, and in 1998, outside Filipstad, V¨armland,
Sweden. The larvae were reared in cardboard boxes, standing outdoors in a sun-
and rain-protected area, and given water daily and pine twigs when needed. After
having spun cocoons, males to be used in the experiments were separated from
females.

During the first three release experiments in 1996, males were not marked
because the four monitoring traps caught very few wild males. As the catches of
wild N. sertifermales increased, we marked the males before release by painting
a dot on the pronotum with a white instant marker (Edding 780, extra fine). In
1997, we also used silver and gold (PILOT, SC, extra fine). In 1998, the pronotum
was divided into four fields. By painting one to three dots of seven different water-
based and water-resistant colors, there were enough combinations for releasing
individually marked males.

Males emerged indoors and, after marking, they were kept individually for
≤4 days at 4–8◦C in plastic test tubes (i.d. 9.5 mm, 55 mm long) containing a
piece of soft moistened paper and capped with perforated corks to allow for air
exchange. On experimental days, males were kept in a cooling bag until release.

Longevity Study.The longevity of marked and unmarked males was deter-
mined in 1998. After emergence, the males were placed individually in plastic
jars, 5× 5 × 7 cm high, each containing a fresh pine shoot wrapped in moist-
ened paper. The jars were put in plastic boxes, 22× 30 × 12 cm, placed on
wooden boards lying on the ground in the experimental plot. The plastic boxes
were covered with a rain shelter. Two series each of 15 marked and 15 unmarked
males were run, and the results were pooled. Living males were counted each day
until all had died. The temperature inside the boxes was recorded throughout the
study.

Experimental Design.Males were released 50 or 200 m downwind of five
Lund-II pheromone traps (Anderbrant et al., 1989) (intertrap distance 25 m), or
5 m downwind of one trap (̈Ostrand et al., 2000). At 50 m and 200 m, we used five
traps to minimize the effect of shifts in wind direction. The traps were placed about
1.7 m above ground. New baits (100µg) were used in each experiment; each bait
released approximately 45µg of the pheromone during the first day (calculated
from Anderbrant et al., 1992b).
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Males were released individually from open test tubes. In the first two ex-
periments in 1996, up to 100 tubes were placed vertically in a test tube rack
(33× 12× 6 cm) resting on a cardboard platform and attached to a wooden pole
(ca. 1.7 m above ground). In the following experiments, the test tubes containing
the males were opened and stacked horizontally in a plastic jar (i.d. 11 cm, 13 cm
height) covered on the outside with black opaque plastic. Five holes (5 mm) were
drilled in the lid around which a white cardboard platform (35× 35 cm) was
attached. After leaving the test tubes, the males moved towards the light coming
through the holes in the lid. If>40 males were released, the test tubes were divided
into two jars attached to one platform each and placed ca. 0.5 m from each other.

To avoid interference, pheromone sources were removed from the four mon-
itoring traps before the experiments started. The prevailing wind direction was
determined with a wind vane at 9 m above ground, and the platforms and the traps
were re-positioned every experimental day so that males always were released
downwind of the trap(s).

One or two observers stood behind the platforms and recorded which males
took off. Another observer recorded incoming males in the traps. In the 5 m
experiments, one person stood upwind of the trap and recorded the behavior of
males landing on the trap. To allow behavioral observation of males as they entered
these traps in 1997 (seëOstrand et al., 2000), we used a sticky bottom with glue
only in a central 4× 4 cm square (below the dispenser). Males were observed until
they took off again or became stuck on the glue. After 3–4 hr, we exchanged the
bottom for one with glue on the entire surface during the remaining hours of the
experiment. In 1998, we only used the regular bottoms fully coated with glue. Data
from 1997 and 1998 on landing and take-off were coupled with observations in
1998 on trap efficiency to create a flow chart describing the sequence of behaviors
during orientation and capture. Capture rates were based on the number of males
that had left the take-off platform within 24 hr.

Because males seldom flew straight from the platform to the trap, and gusty
wind transported them out of sight of the observer, it was impossible to measure
the ground speed of orienting males. Instead, we calculated the elapsed time from
take-off to landing= travel time. The exact time for landing could not be recorded
when patrolling the five traps in the 50 m and 200 m experiments, and instead
we present a range. The median of such ranges was used for statistical analysis of
travel time. For instance the median travel time of a male reaching the trap within
6–9 min was 7.5 min.

Weather Recording.An automatic weather station was placed in the ex-
perimental plot. Air temperature and relative humidity were recorded at 2 m
above ground with copper-constantan thermocouples with a 0.5 mm diameter
and Hygromer©R (Rotronic Bassersdorf, Switzerland), respectively. Incoming short
wave radiation (335–2000 nm, Wm−2) was measured 2 m above ground (Kipp
and Zonen, Delft, The Netherlands). Wind speed and direction were recorded at
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2 m and 9 m above ground with cup-wheel anemometers and wind vanes (R. M.
Young, Traverse City, Michigan). Mostly, the sensors were scanned every 30 sec,
and the data were stored as 30 min averages in a CR10 micro logger (Campbell
Scientific, Logan, Utah). During the 5 m experiments and all experiments in 1998,
the scanning interval was 2 sec, and averages were stored every second min.

In 1998, wind speed and direction, together with temperature, were record-
ed only at 2 m above ground. A copper-constantan thermocouple was used for
recording the temperature in the plastic boxes during the longevity study. Wind
speed recorded 2 m above ground was used in the capture-wind speed regression
analysis.

Statistical Tests.The proportions of males of different age taking flight were
compared with aG-test, and the longevity of marked and unmarked males was
compared with Student’st-test (Sokal and Rohlf, 1995). Polynomial (second or-
der) or linear regression analyses were used for evaluating the relationship between
capture-wind speed (with and without temperature included), and capture-distance.
Total capture rates were used in the statistical evaluations, except in the capture-
distance regression, where captures were expressed per trap. Before regression
analysis, the capture rates and distance were arcsin

√
(proportion capture) and

log transformed, respectively. The maximum sampling ranges were obtained by
calculating the x-intercept at y= 0 for each of the three sampling times 1, 2.5, and
24 hr (Schlyter, 1992), and confidence intervals following Sokal and Rohlf,
1995.

RESULTS

Of 1961 males released on 28 days, 82.7% took off (range 62.1–96.6%)
(Table 1). Take-off percentage was positively correlated with mean temperature
during the first 3–5 hr of the experiments (r 2 = 0.217,P = 0.01,N = 28). The
total catch in the two outermost traps in the 200 m experiments was higher than in
the two innermost or the central trap, from left to right 7, 2, 5, 2, 7, whereas it was
the opposite in the 50 m experiments: 13, 20, 28, 18, 7. From the release point,
the angle of separation for the outermost traps was 64◦ and 32◦ in the 50 m and
200 m experiments, respectively.

Capture Rates.The capture rates after 24 hr in the 5, 50, and 200 m experi-
ments were on average 21.5, 17.7, and 3.8%, respectively (Table 1). Captures varied
with wind speed at all three distances. In the 50 m experiments, the recaptures
were the highest at intermediate wind speeds, 1-2 m/s (Figure 1B). In the 200 m
experiments, the captures decreased at wind speeds above 1.5 m/s (Figure 1C). In
the 5 m experiment, which made use of only one trap, there was no significant
relationship (P > 0.2 for linear and polynomial regressions) between capture and
wind speed (Figure 1A). The recorded temperature varied from 13.4–25.4◦C. In
one instance, no males were captured when the temperature was low and the
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TABLE 1. NUMBER OFN. sertiferMALES THAT WERERELEASED, TOOK

OFF AND WERECAPTUREDAFTER24 HR. MEAN VALUES OF

TEMPERATURE ANDWIND SPEED(2 M ABOVE GROUND) CALCULATED

FROM 30 MIN AVERAGESDURING THE TIME THE TRAPS WERE UNDER

OBSERVATION (TYPICALLY 3–5H). BOLD FIGURES= MEAN ± SD

No. Take-off Recapt Temp Wind speed
Date released (%) % (N) (◦C) (m/s)

5 m
6 Sep. 97 36 72.2 11.5 (3)a 19.0 2.7

17 Sep. 97 87 94.3 11.0 (9) 17.5 4.0
24 Sep. 97 87 90.8 50.6 (40) 16.0 2.3
26 Sep. 97 87 62.1 11.1 (6) 15.6 1.4
29 Sep. 97 59 96.6 28.1 (16) 17.7 2.0
30 Sep. 97 52 88.5 13.0 (6) 16.2 3.7
7 Sep. 98 63 90.5 19.3 (11) 19.2 1.2

10 Sep. 98 45 88.9 17.5 (7) 19.6 2.6
21.5± 14.1b

50 m
14 Aug. 96 40 80.0 37.5 (12)c 19.6 1.4
20 Aug. 96 53 96.2 27.5 (14)c 25.4 1.8
25 Sep. 96 68 69.1 2.1 (1) 13.4 1.7
20 Sep. 97 84 71.4 26.7 (16) 14.0 2.0
28 Sep. 97 77 80.5 25.8 (16) 17.2 0.9
19 Aug. 98 50 88.0 13.6 (6) 16.8 3.0
20 Aug. 98 71 88.7 6.3 (4) 19.8 2.7
25 Aug. 98 52 78.8 9.8 (4) 16.8 3.0
30 Aug. 98 85 83.5 8.5 (6) 18.0 0.5
8 Sep. 98 84 92.9 20.5 (16) 21.2 2.1

17.7± 11.6
200 m

17 Aug. 96 69 92.8 4.7 (3)c 23.9 0.6
3 Sep. 96 71 78.9 7.1 (4) 19.3 1.0
6 Sep. 96 79 75.9 0 15.1 1.7

14 Sep. 96 82 68.3 8.9 (5) 14.6 0.7
17 Sep. 96 86 84.9 0 13.9 2.4
19 Sep. 96 65 93.8 6.6 (4) 14.3 1.4
18 Sep. 97 63 88.9 1.8 (1) 14.6 3.1
27 Aug. 98 84 76.2 3.1 (2) 16.2 1.5
1 Sep. 98 98 71.4 2.9 (2) 17.5 1.2
2 Sep. 98 84 77.4 3.1 (2) 16.4 1.3

3.8± 3.0

aCapture figure after 2.5 hr.
bExcluding 6 Sep 97.
cUnmarked males released.
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FIG. 1. Capture of maleN. sertiferat different wind speeds when released at different
distances from traps. Wind speed calculated from 30 min averages in the 50 and 200 m
experiments, and 2 min averages in the 5 m experiments, except for the data on 24 Sept
97 when only 30 min averages were available. A. No significant relation. B. Encircled
point is from 25 Sep 1996, when both temperature and incoming short wave radiation were
low: 13.4◦C and 172 W/m2, respectively. Excluding this date, the data fit the bell-shaped
function, y=−10.8+ 48.1 x−13.9 x2. C. y= 14.3− 2.5 x.

weather was cloudy (Table 1, Figure 1B). Otherwise, there was no relationship
between capture and temperature, and the capture-wind speed regressions did not
improve when temperature data were included.

Four and eight late-coming males were captured after the initial 24 hr of
sampling in 1997 and 1998, respectively. Nine of these males were captured ap-
proximately 48 hr after release, and the remaining three males after 72 hr. Eight
of these males were two days old, and one was five days old when captured.

Sampling Range.At all three distances, most males were recaptured within
the first 3 hr of sampling (Figure 2). The calculated maximal distances at which
a trap can be expected to catch males after 1, 2.5, and 24 hr of sampling were
190 m (95% confidence interval, 70–630 m), 290 m (C.I. 90–1250), and 396 m
(C.I. 140–1600), respectively (Figure 2).
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FIG. 2. Relationship between distance from pheromone traps and travel times of males
caught in 1998 during the first 3 hr in the 5 m (N = 12), 50 m (N = 16), and 200 m
(N = 5) experiments, respectively (black dots). Also shown (in parenthesis) are additional
catches after 4 hr (not recorded in 5 m exp.) and 24 hr. Calculated maximal sampling
distances (i.e., the expected sampling ranges of traps), with 95% confidence intervals, after
1 hr, 2.5 hr, and 24 hr of sampling are shown as open circles. The dashed line illustrates the
theoretical relationship between time and sampling range.

Travel Time.When considering the distance, the time elapsed from take-
off to landing was comparable for the fastest males at each of the three distances
(Table 2); it took the sawflies 1 min or more to reach the trap in the 5 m experiment.
Increasing the distance by a factor of 10 or 40, the shortest travel times increased
to 6–10 min or 40–50 min, respectively (Table 2).

Males in the 50 m experiment in 1998 tended to reach the traps faster with
increasing wind speed,r 2= 0.404,P= 0.065,N = 9 (1 day old males with travel
time≤45 min, wind speed calculated from 2 min averages). Occasionally males
landed in birch trees before reaching a trap, resulting in longer travel time.

Longevity and Effects of Age.Marked and unmarkedN. sertifermales lived
11.4± 4.3, and 12.3± 5.2 days (mean±SD), respectively,t(58)= 0.73,P> 0.05,
with a range of 2–25 days. The mean recorded temperature during the experiment
was 13.6± 4.0◦C, range 4.0–25.3◦C, N = 1344, based on 30-min averages from
28 days.

Fewer males took off as age increased from 0 days (released the day they
emerged) to 2 days;G= 7.3,P< 0.05,N = 594 in 1997, andG= 8.2,P< 0.05,
N = 639 in 1998. There were no trends in the capture of males of different ages.
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TABLE 2. TRAVEL TIMES (RANGES) FOR THEFIVE FASTESTMALES AT EACH OF THE

THREEDISTANCES IN1998. IN THE 200M EXPERIMENTS, THE TRAVEL TIMES FOR ALL

CAPTUREDMALES THAT COULD BE IDENTIFIED ARE PRESENTED. THE AVERAGE WIND

SPEED(RECORDED AT2 M ABOVE GROUND) DURING EACH FLIGHT IS SHOWN

TOGETHER WITH THEMALE’S AGE. ZERODAY OLD MALES EMERGED ON THESAME

DAY THEY WERERELEASED

5 m 50 m 200 m

Travel Wind Travel Wind Travel Wind
time speed Age time speed Age time speed Age
(min) (m/s) (days) (min) (m/s) (days) (min) (m/s) (days)

0.8–3.0 0.8 0 ≤6 3.2 1 39–50 1.3 1
1.4–3.0 1.3 4 ≤7 3.2 1 44–62 1.7 1
1.0–3.0 2.5 0 9–17 1.8 0 51–68 1.9 0
1.7 1.1 0 9–19 1.9 0 139–170 1.3 1
3.1 1.2 0 ≤17 2.8 1 194–205 1.2 1

In one of the 5 m experiments in 1998, 15.4 % of males aged 0 days were
captured after 24 hr, and 19.4% of males aged 4 days were captured,G = 0.2,
P > 0.05,N = 57. However, travel time to land on or in the trap for males aged
0 days was 10.2± 17.0 min (N = 10) faster,t(16)= 2.57,P < 0.05, than the time
of 42.7± 35.4 min (N = 8) for males aged 4 days.

Observations at the Trap.Most males took off into the wind and then flew in
broad lateral turns of several meters in amplitude (side to side). When approaching
a trap, males tended to fly straighter with lateral turns of a few decimeters. The
flow scheme in Figure 3 shows the sequence of behaviors by males attracted to a
trap based on observations at the traps and some assumptions. In the first 2.5 hr
in the 5 m exp. in1998, 52.2% of 23 males that landed on the trap were captured.
In the first 2.5 hr in the 5 m exp. in1997 and 1998, 87% (62/71) of 130 males
landing on the roof took off again. In these experiments, one male visited a trap
five times without getting caught. Of the males that landed elsewhere than on the
sticky bottom of the trap, we assumed that the proportion captured later on the
sticky trap bottom was equal to the proportion that took flight. By allowing for a
maximum of five visits without getting caught and if 52.2% of the visiting males
are trapped, we obtained by iteration that 39% of the males are permanently lost
from the trap’s attraction range in each round. These 39% represent the males that
take-off from the trap, either directly from the roof or elsewhere from the trap, and
are hereafter lost (27/69.5%). In the first visit, 30.5% of the males will be caught,
of which 23% of them land directly on the sticky trap bottom (Figure 3). In the
next four visits, 13.0, 5.5, 2.3 and 1.0% of the males from the initial visit will be
caught.
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DISCUSSION

Capture Rates and Sampling Range.Although a rough estimate, the 400 m
sampling range, after 24 hr for the Lund-II traps baited with 100µg of synthetic
pheromone, is the first calculated sampling range of a trap for pine sawflies. The
theoretical sampling range-time curve (Figure 2) will level off towards the max-
imum sampling range of a trap when sampling for longer than 24 hr, and will
probably reach at least 500–600 m (Östrand and Anderbrant, unpublished data).

Captures in the 200 m experiments during the first 3.5–5 hr are similar to
the 76% capture of the total capture of sweet potato weevils in the first 10.5 hr
of a 27 hr period whenCylas formicarius(Summers) were released 10–1000 m
from pheromone-baited traps (Sugimoto et al., 1994). Similarly, 90% of fall web
worms, Hyphantria cunea(Drury), male were caught within 12 hr of a 60 hr
sampling period (Zhang and Schlyter, 1996).

Wind Speed.As wind speed increases, a pheromone plume will elongate,
making it easier for insects to locate the source, whereas a further increase in wind
speed will decrease the maximum distance of pheromone detection due to greater
dilution of the pheromone and higher turbulence intensities (Elkinton et al., 1987).
At higher wind speeds, insects will have trouble flying upwind. Temperature will
also affect the plume structure (Brady et al., 1995). MaleN. sertiferbecame in-
creasingly reluctant to wing fan and take-off as wind speed 2 m above ground
increases from 1.5 to 4.0 m/s (Östrand et al., 2000). Therefore, the capture rate
with increasing wind speed might be bell-shaped, as we observed in the 50 m ex-
periments (Figure 1B). Such a pattern was not apparent at the other two distances.
In contrast, Wedding et al. (1995) capturedN. sertiferin increasing numbers as
wind speed rose from 1 to 3 m/s, possibly because some males were released
upwind and were transported toward the traps. There are, however, several indica-
tions from other studies for an optimal wind speed with regard to odorant source
finding in insects (Nottingham, 1987; Aluja and Prokopy, 1992; Brady et al., 1995;
Messing et al., 1997).

Travel Time.If the shortest recorded travel times are converted to ‘travel
speed,’ we obtain ca. 5–10 m/min for the fastestN. sertifermales flying upwind.
This speed is lower than the 20–30 m/min recorded for gypsy moths,Lymantria
disparL. (Elkinton et al., 1987) and 50–75 m/min for pea moths (Wall and Perry,
1987), both at wind speeds comparable to those in our study. However, the pea
moths were released in a wheat field (Wall and Perry, 1987) and the gypsy moths in
a pine plantation with little understorey vegetation (Elkinton et al., 1987), whereas
the relatively dense birch plantation in our study allowed the pine sawflies to land
in the birches on their way towards a trap. Among tsetse flies,Glossina pallidipes
Aust., flying upwind at 5 m/s to an odorant source 75 m away, two cohorts were
observed, those arriving directly and those making stops along the way (Griffiths
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et al., 1995). The high wind speed in the 50 m experiments (Table 2), might have
aided the sawflies to fly faster (or make fewer stops) than in the 200 m experiments.

Longevity and Effects from Age.Longevity in pine sawflies is temperature-
dependent (Mallach, 1974). In CanadaN. sertifermales lived on average 20 days
at 18◦C (range 4–32◦C) and 25 days at 15◦C (Lyons and Griffiths, 1962). In their
18◦C treatment, an unexplainably longer longevity was recorded than the 11–
12 day duration at 13.6± 4◦C in our study. Male and female white pine sawflies,
Neodiprion pinetum(Norton), lived 3–4 days at a constant temperature of 23◦C
(Rauf and Benjamin, 1980), whereasNeodiprion fulvicepsCresson lived only 2–
3 days in the laboratory (Wagner et al., 1986). The combination of the males’ flight
ability during upwind progress and their longevity (12 days) suggest a potentially
large sampling range of the Lund-I traps used in this study.

Moths often show a peak in response to pheromone at intermediate ages
(McNeil, 1991 and references therein). However, although the amplitudes of EAG’s
recorded fromN. sertiferincreased until day 4 after emergence (Hansson et al.,
1991), no trend could be seen in the capture of males of different ages in our study.
In contrast, more 2 day old gypsy moth males were captured than 1 day old males
(Elkinton and Card´e, 1980). In general, it seems as if the insect increases its sensi-
tivity to the pheromone with increasing age, while the flight ability decreases (e.g.,
Haniotakis and Pittara, 1994; Shirai, 1998). In a short-lived species likeN. sertifer,
the ‘optimal’ age to locate a pheromone source is, therefore, about 1–2 days.

Observations at the Trap.The 52.2% catch efficiency obtained in this study
is comparable with the highest proportions of pea moths captured by Lewis and
Macaulay (1976) with different types of traps. In their study, there was no way of
knowing if some moths returned and were caught later. In our study, males were
marked, and many could be observed taking off several times before being trapped.
The efficiency of the Lund-II trap may seem low, but it has the advantage of low
catches when unbaited (Anderbrant et al., 1989). In a mark-release-capture exper-
iment using the bark beetlesIps typographusL., Helland et al. (1984) recorded
that some beetles were constantly lost from the close vicinity of a pheromone trap,
and concluded that this was one explanation for pheromone traps having low catch
efficiency.
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LYONS, L. A., and GRIFFITHS, K. J. 1962. Observations on the development ofNeodiprion sertifer
(Geoff.) within the cocoon (Hymenoptera: Diprionidae).Can. Entomol.94:994–1001.
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Abstract—The host plants of the native American butterfly,Pieris napi oler-
acea, include most wild mustards. However, garlic mustard,Alliaria petiolata, a
highly invasive weed that was introduced from Europe, appears to be protected
from this insect. Although adults will oviposit on the plant, most larvae ofP.
n. oleraceado not survive on garlic mustard. We used feeding bioassays with
different larval stages of the insect to monitor the isolation and identification of
two bioactive constituents that could explain the natural resistance of this plant.
A novel cyanopropenyl glycoside (1), alliarinoside, strongly inhibits feeding by
first instars, while a flavone glycoside (2), isovitexin-6′′-D-β-glucopyranoside,
deters later instars from feeding. Interestingly, the first instars are insensitive to
2, and the late instars are little affected by1. Furthermore, differential effects of
dietary experience on insect responses suggest that1 acts through a mechanism
of post-ingestive inhibition, whereas2 involves gustatory deterrence of feeding.

Key Words—Pieris, pieridae, crucifer, feeding deterrent, feeding inhibition,
flavonoid, garlic mustard, Alliaria.

INTRODUCTION

Plants are chemically defended from insect herbivores by the presence of re-
pellents, oviposition deterrents, feeding deterrents, and toxins. However, some
herbivores inevitably adapt to these defenses and may eventually specialize by uti-
lizing the “defensive compounds” to recognize their host plants (Ehrlich and Raven,
1964; Lindroth, 1988). In the Cruciferae (=Brassicaceae), glucosinolates and their
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hydrolysis products act as a first line of defense against generalist insects, but some
of these compounds have become signals for host finding and acceptance for many
specialists (Feeny, 1977; Chew, 1988; Chew and Renwick, 1995). Some crucifers,
however, produce additional compounds that protect them from specialists. For
example, butterflies of the imported cabbageworm,Pieris rapaeL. are deterred
from ovipositing onErysimum cheiranthoidesandIberis amaraby the presence
of cardenolides and cucurbitacin glycosides, respectively (Sachdev-Gupta et al.,
1990; Huang et al., 1993). Larvae of this butterfly also are deterred from feeding on
these plants by the same and similar compounds (Sachdev-Gupta et al., 1993a,b).
The presence of such bioactive chemicals may have contributed to the rapid prolif-
eration of many introduced plants in North America. For example, garlic mustard,
Alliaria petiolata, a particularly invasive crucifer that was introduced from Europe
late in the 19th century, is relatively free of herbivory (Nuzzo, 1993). The native
butterflies,Pieris napi oleraceaandP. virginiensis, oviposit on this plant, but their
larvae usually do not survive (Bowden, 1971; Chew, 1981). In this study, experi-
ments were conducted to examine the basis for the failure ofP. n. oleracealarvae
to develop on garlic mustard. Two chemicals responsible for inhibiting feeding
were identified, and a unique system of selective resistance against different larval
stages was discovered.

METHODS AND MATERIALS

Plants. Alliaria petiolataseedlings were obtained from various natural sites in
the vicinity of Ithaca, New York, and transplanted into 10 cm cord pots of artificial
soil (Cornell Mix A) in an air-conditioned greenhouse that was maintained atca
25◦C. Supplementary lighting was provided by 400-W multivapor high intensity
discharge lamps.

Chemical Extraction.After 4-6 weeks, foliage from rosette plants was har-
vested and extracted with boiling ethanol for 5 min. The ethanolic extract was
evaporated to dryness under reduced pressure, and lipids were removed by extract-
ing with n-hexane. The defatted residue was dissolved in water and the aqueous
solution was partitioned 3 times with 1-butanol. The combined butanol extract
and the post-butanol water extract were concentrated under reduced pressure and
dissolved in methanol/water mixtures for bioassays.

Insects. P. n. oleracealarvae for bioassays were from a colony started with
insects that were collected by Dr. F. S. Chew (Tufts University) in Vermont and
maintained in the laboratory atca. 25◦C. The colony was renewed or supplemented
with field-collected butterflies on an annual basis. Oviposition occurred on cabbage
plants in greenhouse cages, and the larvae were reared on cabbage (Brassica
oleraceaL var Golden Acre). Na¨ıve neonates (no experience with a plant) were
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obtained by allowing butterflies to oviposit on a strip of Parafilm that was wrapped
around a beaker immediately below a cabbage leaf, on which butterflies made
tarsal contact (Webb and Shelton, 1988).

Bioassays.Choice bioassays for feeding deterrent activity were conducted
with early 4th instar larvae, using 1.5 cm diameter cabbage leaf discs as test sub-
strate. Each side of test discs was treated with 20µl of solution to provide a
total of 0.1 gram leaf equivalents (gle) per disc, whereas pure solvent was ap-
plied to control discs. The tests were conducted in waxed paper ice cream cups
(250 ml), each containing a paraffin wax layer at the bottom, which was covered
with moist filter paper. Two treated and two control discs were arranged alternately
in each cup and supported on insect pins. Four larvae were placed in the center
of each cup, which was covered with a perforated plastic lid. After a period of
6 hr in the dark, the remaining area of each disc was measured with a LiCor-
3100 area meter. The area consumed was obtained by subtracting the remaining
area of each eaten disc from the average measurement of all discs that showed
no signs of feeding. Feeding inhibition was expressed as a feeding deterrent in-
dex (FDI): FDI= 100× (C − T)/(C + T), where C is the area of control discs
consumed and T is the area of treated discs consumed (Dimock et al., 1991).
An FDI value of zero means that there is no preference, a positive value means
that there is a preference for the control, and a negative value means a prefer-
ence for the treatment. Subsequent bioassays with 2nd, 3rd, and 5th instars were
conducted in the same manner. The time period for these assays was adjusted
to allow for different consumption rates of the different instars. In each case,
assays were terminated when approximately 50% of the control discs had been
consumed.

For neonate assays, one treated and one control disc were pinned at the same
height near the center of each cup so that they overlapped and larvae could readily
move from one disc to the other. Five larvae were introduced to the overlapping
area and the assays were continued for 24 hr, when measurable feeding had usu-
ally occurred. To determine the effects of diet on larval responses to the active
compounds, eggs were allowed to hatch on a wheat germ diet (Bell et al., 1979) in
styrofoam cups (250 ml), which were kept in an incubator at 27◦C until the larvae
at the different stages were used for assays.

Chemical Isolation.Semi-preparative HPLC was performed by using a C18

Bondex 10 (Phenomenex) column, 300× 7.8 mm, at a flow rate of 2 ml/min. Sub-
sequent analytical separation and isolation of pure compounds was accomplished
by using a Luna C18 column, 250× 4.6 mm (Phenomenex) at a flow rate of
1 ml/min. For both HPLC systems, a gradient of water and acetonitrile was used:
CH3CN 0% at time 0, 15% at 5 min, 30% at 25 min, and 10% at 30 min.
The HPLC effluent was monitored by a diode array detector at 254 nm and at
218 nm.
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RESULTS AND DISCUSSION

Previous studies have shown that water-soluble fractions from ethanolic ex-
tracts ofA. petiolatafoliage contain both oviposition stimulants and deterrents
for P. n. oleraceabutterflies, and the deterrent compounds could be extracted
into butanol. Despite the presence of these unidentified deterrents, acceptance for
oviposition could be attributed to the overwhelming effect of allylglucosinolate
that is present as a stimulant (Huang et al., 1995). In this study, we tested for the
presence of feeding inhibitors in similar extracts of rosette leaves ofA. petiolata,
before and after partitioning with 1-butanol. In choice bioassays with 4th instar
larvae, we found that butanol extracts have strong antifeedant activity. Cabbage
leaf discs treated with 0.1 gram leaf equivalents (gle) of the butanol extract were
consumed by larvae significantly less than control discs that were treated with
solvent alone (FDI= 35.74± 4.94,N = 10). Reverse phase HPLC analysis of the
butanol fraction using a water-acetonitrile gradient gave a chromatogram which
showed 4 significant peaks (Figure 1). The UV-spectra corresponding to all but
the first of these peaks were typical of flavonoids. Four major fractions (A–D),
each of which included material associated with one major peak, were collected
for bioassays. Feeding by 4th instar larvae ofP. n. oleraceawas deterred only by
the fraction B (Figure 2a).

Additional bioassays with newly hatched larvae indicated that the total bu-
tanol extract ofA. petiolatawas even more inhibitory to neonates than to the 4th
instars (mean FDI 54.6 vs 35.7,N = 10) . However, the fraction B, which was
most inhibitory to 4th instars, was relatively inactive against neonates. Instead,

FIG. 1. High pressure liquid chromatogram of the 1-butanol fraction obtained from aqueous
extract ofAlliaria petiolata, with UV monitoring at 218 nm.
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FIG. 2. Feeding inhibition (Feeding Deterrent Index, mean± SE,N = 10) of neonate and
4th instarP. napi oleraceabya: total butanol extract (BuOH) and individual HPLC fractions,
andb: compounds1 and2 isolated from these fractions by HPLC, at concentrations of 0.1
gram leaf equivalents/disc.

the fraction A that showed no activity against 4th instars was most inhibitory to
neonates (Figure 2a). The major compound in each active fraction (1 from A and
2 from B) was isolated by HPLC and tested for activity against both 1st and 4th
instars. Compound1 inhibited feeding by neonates, whereas compound2 was
active against the 4th instars (Figure 2b).

To determine the stage of development at which larval sensitivity changes
from one compound to the other, we measured the responses of larvae to each
compound at each stage in their development. Batches of larvae were reared from
egg to 5th instar on cabbage or on wheat germ diet, and groups of larvae were
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removed for assays at each stage. Previous work withPieris rapaeshowed that
larval responses to feeding deterrents can depend on dietary experience, and spe-
cific constituents of wheat germ are responsible for suppressing development of
sensitivity to deterrents Huang and Renwick, 1995, 1997). Our experiments with
P. n. oleraceanow show that the larval response of this species to compound1 is
unaffected by diet, but sensitivity to the feeding inhibitor decreases steadily to zero
by the time larvae molt to the 4th instar (Figure 3a). In contrast, the larval response
to compound2 is clearly dependent on diet. Larvae reared on wheat germ diet

FIG. 3. Feeding inhibition by compounds1 and2 on different instars of cabbage-reared
and wheat germ-reared larvae ofP. napi oleracea(Feeding Deterrent Index, mean± SE,
N = 10).
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remain insensitive to compound2 throughout their development, whereas larvae
feeding on cabbage develop sensitivity to reach a maximum during the last two
instars (Figure 3b).

Compound2 has been identified previously as a flavone glycoside, isovi-
texin 6”-O-β-D-glucopyranoside (Figure 4) (Haribal and Renwick, 1998). Com-
pound1 was collected by preparative HPLC of butanol extracts to provide mg
quantities of material for spectral analysis, resulting in its identification as 4-β-D-
pyranoglucosyloxyl-2(Z)-propene-1-nitrile (Haribal et al, 2001) (Figure 4).

Behavioral observations during bioassays provided clues about the mecha-
nisms involved in the rejection ofA. petiolataas a food plant. When neonate larvae
were presented with a cabbage disc that was treated with a butanol extract ofA.
petiolatafoliage or with isolated compound1, limited nibbling at the surface was
observed, without any visible damage. However, some ingestion was evident from
the green color visible in the larval gut, which is translucent at this stage. Similarly,
when neonates were placed on the surface of a rosette leaf ofA. petiolata, about
one-quarter to one-third of the gut became green within a period of 4 hr, after
which the larvae became motionless and made no further attempt to feed. In con-
trast, those 4th instars that rejectedA. petiolatarosettes or cabbage discs treated
with compound2 made no attempt to feed or even to bite the plant tissue. (Note:
the FDIs reflect combined data from larvae that fed to some extent and those that
rejected treated discs outright). This observation would indicate that no ingestion

FIG. 4. Structures of compounds1 and 2 identified as feeding inhibitors fromAlliaria
petiolata.
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occurred before rejection by these individuals, whereas extensive palpation with
the mouthparts would suggest that taste was involved in their rejection behavior
(unpublished data).

Two distinct mechanisms appear to be involved in the resistance of garlic
mustard to these pierid caterpillars. Compound1 inhibits feeding by early instars
through an apparent post-ingestive feedback mechanism (Frazier, 1991), whereas
compound2 acts as a direct feeding deterrent that is perceived by taste receptors
on the mouthparts of late instars. To our knowledge, this is the first report of such
selective barriers in a plant against different larval stages of an insect herbivore. The
phenomenon of differential larval responses appears to be a result of simultaneous
development of post-ingestive tolerance and taste sensitivity as the larvae feed and
develop on their host plants.

Exploitation of garlic mustard as a potential host plant byP. n. oleraceais
apparently thwarted by the presence of these two unrelated chemicals. Compound
1 effectively blocks feeding by first instars, so that any development of larvae
from hatching eggs is unlikely. In addition, the potential migration of late instars
from neighboring host plants is likely to fail as a result of the deterrent activity of
compound2. Although it is clear that the response of such larvae to the deterrent
will depend on their previous diet, experience on a preferred host such as cabbage
is likely to result in relatively high sensitivity.

Subsequent studies have resulted in the identification of additional flavonoids
in foliage ofA. petiolata, but these do not appear to play a significant role in pro-
tecting the plant fromP. napi oleracea. However, seasonal and population variation
in content of the active constituents could potentially affect the susceptibility of
garlic mustard to herbivory. (Haribal and Renwick, 2001).
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SEASONAL AND POPULATION VARIATION IN FLAVONOID
AND ALLIARINOSIDE CONTENT OFAlliaria petiolata
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Abstract—Pieris napi oleracea, an indigenous butterfly in North America, lays
eggs onAlliaria petiolata, an invasive weed that was introduced from Europe.
However, larval development on plants from different sources varies consid-
erably.A. petiolatais a compulsive biennial, and its foliage is rich in apigenin
flavonoids. We compared the chemistry of different vegetative forms from differ-
ent populations in the vicinity of Ithaca, NY throughout the year. Significant dif-
ferences occurred in the number of apigenin derivatives in different populations
and vegetative forms, and seasonal variations in the amounts of these compounds
were found. We have previously isolated two major compounds, alliarinoside
[(2Z)-4-(β-D-glucopyranosyloxy)-2-butenenitrile] (1) and isovitexin-6-O′′-β-
D-glucoside (3), which negatively affect development ofP. napi oleracealarvae.
Comparative analyses of these compounds in two populations throughout the
year showed that their concentrations reached maxima twice annually. Foliage is
almost devoid of flavonoids in June-July. Thus, variation in the chemistry of the
plant may account for observed variation in development rates and survival of
the larvae. Several apigenin compounds were isolated and identified by spectral
studies.

Key Words—Alliaria petiolata,Pieris, flavonoids, variation, seasonal, cyanogl-
ucoside, Cruciferae.

INTRODUCTION

Alliaria petiolata, a native crucifer of Europe is quickly spreading in the
eastern united states, replacing the native flora in various habitats. It was first re-
ported on Long Island about 150 years ago, and is now distributed throughout many
states from Maine to North Carolina in the south, and west to Wisconsin and Illinois
(Nuzzo, 1993). Previously, a few C-glycosides were reported fromA. officinalis
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(=petiolata) by Paris and Delaveau (1962). We have reported isovitexin 6′′-O-
β-D-glucopyranoside (3) from the foliage ofA. petiolataas a compound that deters
feeding by 4th instar larvae ofPieris napi oleracea(Harris), an indigenous butter-
fly of the north eastern USA (Haribal and Renwick, 1998). More recently, from
aqueous extracts ofA. petiolata, we identified (2Z)-4-(β-D-glucopyranosyloxy)-
2-butenenitrile (alliarinoside) (1) as a feeding inhibitor/deterrent for first instar
larvae (Haribal et al., 2001). However, field observations suggest that some pop-
ulations ofP. napi oleraceacan survive on selected populations ofA. petiolata
(Chew, 1980; Courant et al., 1994; Chew et al., 1996). We have found considerable
variation in alliarinoside and flavonoid content in different sources of the plant,
and, in the present paper, we investigated variation in flavonoid content through-
out the year, in different populations, and in different leaf forms to help explain
observed variation inP. napi oleraceasurvival.

METHODS AND MATERIALS

Plant Material.To examine geographic differences, samples ofAlliaria peti-
olata were collected from Tompkins County, in the neighborhood of Ithaca, NY,
including Eastern Heights, Dryden Lake, and Salmon Creek areas. Additional sam-
ples were obtained from seeds collected in Massachusetts by F. S. Chew. Seedlings
of these were grown in a greenhouse and in garden plots in June 1995. Both cauline
and rosette leaves of the same plants were collected whenever available. Thirteen
samples of rosette and 12 of cauline leaves randomly collected from each site (1-3
samples per site) were included for chemical analysis.

To monitor seasonal variation, the plants were studied throughout the year
from Dryden Lake and Salmon Creek areas. Three samples of each leaf type
were randomly collected every month (except in February and March, when only
two samples were collected) from each location according to availability. Cauline
leaves were present only from late May to July and rosette leaves were scarce in
June and July.

Sample Preparation and HPLC Analyses.0.25 g of fresh young leaf material
were boiled in 5 ml of EtOH for 5 min and the resulting mixture was blended using
a Tissue Tearor before dilution with water to 10 ml. After centrifugation, 6 ml of
supernatant solution were evaporated to dryness and redissolved in 6 ml of water
to give a concentration of 0.05 gram leaf equivalent (gle) per 2 ml. Suspended
particles were removed by filtering through 4µ nylon filters. Samples of 0.05 gle
were directly injected onto the HPLC, fitted with a C18 RP column (C18 Bondex
5 µ, 300× 7.0 mm, Phenomenex) using a water-acetonitrile gradient at a flow
rate of 2 ml/min (0-5 min 0% acetonitrile; 25% acetonitrile at 40 min; 100%
acetonitrile at 50 min), monitored by a Photodiode Array Detector at 218 and
254 nm.
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Spectroscopic Methods.1H NMR spectra were recorded at 399.99 MHz, and
13C NMR at 25.59 MHz in DMSO-d6 or in acetone-d6 unless otherwise stated, on
a Varian instrument. ESI mass spectra were recorded on a Micromass (Manchester,
UK) Quattro 1 instrument and the samples were introduced by a direct infusion
method.

Quantification and Statistical Methods.The total absorption unit (AU) value
was calculated as area under each peak (at 218 nm) to compare concentrations.
Quantities of individual components of rosette leaves and cauline leaves from
the same plant and from different plants in the same season were compared using
the Student t-test. Mean values from the seasonal samples collected at Dryden
Lake and Salmon Creek were also compared by the Student t-test. Only data for
rosette leaves were used for this analysis.

RESULTS

The water-soluble fraction contained primarily highly polar compounds, in-
cluding several flavonoid glycosides, which were indicated by their UV spectra
obtained with the diode array detector. Eight chromatographic peaks, one corre-
sponding to alliarinoside (1), and seven flavonoids, designated compounds2–8
(Figure 1) with increasing retention time were analyzed. Considerable variation

FIG. 1. HPLC chromatograms of extracts (0.05gle) of rosette leaves ofA. petiolatafrom a)
Eastern Heights, b) East Ithaca recreation way, c) Salmon Creek, d) from plants collected as
seed in Massachusetts and grown in a greenhouse (UV absorptions monitored at 218 nm).
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FIG. 2. Mean concentrations± SE (N = 13 for rosette andN = 12 for cauline leaves)
expressed in area×1000 AU of alliarinoside (1) and flavonoids (2–8) in cauline and rosette
leaves ofA. petiolata. Integration values obtained based on absorption at 218 nm.

in flavonoid and in alliarinoside content (Figure 1 is a representative example of
4 samples) in the plants from different populations and in the different vegetative
types of foliage (Figure 2) were found. Most flavonoids were flavones, but, in a few
cases, kaempferol derivatives were detected. In some young leaves, anthocyanins
were also present. Seven major flavonoids were detected. Most samples contained
alliarinoside (1), flavonoids2, 3, and8, at retention times of 10.8, 17.3, 19.5, and
32.5 min, respectively, at varying concentrations. The identification of compounds
1 and3 has already been reported (Haribal and Renwick, 1998; Haribal et al.,
2001). On the basis of its spectral data, compound2 was identified as isoorientin-
6′′-O-β-D-glucopyranoside (Chulia and Mariottee, 1985). The1H NMR spectrum
of 2 showed satellite peaks (atδ 5.00 and 4.66) for anomeric protons of hex-
ose sugars, suggesting that a structural isomer of compound2 was present at 5%
of compound2. Other flavonoids4, 5, 6 and 7 eluted at 21.6, 22.7, 23.7, and
29.0 min. Compound6 has been identified as 6′′′-O-sinapoyl-isovitexin-6′′-O-
β-D-glucopyranoside (Haribal et al., 1999). Compounds4 and5 were found to
be isomers of3 as shown by ESIMS ([M+ H]+ 595), but their fragmentation
patterns were quite different. Since only small samples were available, no further
structural analysis could be carried out. Peak8 was found to represent a mixture
of di-sinapoyl derivatives of an apigenin C-glycoside (MW 1008). Their complex
1H NMR spectrum indicated that these may be structural isomers that have yet to
be completely identified.

The rosette leaves contained higher concentrations of all compounds than
did cauline leaves. The concentration of1 in rosette leaves was not significantly
different from that in the cauline leaves (P = 0.064), but levels of3 (isovitexin
6′′-O-β-D-glucopyranoside) were significantly higher (P < 0.05) (Figure 2). On
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the basis of UV calibration curves, we estimated that the highest concentra-
tion of 3 in rosette leaves was 12–15 mg (2.0–2.5×10−5 mol) per gm fresh wt.
Compound4 was present in many populations of rosette leaves, but was ab-
sent from cauline leaves (Figure 2). The concentration of1 could not be ac-
curately assessed, since its highly hygroscopic nature made accurate weighing
difficult.

The plants from the Dryden Lake area had fewer flavonoids than did those
from Salmon Creek or from any other areas we investigated. Foliage from the
Dryden Lake population contained2, 3 and8, as well as7, which was absent in
the specimens from Salmon Creek (Figure 3). The plots of mean concentrations
of flavonoids showed a bimodal temporal pattern in a given season for most of the
compounds in both populations, but the patterns were not synchronized for the
two populations. Flavonoid concentrations reached maxima around December–
February and in May. Around June–July, when plants were senescing, most of the
flavonoids were at low levels or undetectable. Only the flavonoid8 was present
throughout the year, and little temporal variation in its abundance occurred in the
population from the Dryden Lake area (Figure 4). However, in the population from
Salmon Creek,8 reached higher concentrations when no other flavonoids were
present. There were no differences in content of alliarinoside (P= 0.41, Student
t-test) and isovitexin 6′′-O-β-D-glucopyranoside (P = 0.45, Student t-test)
(Figure 5) between the two the populations throughout the year, although these
compounds reached maximal concentrations at different times. Also,2 (Figure 6)
was more abundant in the population from Salmon Creek area than in that from
Dryden Lake area (P < 0.0001).

Spectral Data for Flavonoids2, 4, 5, 7 and8.
Compound2. (Isoorientin-6′′-O-β-D-glucopyranoside). UV λmax at 272,

336 nm; Positive-ion ESIMSm/z at 611 [M + 1]+; 1H NMR (DMSO-d6):
δ 7.45 (1H, dd,J = 8.2, 1.6 Hz), 7.41 s, 6.82 (1H, d,J = 8.2 Hz), 6.82 s, 6.73 s,
4.98 (1H, d, J= 6.8 Hz), 4.64 (1 H, d, J= 8.2 Hz), 3.30(1H, m), 3.67(1H,
m), 3.88(1H, m), 3.14(1H, m) and 2.9-3.6 (complex multiplets for other sugar
protons).

Compound4. UV λmax at 265, and 332 nm; Positive-ion ESIMS:m/zat 595
[M + 1]+ 449 ([M − 145]+, loss of C9H5O2), 396, 344, 329, 284 (base peak,
[M − 145–163]+, loss of C6H11O5 and C9H5O2), 256, 201, 142 and 101.

Compound5. UV λmax at 265, and 332 nm; Positive-ion ESIMS:m/zat 595
[M +1]+ 449 ([M−145]+, loss of C9H5O2), 372, 344, 328, 284 ([M−145–163]+,
loss of C6H11O5 and C9H5O2), 209, 119 (base peak).

Compound7. UV λmax 265, 362 nm; Positive-ion ESIMS:m/zat 611 [M+
1]+; a diglycoside of kaempferol.

Compound8. (Di-O-sinapoyl-isovitexin 6′′-O-β-D-glucopyranoside deriva-
tive). UV λmax 265, 325 nm; Positive-ion ESIMS:m/zat 1009 [M+ 1]+.
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FIG. 3. HPLC chromatograms of extracts (0.05gle) of rosette leaves ofA. petiolatacollected
from Dryden Lake and Salmon Creek in different months, monitored at 218 nm.
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FIG. 4. Seasonal variation in concentrations (expressed in area×1000 AU) (values represent
means± SE for N = 3, except for Feb and Mar when only 2 replicates were collected) of
8 in Salmon Creek and Dryden Lake samples (0.05gle) of rosette leaves ofA. petiolata.
Integration values obtained for absorptions at 218 nm.

DISCUSSION

A. petiolatais a biennial (winter annual), which germinates in autumn and
senesces by the following summer. It grows in different types of habitat, but prefers
habitats that are in the shade of woods, along river edges, and along the roadside
(Nuzzo, 1993). It is one of the first plants visible after snow-melt and it flow-
ers by May, at which time trees and other plants are just beginning to leaf in
our study area. Light, therefore, is not likely to be a direct cause of variation in
individual flavonoids, although a higher total flavonoid content in May is proba-
bly related to light or day length. Plants from seeds collected in Massachusetts,
when grown in greenhouse conditions, contained higher amounts of the isovi-
texin 6′′′-O-sinapoyl-6′′-O-β-D-glucopyranoside (6) than when grown in garden
plot under natural conditions (unpublished results). Similarly, plants collected as
seedlings from Eastern Heights in Ithaca produced more of6 after cultivation in
the greenhouse. Thus,6 may be produced in response to greenhouse conditions,
but a detailed investigation will be necessary to confirm this conclusion.

Several researchers have suggested that the structural diversity in flavonoid
content of plants is due to genetic polymorphism and selective expression of dif-
ferent genes encoding for biosynthetic enzymes in response to different environ-
mental stimuli (Chaves et al., 1993 and refs. therein). However, we did not attempt
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FIG. 5. Seasonal variation in concentrations expressed in area×1000 AU (values represent
means± SE forN = 3, except for Feb and Mar when only 2 replicates were collected) of1
(alliarinoside) and3 (isovitexin-6′′-O-β-D-glucopyranoside) in extracts (0.05gle) of rosette
leaves ofA. petiolata. Integration values obtained based on absorption at 218 nm.

to confirm the role of genetics in the observed variation. The flavonoid content of
plants is also known to vary quantitatively and qualitatively depending on growth
stage, degree of senescence, season, and geographical location (Bohm et al., 1984;
Chaves et al., 1993). Specific flavonoids are also produced in response to pathogens
(Malhotra et al., 1996), wounding stress, herbivory, strong light, especially UV-B
(Cuadra et al., 1997), and temperature stress (Chaves et al., 1997). Cooper-Driver
et al. (1977) reported that variation in flavonoids inPteridium aquilinumaffects
palatability to mammals and phytophagous insects such as the locust,Schistocerca
gregaria.

A. petiolataappears to be relatively free of herbivory, except for limited slug
feeding and damage by leaf miners. Flea beetles, major pests of most crucifers,
generally avoid this plant (Nielsen et al., 1979).P. napi oleracealarvae cannot
survive onA. petiolata, although the plant may be suitable for oviposition (Huang
and Renwick, 1993). Alliarinoside inhibits feeding by neonate larvae, but later in-
star larvae are deterred by isovitexin 6”-O-β-D-glucopyranoside (Renwick et al.,
2001). Szentesi (1991) and Chew et al. (1996) have shown thatP. rapaeand some
populations ofP. napican survive on this plant. It seems likely that this occurs
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FIG. 6. Seasonal variation in concentrations (expressed in area×1000 AU) (values represent
means± SE N = 3, except for Feb and Mar when only 2 replicates were collected) of
2 (isoorientine-6′′-O-β-D-glucopyranoside) in Salmon Creek and Dryden Lake samples
(0.05gle) of rosette leaves ofA. petiolata. Integration values obtained for absorptions at
218 nm.

when levels of both alliarinoside and isovitexin 6′′-O-β-D-glucopyranoside in the
plant are below the threshold necessary for inhibition of feeding (Figure 5). When
the flavonoid content is at its lowest level in June-July, the concentration of alliari-
noside is at its highest (Figure 5), so that the plant has some protection mechanism
at all times. Thus,variation in chemistry may explain the differential survival rates
of P. napi oleracea, although variation in responses to these compounds by indi-
vidual insects and populations may also play a role in the differential success of
the species.
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Abstract—The food selection, growth, and fecundity of insect herbivores are
largely dictated by the chemical composition and nutritive values of plant fo-
liage. We studied the host-use efficiency of larvae of the generalist moth,Oper-
ophtera brumata(Lepidoptera: Geometridae) on three chemically divergent but
nutritively similar willows (Salix spp.). The 4th instars were able to use the
salicylate-free leaves ofS. phylicifoliaefficiently. Growth was slightly reduced
on S. pentandra, which contained a moderate level of acetylated salicylates.
The high concentration of salicylates found in the leaves ofS. myrsinifolia
seemed to provide efficient protection against non-specializedO. brumata. We
also studied assimilation of nutrients and degradation of salicylates and other
secondary compounds in the digestive tract ofO. brumatalarvae. Neither the
assimilation of nitrogen nor of carbon were affected by secondary chemicals of
ingested food. Salicylates were shown to be degraded to salicin and catechol,
while further degradation of salicin to saligenin was rather slow. In an artificial
diet experiment, we showed that two degradation products of salicylates, cate-
chol and saligenin markedly reduced the growth of the larvae. Neither salicin
nor chlorogenic acid affected larval growth. We conclude that salicylates re-
duced the growth of the generalist winter moth mainly by feeding deterrence
caused by 6-hydroxy-2-cyclohexenone and catechol. Compared to the dele-
terious effects of salicylates the effects of other secondary compounds were
minor.

Key Words—Salixspp., willow, phenolic glycosides, salicylates,Operophtera
brumata, polyphagy, insect herbivory.
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INTRODUCTION

Generalist insect herbivores are able to feed on a large number of different plant
species. However, they are affected by variation in leaf quality: some species
are clearly better hosts than others and many species are totally avoided. The
differential suitability of plant species for generalist insects is based on structural
and chemical defenses and on nutrient content of plant tissues. Because the majority
of individuals in aboreal insect herbivore communities are generalists, effective
defense against them may benefit plants by protecting them from severe defoliation,
thus saving plant resources for growth and reproduction.

Operophtera brumataL. (Lep., Geometridae) is a typical polyphagous, spring-
feeding leaf-defoliator of deciduous shrubs and trees, which may use numerous
plant species belonging to several different genera as hosts. In eastern Fennoscan-
dia,Querqus roburL. andPrunus padusL. are the primary hosts of the winter moth
(Tikkanen, 2000). The chemistry of the leaves of these two hosts is, however, very
dissimilar. The leaves ofP. paduscontain cyanogenic glycosides (Seigler, 1998)
and a low level of tannins (Julkunen-Tiitto, personal communication), whereas
the leaves ofQ. robur are rich in tannic compounds (Feeny, 1968, 1970). Dur-
ing occasional outbreaksO. brumatacan feed on many suboptimal host species
including several willow species (Salixspp.) (Kirsten and Topp, 1991; Tikkanen
et al., 1998, 1999, 2000). Since willows are common and abundant shrubs and
trees in early successional deciduous forests in northern Europe (H¨amet-Ahti et
al., 1998; Skvortsov, 1999), where in many places the main hosts ofO. brumatacan
be quite scarce, willows are potential alternative hosts ofO. brumata(Tikkanen et
al., 1998, 1999, 2000).

It is known that the palatability of different willow species to leaf-defoliators
is largely determined by the chemical composition of the leaves. Salicylates deter
feeding of many generalist insect herbivores (Tahvanainen et al., 1985; Lindroth
et al., 1988; Lindroth and Peterson, 1988), but, can stimulate oviposition (Denno
et al.,1990; Kolehmainen et al., 1994) and feeding of specialists (Matsuda
and Matsuo, 1985; Smiley et al., 1985; Tahvanainen et al., 1985; Rank, 1992;
Kolehmainen et al., 1995).

We studied the host use efficiency of a generalist moth,O. brumata, on
three chemically different willow species;Salix pentandra(L.), Salix phylicifo-
lia (L.) and Salix myrsinifolia(Salisb.). These species are common throughout
Scandinavia (H¨amet-Ahti et al., 1998; Skvortsov, 1999) and grow side by side
on the banks of ditches, rivers, and other moist, disturbed habitats. However, the
chemical composition and herbivore load of these willows are dissimilar.Salix
myrsinifolia leaves contain a high level of non-acetylated salicylates (Julkunen-
Tiitto, 1989; Rank et al., 1998) and a small number of generalist herbivores feed
upon its leaves (Sipura, 1999, 2000).Salix pentandracontain a moderate level
of acetylated salicylates (Rank et al., 1998; Julkunen-Tiitto, 1989), chlorogenic
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acid and flavonoids (this study). BothS. myrsinifoliaand S. pentandraare fa-
vored hosts for some specialized insect herbivores (Kolehmainen et al., 1994,
1995; Rank et al., 1998).Salix phylicifolia is practically devoid of salicylates
but rich in flavonoids (Rank et al., 1998; Sipura et al., personal communication),
and leaves of this mild tasting willow are readily eaten and sometimes heavily
defoliated by generalist insect species (Tahvanainen et al., 1985; Sipura, 1999,
2000).

A potential defense compound may act in three ways: it may decrease the
consumption, it may reduce assimilation efficiencies and digestion, and it may
act as a toxin (Scriber and Slansky, 1981). Degradation of secondary chemicals
generally increases the toxicity of compounds, e.g. cleavage of the sugar moiety
from cyanogenic glycosides produces highly toxic HCN (Wink, 1997). Salicylates
have been shown to be activated via degradation (Clausen et al., 1989). Degradation
of salicortin, acetylsalicortin and tremulacin produce salicin and 6-hydroxy-2-
cyclohexenone (6-HCH) which is oxidized further to catechol (Mattes et al., 1987;
Clausen et al., 1989; Julkunen-Tiitto and Meier, 1992). Both 6-HCH and catechol
are effective components of salicylates in their role of defending plants against
herbivores (Clausen et al., 1989; Reichardt et al., 1990). Chlorogenic acid, which
was found in considerable levels in the leaves ofS. myrsinifoliaandS. pentandra
in our study, is shown to be oxidized to chlorogenoquinone by polyphenoloxidase
(PPO) when leaf tissue is damaged and cell compartmentalization is ruptured (in
Felton et al., 1989). PPOs (EC 1.14.18.1 or EC 1.10.3.2.) catalyze hydroxylation
of monophenols and oxidation of diphenols to respective quinones (Mayer, 1987).
Orthoquinones have strong oxidizing and alkylating activities and can bind to
nucleophilic NH2 and SH groups of aminoacids, peptides and proteins (Constabel,
1999), leading to reduction in the nutritive quality of foliage and in the growth of
lepidopteran larvae (Felton et al., 1989)

The purpose of our study was to examine how the chemistry and nutritive sta-
tus of the leaves of three chemically dissimilar willows affect feeding and growth
of a generalist insect herbivore. More particularly, we wanted to find out how
salicylates influence the growth of larvae: whether they act as antifeeding de-
terrents or whether they reduce the assimilation efficiency of nutrients. We an-
alyzed the nitrogen and carbon content of the leaves of these willow species
and the frass produced by larvae feeding on the same leaves. Furthermore, we
studied the degradation of secondary chemicals, especially the degradation of
salicylates, by analyzing the chemical content of the leaves and the frass. In ad-
dition, by rearing larvae on an artificial diet containing different potential defense
compounds, we studied which of the secondary compounds reduced feeding and
growth of larvae in the “real” leaf experiment. The ecological and evolution-
ary consequences of the interaction between chemically variable plant groups,
such as willows, and the common polyphagous insect herbivore are discussed
briefly.
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METHODS AND MATERIALS

Plant Material. In mid-June 1999, leaves ofS. pentandra, S. myrsinifolia
and S. phylicifoliawere collected from two-year-old clones from Siikalahti, in
Parikkala, eastern Finland. These willow species were growing in mixed stands on
the bank of an embankment road. Because the vegetation had been cut two years
previously, all willow shrubs were of the same age. We randomly selected and
marked 12 individual willow shrubs of each species.

Insects. The laboratory stock of larvae ofO. brumataused in these experi-
ments was reared on leaves ofP. padusuntil the larvae reached the 4th instar. The
population originated from 200 individuals collected in the summer of 1997 from
aP. padusforest stand situated near Siikalahti.

Experimental Procedure of a “Real Leaf” Experiment.Fresh leaves were split
into two parts, the main vein was removed and the leaf-halves were weighed. To
obtain as homogeneous leaf material as possible, the first mature leaf counted from
the shoot tip was always selected (a first fully expanded leaf). One leaf-half was
offered to a single larva and the other was dried at room temperature and stored at
−20◦C until analyzed. Larvae feeding onP. paduswere transferred on the leaves of
the new host plants 10 h before the actual experiment, in order to rid the digestive
system of these larvae of the remnants ofP. padusleaves. After this pre-feeding
period, the 4th instars were weighed and placed in petri dishes (one larvae/dish)
with a new leaf-half. On the following day, new fresh leaf-halves were cut and
offered to the larvae. These larvae were reared for 36 h at 16◦C with an 18:6 L:D
photoperiod. Thereafter, the larvae were weighed and allowed to continue feeding
on fresh leaf halves for an additional 24 h to obtain enough frass for analyses.
The frass and the remains of the leaf-halves were dried at room temperature and
weighed. After drying, the frass was stored at−20◦C until analyzed. The leaves
of one individual willow were used for feeding two different larvae. The leaves
used for feeding the first larva were analyzed for their secondary chemical content,
and the leaves used for feeding the second larva, were analyzed for their nitrogen
and carbon contents. Relative growth rates (RGRs), relative consumption rates
(RCRs), apparent digestibility (AD), and water content of leaves were determined
for the whole set of data.

Secondary Chemistry. Dried and frozen leaf samples were put into Falcon
tubes containing 20 ml of cold methanol, and the samples were incubated for
15 min in an ice bath. After incubation, the samples were extracted 2× 2 min with
methanol (20+ 10 ml) using an Ultra-Turrax homogenizer (Janke & Kunkel, IKA
Labortecnik, Staufen, Germany). The leaf extracts were filtered and evaporated
to dryness in a vacuum evaporator. The residues were redissolved in 10 ml of
methanol, and the samples were divided into 1 and 2 ml aliquots. The methanol
was reduced to dryness with gaseous nitrogen and the samples were stored at
−20◦C until used for HPLC-analyses and butanol tests. The frass samples were
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extracted by the same method except that 4+ 4 ml of methanol were used for
extraction, and the samples were redissolved in 4 ml of methanol and divided into
0.5 ml, 1.0 ml and 1.8 ml aliquots.

The samples were analyzed by HPLC (Hewlett-Packard, Palo Alto, CA). The
device, elution gradient, and conditions were as described by Julkunen-Tiitto et al.
(1996). The compounds were identified by comparing their spectra and retention
times to those of reference compounds. The compounds were quantified using
the response factors of reference compounds. 2′-O-Acetylsalicin, diglucoside of
salicin and an unknown salicin derivative were calculated using the response factor
for salicin, a putative diacetylsalicortin found inS. pentandraleaves was calculated
using the response factor for 2′-O-acetylsalicortin, and three salicortin derivatives
of S. myrsinifoliawere calculated using the response factor for salicortin. From the
chromatogram ofS. pentandra, we found six rather large peaks of some unknown
flavonoids. The levels of these compounds were calculated using the response
factor for quercetin. The levels of condensed tannins were determined from the
methanol extracts by means of the butanol-HCl-test (Hagerman, 1995).

The unknown salicylates were tentatively identified by HPLC/API-ES mass
spectrophotometry (HP 1100 Series LC/MSD, Hewlett-Packard, Palo Alto
California) according to their molecular ion peaks. The substances were sepa-
rated in an HP Hypersil ODS column (3µm, 2.1× 100 mm). The solvents were
A: 1.5% THF and 0.25% acetic acid in dH2O and B: 100% methanol. The elution
gradient was the following: 0–5 min, 0% B; 5–10 min, 15% B; 10–20 min, 30% B;
20–30 min, 35% B; 30–40 min, 50% B; and 40–60 min, 100% B. The capillary for
ES (electrospray ionization) was set to 3000 V, the nebulizer pressure was 35 psig,
the temperature of the drying gas (N2) was 350◦C and the rate of flow was 12 l/min.
The fragmentation voltage was 120 V, except for the fragmentation voltage for the
diglucoside of salicin, which was 130 V.

Carbon and Nitrogen Analyzes. The carbon and nitrogen contents of the leaves
and frass were analyzed with a CHN-analyzer (Elemental Analyzer—Mod. 1106,
Carlo Erba Stumentazione). Acetanilide OAS (Elemental Microanalysis Limited)
was used as the standard (C= 71.09%; H= 6.71%; N= 10.36%; O= 11.84%).
The samples were analyzed in tin capsules, 6× 4 mm D1006 (Elemental Micro-
analysis Limited). Three replicates were run from each leaf- and frass-sample.
To check the condition of the analyzer, every 10th sample was a standard. If the
deviation was too high, the analyzer was recalibrated and the samples were run
again.

Experiment on Artificial Diet. We studied the effects of salicylates and chloro-
genic acid on larval growth more closely in an experiment, where the 4th instars
of O. brumatawere reared on artificial diets with four different concentrations of
chlorogenic acid, catechol, salicin, or saligenin. Since the isolation of salicortin
and its derivatives is very laborious, we used their degradation products, catechol,
salicin, and saligenin.
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The highest concentration of defenses (90µmol/g FW) used in this study
was selected on the basis of an estimate of how much catechol and salicin and
subsequently saligenin would be produced by a complete degradation of salicortin,
the main salicylate ofS. myrsinifolia, at the level observed in the leaves. The 2nd
highest level was approximately the same as the concentrations of salicylates
observed in the leaves ofS. pentandra.

The artificial diet was produced according to the recipe of Goujet and Guilbort
(Singh, 1985), with the exception that we usedS. phylicifolialeaf powder instead
of P. padusleaf powder and reduced the amount of agar from 5 g to 2 g (Agarbacte-
rioloque type A, Biokar Diagnostic). Salicin (Sigma), saligenin (ICN Biomedicals
Inc) and catechol (ICN Biomedicals Inc) were used at the concentrations of 0,
20, 45, and 90µmol/g FW and chlorogenic acid (Aldrich Chemie Co, Carl Roth
GmbH Co) at the concentrations of 0, 5, 20, and 45µmol/g FW. A warm mixture of
the artificial diet (2.5 ml) was poured into small petri dishes (3.5 cm) and allowed
to solidify. The dishes were stored at+4◦C until used.

Larvae were placed in dishes on a normal artificial diet (no additional sec-
ondary metabolites) for 12 hr prior to the actual experiment. After this pre-feeding
period (+16◦C), the larvae were weighed and transferred to experimental dishes,
one larva to each dish. For every concentration of each substance studied, 10 repli-
cate dishes were used. After 24 hours of rearing at+16◦C, the larvae were weighed
again.

Calculation and Statistics. Relative growth rate (RGR), relative consumption
rate (RCR), apparent digestibility (AD) (Waldbauer, 1968; Scriber and Slansky,
1981), water content of the leaves, and assimilation efficiencies of carbon and nitro-
gen were calculated by the following equations: RGR=mg biomass gained/mg ini-
tial biomass/d; RCR=mg eaten/mg initial biomass of larvae/d; AD= [(mg eaten—
mg frass)/mg eaten]∗ 100%; water content of leaves= (FW-DW/FW)∗ 100%;
assimilation efficiencies of carbon and nitrogen= [(µg ingested—µg in frass)/µg
ingested]∗ 100%. Fresh weight of the larvae was converted to dry weight by the
equation:DW= e(0.089+ 0.0392FW). This equation is calculated from data on 57 5th
instars ofO. brumataweighing 15.5−62.8 mg (r = 0.923,P < 0.001). The larvae
were dried for 24 hr at+105◦C and weighed again.

The differences in the levels of secondary compounds between the three wil-
low species, were tested using a nonparametric Kruskal-Wallis test. The differences
in RGR, RCR, AD, and water content as well as the differences in carbon and ni-
trogen contents and their assimilation efficiencies were tested using a one-way
ANOVA followed by Tukey’s test for multiple post hoc comparisons. The corre-
lations of RGR with RCR, and AD and the water content of the leaves with RGR
and RCR were tested by Pearson’s correlation test. The correlations of the levels
of secondary compounds, carbon and nitrogen content and their assimilation effi-
ciency with RGR and RCR were also tested by Pearson’s correlation test. Since the
nitrogen and carbon contents were determined from leaf-halves that were different
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from those used for secondary chemistry, these correlations were performed sepa-
rately. Correlations were tested by including data from all three willow species and
data within species. A sequential Bonferroni correction was used for evaluating
correlations between secondary chemicals and RGR and RCR since they contained
multiple comparisons (in whole data comparisons;k = 8 individual compounds,
and within species comparisons;k = 7 individual compounds), which increases
the experiment-wise rate of error (Rice, 1989). The results of the artificial diet
experiment were analyzed by two-way ANOVA, but did not include chlorogenic
acid since this was used at lower concentrations than the degradation products
of the salicylates. The results for chlorogenic acid were tested separately using
one-way ANOVA. A standard version of SPSS (1997) for Windows 8.0 (SPSS,
Chicago) was used for all statistical tests.

RESULTS

Chemistry of Willow Leaves. As expected, the leaves ofS. phylicifolia, S. pen-
tandraandS. myrsinifoliawere chemically very different (Tables 1–3). In these
three willow species, the levels of chlorogenic acid, cinnamic acid, quercetin,
myricetin, and luteolin derivatives and total salicylates, total flavonoids, and con-
densed tannins differed significantly (P < 0.001). S. phylicifolia (Table 1)
contained a very high level of flavonoids, low levels of chlorogenic acids and
condensed tannins, but no salicylates or cinnamic acid derivatives.S. pentandra
(Table 2) contained moderate levels of salicylates, flavonoids, and chlorogenic
acids and a low level of condensed tannins.S. myrsinifoliahad a very high level of

TABLE 1. CONCENTRATIONS(MEAN± SE)OF SECONDARY COMPOUNDS IN THELEAVES

OF Salix phylicifoliaAND IN THE FRASS OFO. brumataLARVAEa

Concentration Concentration
in leaves in frass Percent (%)

Compound (mg/g DW) (mg/g DW) degraded

(+)-Catechin 0.68± 0.11 0.37± 0.09 58.21± 11.67
Chlorogenic acid derivatives 0.97± 0.17 0.46± 0.08 66.11± 5.70
Ampelopsin derivatives 160.91± 19.70 83.60± 11.48 64.96± 5.73
Quercetin derivatives 3.42± 0.41 1.49± 0.22 71.26± 3.92
Myricetin derivatives 6.11± 0.73 1.52± 0.23 81.36± 4.09
Luteolin derivatives 2.00± 0.25 1.24± 0.25 57.21± 7.64
Apigenin derivative 0.62± 0.14 0± 0.00 100± 0.00
Total flavonoidsb 173.12± 20.86 87.86± 11.87 65.63± 5.62
Condensed tannins 3.22± 0.29 nd nd

aPercentages of degradation of compounds were calculated by the following equation: ((µg compound
ingested—µg compound excreted)/µg compound ingested)*100%.N = 11.

bAll flavonoids determined, nd= not determined.
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TABLE 2. CONCENTRATIONS(MEAN ± SE)OF SECONDARY COMPOUNDS IN THELEAVES

OF Salix pentandraAND IN THE FRASS OFO. brumataLARVAEa

Concentration Concentration
in leaves in frass Percent (%)

Compound (mg/g DW) (mg/g DW) degraded

Unknown salicylate 0.84± 0.11 0± 0.00 100± 0.00
Salicin 1.23± 0.42 23.74± 7.28 —
Catechol 0± 0.00 2.90± 1.00 —
2′-O-Acetylsalicin 1.07± 0.28 0± 0.00 100± 0.00
2′-O-Acetylsalicortin 20.10± 4.41 0± 0.00 100± 0.00
Diacetylsalicortin 29.11± 7.37 0± 0.00 100± 0.00
Total salicylates 52.32± 11.84 26.65± 8.24 73.45± 4.36
Chlorogenic acid derivatives 37.63± 2.91 24.93± 4.82 64.13± 6.66
Cinnamic acid derivatives 1.85± 0.28 2.21± 0.40 28.30± 11.9
Quercetin derivatives 13.78± 1.06 12.85± 1.69 80.90± 5.87
Myricetin derivatives 3.41± 0.12 3.01± 0.54 52.12± 9.32
Other flavonoidsb 11.22± 0.98 1.00± 0.16 95.03± 1.04
Total flavonoidsc 30.40± 1.43 17.56± 2.26 68.33± 5.58
Condensed tannins 9.26± 0.75 nd nd

aPercentages of degradation of compounds were calculated by the following equation: ((µg compound
ingested—µg compound excreted)/µg compound ingested)*100%.N = 10.

bIncludes three kaemferol derivatives, one eridictyoyl derivative, and six unknown flavonoids.
cAll flavonoids determined, nd= not determined.

salicylates, a low level of flavonoids, only a small fraction of condensed tannins,
and a moderate level of chlorogenic acids (Table 3).

The main salicylates ofS. pentandra(Table 2) were 2′-O-acetylsalicortin and
its derivative, a putative diacetylsalicortin (531.2m/z[M +Na]+), which prelim-
inarily is thought to contain two acetyl groups attached to a glucose moiety (Ru-
uhola et al., unpublished results).S. pentandraalso contained low levels of salicin,
2′-O-acetylsalicin, and an unknown derivative of salicin (possibly an isomer of
diglucoside of salicin). The main salicylate ofS. myrsinifoliawas salicortin. The
leaves also contained salicin, diglucoside of salicin (471m/z[M +Na]+), and three
derivatives of salicortin (Table 3). Salicortin derivative-1 (585.2m/z[M +Na]+)
has provisionally been calculated to contain two 1-hydroxy-6-oxo-2-cyclohexen
moieties (Tegelberg and Julkunen-Tiitto, 2001). Salicortin derivative-2 (871.2m/z
[M +Na]+) is assumed to consist of two salicortin moieties (Julkunen-Tiitto and
Sorsa, 2001). Salicortin derivative-3 was an isomer of salicortin derivative-2. As the
main flavonoids,S. phylicifoliacontained ampelopsin and its derivatives, but also
quercetin, myricetin, luteolin derivatives, and one apigenin derivative (Table 1). In
addition,S. phylicifoliacontained (+)-catechin, which was absent from the leaves
of S. pentandraandS. myrsinifolia. S. pentandracontained quercetin, myricetin
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TABLE 3. CONCENTRATIONS(MEAN ± SE)OF SECONDARY COMPOUNDS IN THELEAVES

OF Salix myrsinifoliaAND IN THE FRASS OFO. brumataLARVAEa

Concentration Concentration
in leaves in frass Percent (%)

Compound (mg/g DW) (mg/g DW) degraded

Diglucoside of salicin 2.49± 0.27 0.00± 0.00 100± 0.00
Salicin 2.06± 0.24 81.60± 6.04 —
Salicortin 112.64± 6.88 0.00± 0.00 100± 0.00
Salicortin derivative-1 7.54± 1.38 0.00± 0.00 100± 0.00
Salicortin derivative-2 1.08± 0.13 0.00± 0.00 100± 0.00
Salicortin derivative-3 0.91± 0.11 0.00± 0.00 100± 0.00
Total salicylates 125.85± 7.77 81.60± 6.04 66.49± 3.38
Chlorogenic acid derivatives 48.99± 3.50 0.00± 0.00 100± 0.00
Cinnamic acid derivatives 4.52± 0.36 1.62± 0.25 82.39± 2.10
Quercetin derivatives 3.78± 0.46 0.00± 0.00 100± 0.00
Luteolin derivatives 1.75± 0.18 2.94± 0.44 13.53± 11.85
Total flavonoidsb 5.53± 0.56 2.89± 0.44 72.44± 4.15
Condensed tannins 0.29± 0.09 nd nd

aPercentages of degradation of compounds were calculated by the following equation: ((µg compound
ingested—µg compound excreted)/µg compound ingested)*100%.N = 10.

bAll flavonoids determined, nd= not determined.

and kaemferol derivatives, one eridictyoyl derivative, and six unknown flavonoids
(Table 2). The flavonoids ofS. myrsinifoliaconsisted of quercetin and luteolin
derivatives (Table 3).

Nutritive Values of Leaves and Assimilation Efficiencies of Carbon and
Nitrogen. The leaves of the willow species differed significantly both in their
digestibility (AD; F2,29 = 3.495,P = 0.037) and water content (F2,29 = 3.587,
P = 0.034). The AD of the leaves ofS. myrsinifoliawas higher than the AD of
the leaves ofS. phylicifolia(Figure 1a). However, the differences in ADs between
S. myrsinifoliaandS. pentandraand betweenS. pentandraandS. phylicifoliawere
not significant. The water content of leaves tended to be higher inS. myrsinifolia
than inS. phylicifolia; Tukey’s HSD test, which is a conservative test, did not find
the differences that were detected by ANOVA.

The nitrogen contents of the leaves of the different willow species did not
differ significantly (F2,29= 1.337,P = 0.278). By contrast, the carbon content of
the leaves showed significant differences (F2,29= 6.421,P = 0.005); the carbon
content ofS. phylicifolialeaves was significantly higher than that ofS. pentandra
leaves orS. myrsinifolia(Figure 1b). In spite of the lower AD of theS. phylicifolia
leaves, the assimilation efficiency of nitrogen (F2,29=1.225,P = 0.308) or carbon
(F2,29 = 1.915, P = 0.166) did not differ in larvae grown on different willows
(Figure 1c).
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FIG. 1. AD and water (A), N and C (B) contents of the leaves ofS. pentandra,S. myrsinifolia
andS. phylicifolia. Assimilation efficiencies of N and C (C), RGR- and RCR-values of
O. brumatalarvae reared on these three willow species (D). The data were tested by one-
way ANOVA followed by Tukey’s HSD test for multiple comparisons (SPSS, 1997). Cases
with statistically significant differences (P < 0.05) are identified by different letters.

Feeding and Growth of Larvae. The larvae ofO. brumatagrew at very differ-
ent rates on different willows (F2,59 = 19.56,P < 0, 001). The larvae grew best
on S. phylicifolia, and the larval growth on this species was significantly faster
than onS. pentandra(Figure 1d). The growth of larvae was slowest on the leaves
of S. myrsinifolia(Figure 1d), and RGR differed significantly from that of larvae
feeding onS. phylicifolia(P < 0.001) orS. pentandra(P < 0.05). The growth of
larvae reared onS. pentandrawas 25% slower and onS. myrsinifolia60% slower
than the growth of larvae onS. phylicifolia.

The consumption rates of the larvae differed on the three willows studied
(F2,59 = 24.17,P < 0.001). The relative consumption rate (RCR) tended to be
higher onS. phylicifolia than onS. pentandra(P = 0.064), and onS. myrsini-
folia RCR was much lower than the RCR of larvae reared onS. pentandraor
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FIG. 2. Correlations between RGRs and RCRs. Comparisons were made with complete data
including all three willows species (A), or within species;S. pentandra(B), S. myrsinifolia
(C) andS. phylicifolia(D). Data were tested by Pearson’s correlation test.

S. phylicifolia(Figure 1d). Furthermore, RCR and RGR correlated significantly
and positively both within and between willow species (Figure 2).

Correlations between Leaf Characters and RGR and RCR. The levels of to-
tal salicylates and chlorogenic acid correlated strongly and negatively with larval
growth and consumption (Figures 3a,b and 4a,b). In addition, the level of cinnamic
acid correlated negatively with RGR and RCR (Figures 3c and 4c). By contrast,
the level of myricetin derivatives and total flavonoids correlated positively with
rate of consumption (Figures 4e and g). However, the correlation with growth rate
was not significant (Figures 3e and g). The levels of quercetin and luteolin deriva-
tives or condensed tannins did not correlate with RGR or RCR (Figures 3d,f,h and
4d,f,h). On the other hand, none of the concentrations of the secondary compounds
correlated with RGR or RCR within species, although inS. pentandrathe concen-
tration of salicylates, chlorogenic acids, and condensed tannins tended to correlate
negatively with RGR (data not shown).

When the correlation included all three willow species, digestibility of the
leaves (AD) correlated negatively with RGR (r = −0.335, P = 0.008) and RCR
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(r = −0.308, P = 0.015). This is apparently due to the higher digestibility of
S. myrsinifolialeaves as compared withS. phylicifolia leaves. Nevertheless, the
quality ofS. myrsinifolialeaves forO. brumatalarvae was inferior, and the larvae
grew very slowly. Neither the nitrogen nor the water content of leaves correlated
with growth or consumption. The carbon content of leaves correlated significantly
with RGR (r = 0.366, P = 0.039) but not with RCR (r = 0.272, P = 0.132).

Degradation of Secondary Compounds. In the digestive tract of larvae, labile
salicortin, 2′-O-acetylsalicortin, and their derivatives were degraded completely
to salicin, which was detected at high levels in the frass of larvae feeding on
S. myrsinifoliaandS. pentandra(Tables 2 and 3). Larvae feeding onS. myrsini-
folia ingested on average 5.36± 0.57 µmol of salicortin, the main salicylate of
this willow, and excreted 2.98± 0.31µmol of salicin, which indicates that further
metabolism of salicin was rather slow. Since we did not have separate response
factors for all salicylates, we were not able to calculate the exact equimolar rela-
tionship between salicin and the other salicylates.

The frass of larvae feeding onS. pentandra(Table 2) contained catechol,
which was not detected in the frass of larvae feeding onS. myrsinifolialeaves
(Table 3). On the other hand, the frass of larvae reared onS. myrsinifoliacontained

FIG. 5. Effects of increasing concentrations of catechol, saligenin, salicin, and chlorogenic
acid on the relative growth rate (RGR, mean± S.E.) ofO. brumatalarvae.N = 10 in each
concentration of each compound.
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TABLE 4. ANOVA TABLE OF THE FULL FACTORIAL ANALYSES FOR THE

EFFECT OFCATECHOL, SALIGENIN AND SALICIN ON THE RELATIVE

GROWTH RATE OF O. brumataLARVAE RAERED ONARTIFICIAL DIET

Source of variance d f MS F P

Model 11 0.064 4.324 <0.001
Compound 2 0.073 4.764 0.011
Concentration 3 0.110 7.180 <0.001
Compound× concentration 6 0.042 2.749 0.017

an unknown compound with a spectrum resembling that of cyclohexenone but
with a longer retention time.

Chlorogenic acids, flavonoids, and cinnamic acids were degraded with dif-
ferent efficiencies depending on which willow species the larvae were reared on.
Chlorogenic acid derivatives were degraded more efficiently onS. myrsinifoliathan
onS. pentandraand onS. phylicifolia(Tables 1–3), and cinnamic acid derivatives
were degraded more efficiently onS. myrsinifoliathan onS. pentandra(Tables 2
and 3). Quercetin derivatives, which were found in the leaves of all three willows,
were totally absent from the frass of larvae feeding onS. myrsinifolia(Table 3),
but in larvae feeding onS. phylicifoliaor S. pentandra, quercetin derivatives were
degraded 71.3% and 80.9%, respectively (Tables 1 and 2).

Growth of Larvae on Artificial Diets with Different Levels of Salicin, Sali-
genin, Catechol, or Chlorogenic Acid. Catechol and saligenin significantly reduced
the growth rate of larvae, while salicin and chlorogenic acid did not (Figure 5). The
differences between compounds and concentrations and their interactions were all
significant (Table 4). With increasing levels of catechol and saligenin, the inhibition
of RGR was almost linear (Figure 5).

Catechol added to an artificial diet mixture at concentrations of 20, 45, and
90 µmol/g FW resulted in 40%, 61%, and 91% reductions, respectively, in the
growth of larvae. The addition of saligenin resulted in 21%, 40%, and 63% reduc-
tions, respectively, in the growth of the larvae. Thus, catechol was a more effective
growth inhibitor than saligenin. We did not measure the feeding rates of the larvae,
but it was clear that catechol acted as a strong feeding deterrent since larvae kept
in dishes containing catechol ate very little, and at the highest concentration of
catechol, larvae hardly touched the diet. This type of feeding inhibition was not
detected with saligenin.

DISCUSSION

The growth and feeding ofO. brumatalarvae were retarded on both salicylate-
and chlorogenic acid-rich willows,S. myrsinifoliaandS. pentandra, when com-
pared to the feeding and growth observed on the salicylate-freeS. phylicifolia.
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This retardation was obviously due to the unfavorable secondary chemistry of the
leaves, since differences in the nutritive status, digestibility of leaves, and assim-
ilation efficiencies of nitrogen and carbon cannot explain this retardation. There
were no differences betweenS. pentandraandS. phylicifolia in water or nitro-
gen content or the digestibility of the leaves. Furthermore,S. phylicifolialeaves
contained more carbon, less water, and had lower digestibility, indicating that the
leaves ofS. phylicifoliawere tougher and probably contained more carbon based
fibers and cellulose than did the leaves ofS. myrsinifolia.

The strong correlation between leaf consumption and growth rate of larvae
indicates that the differences between growth rates were explained by differential
feeding rates of larvae reared on these three willows. In addition, the levels of the
most abundant chemicals found in the leaves ofS. myrsinifoliaandS. pentandra,
salicylates and chlorogenic acids, correlated markedly but negatively with both
consumption and growth. This suggests that these compounds are potential an-
tifeeding deterrents againstO. brumata. Many reports have shown that salicylates
act as feeding deterrents against generalist insect herbivores (Tahvanainen et al.,
1985; Lindroth et al., 1988; Lindroth and Peterson, 1988); however, some reports
show that chlorogenic acid slows down the growth of insect herbivores (e.g., Isman
and Duffey, 1982; Felton et al., 1989; Felton and Duffey, 1991).

To clarify the question of whether the effective defensive compounds of
S. myrsinifoliaandS. pentandrawere salicylates, chlorogenic acid, or both, we
rearedO. brumatalarvae on an artificial diet. The diet contained chlorogenic acid
and degradation products of salicylates in equimolar concentrations to the those
observed in the leaves ofS. myrsinifoliaandS. pentandra. This experiment showed
that the degradation products of salicylates, catechol, and saligenin, reduced the
growth ofO. brumata, while neither salicin nor chlorogenic acid significantly re-
tarded the growth. Catechol, but not saligenin, clearly acted as a feeding deterrent.
Similar results were observed by Clausen et al. (1989), who showed, that at the con-
centrations potentially found in the insect gut, 6-HCH and catechol significantly
reduced pupal weight ofChoristoneura conflictana(Lep.) reared on artificial diets.
In addition, Lindroth and Peterson (1988) demonstrated that both salicortin and
tremulacin reduced the growth ofSpodoptera eridania(Lep.) larvae, primarily
by decreasing consumption. Neither salicin nor chlorogenic acid had deleterious
effects. In addition, their histopathological results showed that both salicortin and
tremulacin acted as gut toxins, and they proposed that the active component was
saligenin ester.

Our degradation pattern of salicylates does not conform to the model of
Lindroth et al. (1988), who suggested that the degradation of salicortin and trem-
ulacin begins with cleavage of the sugar moiety byβ-glucosidase, and that the
effective component in defense is cyclohexenone saligenin ester, which is detox-
ified by carboxyesterases. Instead, we propose that labile salicortin and 2′-O-
acetylsalicortin and their derivatives are degraded first by foliar esterases or by
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alkaline conditions to salicin and 6-HCH (see Mattes et al., 1987; Clausen et al.,
1989; Julkunen-Tiitto and Meier, 1992). Salicin is then further degraded to sali-
genin byβ-glucosidase activity (Julkunen-Tiitto and Meier, 1992). We propose
that saligenin is a toxic agent of salicylates and may cause gut lesions such as
those observed by Lindroth and Peterson (1988).β-Glucosidase has been shown
to be ineffective in the degradation of acetylated salicylates. However, the cleav-
age of the acetyl moiety is achieved by esterases, although the reaction is slow
(Julkunen-Tiitto and Meier, 1992). Thus, acetylation of salicylates may decrease
their degradation rates in the digestive tract of insects and further decrease the
toxicity of compounds. The oxidation of 6-HCH to catechol was obviously due to
the alkaline condition of the midgut ofO. brumatalarvae. Catechol is a substrate
of PPO (catechol oxidase; EC 1.10.3.2) and theo-quinone produced can bind to
nucleophilic NH2 and SH groups of amino acids and proteins (Constabel, 1999).
6-HCH is also an electrophile (Clausen et al., 1989), and thus, both catechol and
6-HCH are agents that may reduce the assimilation efficiencies of nutrients. In
summary, salicylates may act in three ways: they are strong feeding deterrents,
but they may also have toxic effects and reduce the assimilation of nutrients by
precipitating essential amino acids and proteins. However, we emphasize that the
observed growth retardation ofO. brumatalarvae was mainly a consequence of
feeding deterrence.

One reason for the ineffectiveness of chlorogenic acid in retarding the growth
of O. brumatalarvae in our experiment could be the absence of active foliar PPOs
in the artificial diet. However, the content of the midgut ofO. brumatalarvae is
alkaline (Berenbaum, 1980), which should lead to auto-oxidation of chlorogenic
acid (Felton et al., 1989). Felton and Duffey (1991) showed that chlorogenic acid
added to an artificial diet decreased the growth ofHelicoverpa zea(Lep.), but the
effect was enhanced by the presence of plant peroxidases and H2O2. The age of
the larvae may also affect their sensitivity to chlorogenic acid. For example, the
growth of the 3rd and 5th instars ofHeliothis zea(Lep.), was not affected by chloro-
genic acid, while that of neonate larvae was inhibited (Isman and Duffey, 1982).
Furthermore, we cannot rule out the possible synergistic effects of salicylates and
chlorogenic acids.

The flavonoids, chlorogenic acid and cinnamic acid derivatives of three wil-
low species were degraded at different rates. For example, the chlorogenic acid and
quercetin derivatives that originated fromS. myrsinifoliawere decomposed more
efficiently than those originating fromS. pentandraor S. phylicifolia. One expla-
nation for the dissimilar degradation efficiencies of these compounds could be the
different levels of condensed tannins in the leaves of these willows;S. myrsinifolia
had the lowest level of tannins. Tannins are able to bind proteins and thus inhibit
enzymes (Goldstein and Spencer, 1985; Juntheikki and Julkunen-Tiitto, 2000).
Goldstein and Spencer (1985) demonstrated that hydrolysis of the cyanogenic gly-
cosides ofCarica papayL. (Caricaceae) by specificβ-glucosidases was inhibited
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by the presence of tannins. On the other hand, the pH of the midgut ofO.
brumatais very alkaline: 9.2–9.5 (Berenbaum, 1980), and in such alkaline con-
ditions tannin-protein complexes are thought to dissociate (Berenbaum, 1980;
Zucker, 1983; Martin and Martin, 1984). It is also possible that the faster degra-
dation rates of chlorogenic acid, cinnamic acid, and quercetin derivatives are
due to the higher PPO activity ofS. myrsinifolialeaves. We believe that sec-
ondary chemicals such as tannins may affect the degradation and thus the tox-
icity of other chemicals. However, we suggest that the flavonoids and the low
levels of condensed tannins observed in this study did not have major negative
or positive effects on larval growth when compared to the deleterious effects of
salicylates.

It is intriguing to compare our results obtained with generalistO. brumata
with the results of the experiment in which the growth of a highly specialized leaf
beetle,P. vitellinae, was studied on the same set of willow species (Rank et al.,
1998). The growth rates ofP. vitellinaeshowed exactly the opposite pattern: the
larvae grew fastest on salicylate-richS. myrsinifoliaandS. pentandra, and their
growth was slowest on salicylate-poorS. phylicifolia(Rank et al., 1998). The larvae
of P. vitellinaeare assumed to utilize a glucose moiety released in the degradation
of salicin as their energy source for growth (Pasteels et al., 1983; Rowell-Rahier
and Pasteels, 1986). It is obvious that generalist larvae are not able to degrade
salicin efficiently and utilize salicylates as an energy source.

Salicylate-richS. myrsinifoliais a poor host candidate forO. brumata, at
least in spring, when the salicylate levels are the highest (Julkunen-Tiitto, personal
communication). On the contrary, a moderate level of acetylated salicylates found
in the leaves ofS. pentandraappeared not to be particularly deleterious, at least
not for the 4th instars. Thus, bothS. pentandraandS. phylicifolia, whose chemical
compositions are, however, very dissimilar compared to the chemistry of the main
hosts,P. padusandQ. robur, seem to be suitable alternative hosts for polyphagous
O. brumata.

The ability ofO. brumatato tolerate and to adapt to the use of hosts that are
chemically so divergent and derived from different plant families is remarkable.
One possible explanation for this tolerance might be found in the lowβ-glucosidase
activity in the midgut of larvae. For example, theβ-glucosidase activity observed
in Papilio glaucus canadiensis, which is adapted to use salicylate-rich species as
its host, was lower than the activity observed inPapilio glaucus glaucuswhich
cannot tolerate salicylates (Lindroth, 1989). The slow further metabolism of salicin
in the “real leaf” experiment and the ineffectiveness of salicin found in the artificial
diet experiment support this hypothesis. In the first place, the ability to adapt to
the use of chemically different hosts provides, the means for this moth to survive
if dispersing neonate larvae do not succeed in settling on optimal hosts (Wint,
1983; Tikkanen, 2000). Secondly, the adaptability ofO. brumatafacilitates the
opportunistic use of locally most abundant host plants (see Tikkanen, 2000).
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In summary, high salicylate content of the leaves of some willow species, such
asS. myrsinifolia, provides these plants with efficient chemical defense against
many generalist insect herbivores. This resistance may significantly reduce the
level of damage inflicted by generalist feeders (see Sipura, 2000) and may, in
consequence, increase the overall fitness of these high salicylate willows. Plants
with effective defenses may “escape” from herbivores, especially from generalist
ones which are able to feed on other hosts and are not forced to take part in the
“co-evolutionary arms race” (sensuErlich and Raven, 1964). As a result, these
plants may have more resources for competition or, if defensive chemicals are
costly, they may adapt to a new life history strategy of lower growth and efficient
defense (see Coley et al., 1985).
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TIKKANEN , O-P., NIEMELÄ, P., and KERÄNEN, J. 2000. Growth and development of a generalist herb-
ivore,Operophtera brumata, on original and alternative host plants.Oecologia122:259–536.
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Abstract—Repellency and toxicity of 8 essential oils (vetiver grass, cassia
leaf, clove bud, cedarwood,Eucalyptus globules, Eucalyptus citrodora, lemon-
grass and geranium) were evaluated against the Formosan subterranean termite,
Coptotermes formosanusShiraki. Vetiver oil proved the most effective repellent
because of its long-lasting activity. Clove bud was the most toxic, killing 100%
of termites in 2 days at 50µg/cm2. The tunneling response of termites to ve-
tiver oil also was examined. Vetiver oil decreased termite tunneling activity at
concentrations as low as 5µg/g sand. Tunneling and paper consumption were
not observed when vetiver oil concentrations were higher than 25µg/g sand.
Bioactivity of the 8 oils against termites and chemical volatility were inversely
associated. Listed in decreasing order of volatility, the major constituents of the
8 oils were: eucalyptol, citronellal, citral, citronellol, cinnamaldehyde, eugenol,
thujopsene, and bothα- andβ- vetivone. Vetiver oil is a promising novel termiti-
cide with reduced environmental impact for use against subterranean termites.

Key Words—Coptotermes formosanus, Vetiveria zizanioides, clove, repellents,
toxicants, natural product chemistry, vetivone, nootkatone, eugenol.

INTRODUCTION

Essential oils are natural volatile substances found in a variety of odoriferous
plants. When isolated from plants, essential oils are not usually extracted as chem-
ically pure substances, but consist of mixtures of many compounds. Terpenes,

*To whom correspondence should be addressed.

1617

0098-0331/01/0800-1617$19.50/0C© 2001 Plenum Publishing Corporation



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-341399 June 14, 2001 1:2 Style file version Nov. 19th, 1999

1618 ZHU, HENDERSON, CHEN, FEI, AND LAINE

organic compounds consisting of multiples of isoprene units are the dominant
constituents of essential oils. Commercially, essential oils are used in four primary
ways: as odorants in fragrances, as flavor enhancers in many food products, as
pharmaceuticals, and as insecticides. Particular emphasis has been placed on their
antimicrobial, antifugal, antitumor, and insecticidal actions (Franzios et al., 1997).

In recent years, essential oils have received much attention as potentially
useful bioactive compounds against insects. Insecticidal activity of essential oils
has been shown against cockroaches (Ahmad et al., 1995; Ngoh et al., 1998),
mosquitoes (Watanabe et al., 1993), stored-product insects (Shaaya et al., 1991),
ticks (Lwande et al., 1999) and house flies (Singh and Singh, 1991). Bultman et al.
(1979) tested 42 tropical African woods and suggested that volatile allelochemicals
from the wood might be one of the major factors for their natural resistance to
Coptotermes formosanusShiraki. Other studies confirmed that some essential oils,
such as that extracted from cedarwood (Adams, 1991),Litsea cubeba(Lin and Yin,
1995a) andCinnamomumspp. (Lin and Yin, 1995b), were naturally repellent to
termites. Some essential oil components from resistant wood species also have been
reported to be toxic to termites, including chamaecynone, an acetylenic terpenoid
from Chamaecyparis pisideraD. Don (Saeki et al., 1973), 7-methyljuglone, a
naphthoquinone fromDiospyros virginianaL. (Carter et al., 1978), and torreyal
from, Torreya nuciferaSieb. et Zucc., Kaya wood (Ikeda et al., 1978). A number
of diverse terpenoids in essential oils, such as citronellal, citral, gernaniol and
eugenol have repellent activity against the American cockroach (Ngoh et al., 1998)
and the Formosan subterranean termite (Cornelius et al., 1997 and Sharma et al.,
1994). Scheffrahn et al. (1988) isolated ferruginol, manool, and nezukol from
bald cypress,Taxodium distichumL. wood, which acted principally as a feeding
deterrent toC. formosanus. Nagnan and Clement (1990) reported on the topical
toxicity of geranyllinalool to termites. Grace and Yamamoto (1994) found that
Formosan subterranean termites avoided feeding on Alaskan yellow cedar. A major
extractive in Alaskan yellow cedar is a sesquiterpene, nootkatone (Erdtman and
Hirose, 1962). Recently, we found this chemical also was a component of vetiver
grass oil and demonstrated it to have strong repelling activity against the Formosan
subterranean termite (Zhu et al., 2001). In this study, the toxicity and repellency of 8
selected essential oils to the Formosan subterranean termite were evaluated and the
volatility of their major compounds were compared by gas chromatography-mass
spectrometry (GC-MS).

METHODS AND MATERIALS

Oils of vetiver (Vetiveria zizanioides, Haiti), cassia leaf (Cinnamomum cassia,
Chinese), clove bud (Eugenia caryophyllata, Indonesia), cedarwood (Juniperus
virginiana, Virginia), Eucalyptus globulus, Eucalyptus citrodora, lemongrass
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(Cymbopogon citrates, East Indian) and geranium (Geranium pelergonium grave-
olens, Bourbon) were purchased from The Good Scents Company (TGSC, Oak
Creek, WI). Cinnamaldehyde, thujopsene, eugenol, eucalyptol, citronellal, cit-
ral and citronellol were purchased from the Fluka Company (Milwaukee, WI).
Vetivones (α- andβ-) were kindly provided by Professor Ekkhard Winterfeldt
(Institut für Organische Chemie, Technische Universit¨at, Berlin).

Formosan subterranean termites were collected in a fallen Oak tree from New
Orleans, Louisiana, and stored in a 250 liter container at 24-28◦C in the laboratory.
The mean weight of a worker termite (3rd instar or older) was 1.2 (±0.01) mg.

Repellency Assay.The testing procedure was modified from Lewis et al.
(1978). A Petri dish (5 cm in dia. and 1 cm high containing 20 ml air) was used
for testing the toxicity and repellency of the essential oils against workers of the
Formosan subterranean termite. Essential oils were dissolved in ethyl alcohol and
prepared in a series of dilutions for testing. One ml of hot agar solution (1.5 g agar
in 100 ml H2O) was spread evenly in the bottom of each dish and allowed to cool.
This ensured adequate moisture for the termites and helped to hold the sand in
place that was layered above it. Blasting sand (fine, #4) was autoclaved for 30 min
and oven-dried. The top half agar layer was covered with 1 g of treated sand and
a piece of treated filter paper (Whatman #1; 0.5 cm× 1 cm). The other half was
covered with 1 g of untreated sand and a piece of untreated filter paper (0.5 cm×
1 cm). Enough sand was used to cover the agar completely, but thin enough to not
conceal the termites once introduced. Three concentrations of treated sand/filter
paper were evaluated for each of the 8 oils tested (100µg/g sand or 10µg/cm2,
250µg/g sand or 25µg/cm2 and 500µg/g sand or 50µg/cm2). There were 3
replicates for each oil at each concentration tested. Three replicates for the con-
trols (untreated sand and filter paper) were set up. This experiment was repeated
twice.

Ten worker termites were added to each Petri dish, and all Petri dishes were
covered between observations to eliminate the light. Every 15 minutes for the
first hour, termite activity was recorded by summing three scan samples (each
reading taken within 3 seconds) in 5 minutes intervals per Petri dish on the number
of termites observed on untreated sand/filter paper. After the first hour, termite
activity was recorded each hour (three scans in 5 minute intervals) until 6 hr, then
counted every 24 hours (three scans in 5 minute intervals) until four weeks. A Chi-
Square test indicated that when 23 or more of the 30 termites (mean value of all
replicates) were observed on the untreated sand, there was a significant difference
in the repellency to termites between the oil-treated group and the control group
(x2 = 4.59,df= 1, p = 0.032) (Anonymous, 1998). Then, the oil was considered
repellent. The oil was considered toxic if some or all termites behaved sluggishly,
were moribund, or dead. When 29 of the 30 (mean value of all replicates) termites
for a given concentration of a tested oil were either dead or moribund, the test was
ended.
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Tunneling Response, Consumption, and Mortality.Vetiver oil was further
tested to evaluate its effect on tunneling response, paper consumption, and mortality
of Formosan subterranean termite workers. Three-compartment plastic containers
(18× 8× 4 cm) (Pioneer Packaging Co, North Dixon, KY) were used. A small
opening (0.3 cm high and 5 cm long) was made at the bottom of each of the two
inner walls to permit termite travel between the chamber compartments. Vetiver
oil (50 mg) was dissolved in ethanol (10 ml) as the stock solution. Four concentra-
tions (5, 10, 25, and 50µg/g sand) and one control (0µg/g sand) were prepared as
follows: 500 g of blasting sand for each concentration was mixed with vetiver oil
in 25 ml of ethanol containing 2.5 mg, 5 mg, 12.5 mg and 25 mg of vetiver oil in a
glass pan and dried in a hood for two hours. The control was treated only with 25
ml ethanol. Then, 100 g of treated sand were added to the middle compartment of
the bioassay chamber. One hundred grams of untreated blasting sand were added
to one end of each compartment. Four replicates were set up for each treatment.
Filter paper (Whatman #1; 2.3 cm dia.) that served as the food source was dried at
70◦C for 3 hr and cooled to room temperature for 30 min before weighing. Filter
paper and 50 g of untreated sand were placed in the third compartment farthest
from the home compartment. Ten ml of distilled water were added to the sand
in each compartment just prior to introduction of the termite. Fifty workers and
5 soldiers were placed in the home compartment. The containers were covered
with lids and kept in a dark incubator at 25◦C. On the 14th day, the experimental
units were dismantled, living termites counted, and filter papers cleaned, dried at
70◦C for 3 hr, cooled for 30 min, and weighed. The tunnels constructed along the
bottom of the chambers in the sand were copied by a scanner for measurements of
total tunnel length. A pre-measured string was placed over the curved tunnel paths
viewed by the scanner for length measurements. Consumption was calculated as
the difference between the weight of filter paper before and after testing. Tun-
neling response, paper consumption, and mortality of termites were analyzed by
ANOVA (Anonymous, 1998). Tukey’s studentized range test was used to compare
the difference between treatments.

GC-MS Analysis.The major components of the 8 oils investigated were de-
termined by GC-MS through identification of major peaks using the computer
database with follow-up confirmation using authentic compounds. The percent-
age of the major component was calculated by integrating the peaks of the gas
chromatographs for each essential oil. Gas chromatography-mass spectrometry
(GC-MS) experiments were performed on a Finnigan’s GCQ (Trace GC 2000 cou-
pled with Polaris MSD). A silica capillary column DB-5ms (30 m× 0.25 mm×
0.25µm, J&W Scientific, Folsom, CA) was used for separation of the chemicals.
The carrier gas was helium (0.8 ml/min). The injection port temperature was at
250◦C in splitless mode with 1µl injection. The initial GC temperature was main-
tained at 60◦C for 1 min, then increased to 150◦C at 2.5◦C/min and maintained
for 15 min, then to 260◦C at 5◦C/min, and finally maintained at 260◦C for 10 min.
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The ion-trap mass selective detector was set in full scan mode from m/z 41 to
400.

RESULTS

Repellency.All of the essential oils exhibited some repellency at the lowest
concentration tested, i.e., 10µg/cm2 (Table 1). Clove bud oil was the most toxic,
causing mortality of over 50% at a concentration of 50µg/ml air in 24 hours. Oil
of Eucalyptus globulushad the least repellent activity. It lasted for only 4-5 hr at
10µg/cm2 and 12 hr at 50µg/cm2 and was not toxic. Oil ofEucalyptus citriadora
was the second weakest repellent, with an effective period of 0.3-1 days. The
effective period for lemongrass and geranium was 1-3 days at the concentration
of 10 to 50µg/cm2. Oils of cedarwood and cassia leaf had better repellent effects.
The repelling period was 3-6 days at the concentrations tested. Vetiver oil had the
longest activity with a repelling period of 12-24 days.

Tunneling Response, Consumption, and Mortality.Mean consumption of fil-
ter paper was decreased as vetiver oil concentration increased (F = 133.84, df
= 4, 15;P < 0.0001) (Table 2). Filter paper consumption was not observed when
concentrations were≥25µg/g sand. Termite mortality was not different among

TABLE 1. COMPARISON OFEFFECTIVEPERIOD AND TOXICITY OF 8 ESSENTIAL OILS

AGAINST WORKERS OF THEFORMOSANSUBTERRANEAN TERMITE

Effective period (days)b

oil concentration (µg/cm2) on sand

Oil

Time beginning
the effectivenessa

(min) 10 25 50 Mortality

Vetiver <15–60 12 17 24 c
Cassia leaf <15–60 3 4 4 c
Clove bud <15–60 3 30% dead in 2 50% dead in 1 yes

days and 100% day and 100%
dead in 4 days dead in 2 days

Cedarwood <15–60 3 4 6 c
Eucalyptus globulus. 60–120 0 <0.2 <0.3 No
Eucalyptus citrodora. 30–120 <0.3 1 No

<0.5
Lemongrass <15–30 1 2 3 c
Geranium <15–60 1 2 3 c

aThe range of time included all three concentrations.
bEffective period defined as the time when 23 or more of the 30 termites (mean value of all replicates)
were observed on the untreated sand. At that time, the oil was considered repellent (see Methods and
Materials).

cTermites were gathered and sluggishly moved during the effective period.
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TABLE 2. FILTER PAPERCONSUMPTION, PERCENTMORTALITY, AND LENGTH OF

TUNNELING OF FORMOSANSUBTERRANEAN TERMITESAFTERA 14-DAY EXPOSURE TO

VETIVER OIL

Concentration of
Vetiver oil Consumption of Tunneling lengtha

(µg/g sand) filter paper (mg)a % Termite mortalitya (cm)

0 64.05± 6.85 a 13.50± 4.03 a 39.75± 3.18 a
5 15.80± 8.35 b 21.33± 2.08 a 27.87± 2.86 ab

10 8.65± 5.05 bc 13.00± 4.66 a 19.87± 4.52 b
25 0.0± 0.0 c 13.20± 3.78 a 0.00± 0.00 c
50 0.0± 0.0 c 15.50± 9.32 a 0.00± 0.00 c

aMeans± SE: Means with the same letter were not significantly different using Tukey’s studentized
range test.

the concentrations of vetiver oil tested (F = 0.35,df= 4, 15;P = 0.840). Vetiver
oil decreased termite tunneling activity at concentrations as low as 10µg/g sand
(F = 39.40, df = 4, 15; P < 0.0001). Tunneling was not visible in the middle
chamber when the concentration of vetiver oil was≥ 25µg/g sand (Table 2).

GC-MS Analysis.Cinnamaldehyde, vetivone, thujopsene, and monoter-
penoids (citronellal, citronellol, eugenol, eucalyptol, and citral) were the major
components of the tested essential oils (Table 3). Gas chromatography of these
semiochemicals indicated that eucalyptol was retained the least (10.41 min),
followed by citronellal (16.07 min), citral (20.41 min), citronellol (21.10 min),
cinnamaldehyde (22.07 min), eugenol (26.18 min) and thujopsene (30.18 min)
(Figure 1). Vetivone (α- andβ-) eluted at 55.59 and 54 min., respectively. There-
fore, the decreasing order of volatility was: eucalyptol> citronellal> citral ≥
citronellol> cinnamaldehyde> eugenol> thujopsene> α-, β- vetivone.

TABLE 3. THE MAJORCOMPONENTS ANDTHEIR PERCENTAGES INESSENTIAL OILS

Essential oil Major component Percentage Referencea

Vetiver α-, β-vetivone 14 Jain et al., 1982
Cassia leaf Cinnamaldehyde 81 Lin and Yin, 1995a,b
Clove bud Eugenol 66 Cornelius et al., 1997
Cedarwood Thujopsene 34 Adams, 1991
Eucalyptus globules. Eucalyptol 82 Perrucci, 1995
Eucalyptus citrodora. Citronellal 71 Cornelius et al., 1997
Lemongrass Citral 25 Ngoh et al., 1998
Geranium Citronellol 20 Cornelius et al., 1997

aReferences indicate authors that described major components to have insect-repelling activity.
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FIG. 1. Gas chromatography of a mixture of nine semiochemicals, those were determined
as major components of the 8 essential oils studied.

DISCUSSION

Vetiver oil consists of a complex mixture of more than 300 compounds. Most
of these substances belong to the sesquiterpene group of natural products. Among
them,α- andβ- vetivones are the major components in vetiver oil (St. Pfau and
Plattner, 1939). Jain et al. (1982) reported that at least six compounds (α-, β-
vetivone, khusimone, zizanal, epizizanal and (+)-(1S, 10R)-1,10-dimethylbicyclo
[4,4,0]-dec-6-en- 3-one) were repellent to insects. Recently, we found three other
vetiver oil compounds that were repellent to the Formosan subterranean termite
including: nootkatone (Zhu et al., 2001), zizanol and bicyclovetivenol (Zhu et al.,
unpublished). From comparison of the repellent activities of the 8 essential oils
(Table 1), we discovered that compound volatility was inversely proportional to
repellent effectiveness. Vetivones (α- andβ-) were the least volatile and the most
effective repellents. The volatility of nootkatone is similar toα- andβ- vetivone.

Although thujopsene, eugenol, cinnamaldehyde, citronellal, citral and cit-
ronellol have repelling activity against termites (Cornelius et al., 1997, Lin and
Yin, 1995b, Adams, 1991), this activity only lasted for a short period of time. We
believe that the long-lasting repelling activity of vetiver oil is based on its low
volatility.

Essential oils or semiochemicals with low volatility may allow for a longer
repelling period. Gas chromatography retention times of such chemicals may be
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a useful parameter for developing effective and long-term repellents against the
Formosan subterranean termite. Finding new termite-active compounds in essential
oils is a direction we are now pursuing.
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Abstract—We investigated the effects of a total extract fromZanthoxylum
piperitum fruit, of the volatile components of extract, and of a non-volatile
fraction containing the major alkylamides ofZanthoxylum(NVA) on food intake
in rats. In Experiment 1, three groups (A, B, C) of mildly food deprived rats
were given one hour long feeding trials during which they were offered choices
between an oat-bran wafer paired with vegetable oil and a wafer paired with a
Zanthoxylumpreparation in vegetable oil. Trials were divided into three blocks
of two tests each. During Blocks 1 and 3, two wafers coated with vegetable
oil were offered to establish baseline consumption. During Block 2, Group A
was given choices between wafers coated with oil and wafers coated with total
extract. Group B was offered oil coated wafers and wafers coated with the NVA
fraction. Group C received two oil coated wafers. One was served on top of a
screened dish containing a sample of total extract. In this manner, the rats were
exposed to volatile compounds emanating from the extract but could not contact
the extract. The second wafer was served on top of a screened sample of oil.
Results: In Blocks 1 and 3 trials, the rats fed indiscriminately from both wafers.
During Block 2, total extract, the NVA fraction and the volatile compounds from
extract all significantly reduced food consumption. In Experiment 2, habituation
to the NVA fraction and to the volatile constituents of extract was examined in
two additional groups (D, E), using the methods described above. Baseline
consumption was tested in Blocks 1 and 3 by offering two oil coated wafers.
During Block 2, group D was given 10 trials with oil coated and NVA-fraction
coated wafers. Group E was given 10 trials with oil coated wafers paired with the
volatile constituents of total extract and with those of oil. Results: Both groups
failed to habituate to theZanthoxylumstimuli. Wafers treated with the NVA
fraction and wafers paired with the volatile constituents of extract were avoided
throughout the 10 test days.

Key Words—Zanthoxylum, secondary plant metabolites, rats, feeding deter-
rents.
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INTRODUCTION

Many plant species produce secondary metabolites such as phenolics, alkaloids and
terpenoids in defense against herbivores. These compounds may be toxic, interfere
with metabolic processes when ingested, or may act as sensory irritants, causing
some form of pain or irritation. Numerous studies have shown that mammalian
herbivores avoid eating defended plant parts or, at least, reduce their consumption
(Haslam, 1988; Harborne, 1991; McArthur et al., 1991; Palo and Robbins, 1991;
Langenheim, 1994; Lawler et al., 1996). Because of this, the potential of secondary
plant metabolites as feeding deterrents has received considerable attention as ev-
idenced, for example, by a recent volume on repellents in wildlife management
(Mason, 1997). Secondary metabolites, that cause irritation or pain are of particular
interest in this respect since animals are unlikely to habituate to these sensations,
while they often do so in response to olfactory and gustatory stimuli (Beauchamp,
1997). Thus, non-lethal feeding deterrents based on sensory irritants could be use-
ful for managing herbivore damage in agricultural and forestry settings without
danger of non-targeted toxicosis.

Recently, Bryant and Mezine (1999) studied the irritating properties of
Szechuan pepper (Zanthoxylum piperitum, Rutaceae). This and several other
species ofZanthoxylum, have been used for centuries as spices in Asian cuisine
(Pfänder and Frohne, 1987; Bryant and Mezine, 1999), are employed in tradi-
tional Asian medicine (Shibata et al., 1999), and are used as insecticides and
insect feeding deterrents (Jacobson and Crosby, 1971; Dube et al., 1990; Bower
et al., 1993). Some species contain toxic compounds such as alkaloids, lignanes,
furanocoumarin and 8-methoxypsoralen (Pf¨ander and Frohne, 1987).

In humans, fruits and other parts fromZanthoxylum piperitumare strong
oral stimuli producing pronounced tingling and cooling sensations (Bryant and
Mezine, 1999), which presumably account for its use as a condiment in some
Asian cuisines. The extract from the fruit ofZanthoxylum piperitumis chemically
complex (Yasuda et al., 1982; Pf¨ander and Frohne, 1987; Kashiwada et al., 1997;
Bryant and Mezine, 1999). Many of its components are volatile. These include
limonene,α-terpineol, linalool, citral, citronellal, cineol dipentene, and geraniol
(Pfänder and Frohne, 1987). Many of these constituents, when delivered in vapor
phase, produce ocular irritation in humans (Doty et al., 1978) and stimulate nasal
trigeminal nerve fibers in the rat (Bryant and Silver, 2000). In addition to these
compounds, a number of non-volatile alkylamides are present (Yasuda et al., 1982;
Greger, 1984; Kashiwada et al., 1997).

At least one of the alkylamides,α-HO-sanshool, causes a strong tingling
sensation, similar to a mild electric shock, as well as cooling, when applied to the
human tongue (Bryant and Mezine, 1999). Using an animal model, the rat, Bryant
and Mezine (1999) have shown that HO-α sanshool (2,6,8,10 dodecatetraenoic
acid 2-hydroxypropyl amide), induces discharges in trigeminal sensory neurons.
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Extracellular recordings from the lingual trigeminal nerve of the rat have shown
that HO-α sanshool induces firing in tactile and cool sensitive neurons as well
as sensitivity to innocuous stimuli in previously insensitive neurons ( Bryant and
Mezine, 1999). Moreover, assays of neuronal function that measured induced
changes in intracellular calcium, using digital fluorescence imaging of cultured
rat trigeminal neurons, showed that the majority of neurons that respond to HO-α

sanshool does not belong to the major class of chemically sensitive pain receptive
neurons, the polymodal nociceptors. These latter neurons are characterized by their
sensitivity to capsaicin, the pungent compound inCapsicumpeppers that induces
heat and pain (Bryant, 1997).

The studies by Bryant and Mezine (1999) suggest that the oral sensations
caused by Szechuan pepper depend, at least in part, on neurons other than the
trigeminal polymodal nociceptors, which may mediate sensitivity to most irritants
(Bryant, 1997). The effects on these neurons would suggest the induction of en-
hanced and novel oral sensitivity. Given these facts, it is worthwhile to evaluate the
effects ofZanthoxylum-derived stimuli on food consumption and their potential as
feeding deterrents for mammals. Because of the unique oral sensation that HO-α

sanshool causes in humans, the alkylamides are of particular interest. The present
paper describes studies on an omnivorous rodent, the laboratory rat. Studies with
herbivorous rodents (guinea pig, voles) are in progress and will be reported in due
course. Taken together, these studies might provide the basis for the development
of feeding repellents that target a population of trigeminal neurons not targeted by
currently known repellents.

METHODS AND MATERIALS

Preparation of Total Extract. Ripe fruit from Zanthoxylum piperitumwas
obtained from the Morris Arboretum of the University of Pennsylvania. Dried peri-
carps (5 kg) were extracted twice for 10 hours with ethylacetate (1:4;
w : v). The combined extracts were evaporatedin vacuoto produce a dark brown
oil (440 g) that had a strong, characteristic odor for the human nose. We refer
to this preparation as the “total extract”. This extract constitutes 8.8% of the dry
weight of theZanthoxylumfruit.

Preparation of the Non-Volatile Fraction. A fraction containing only the non-
volatile alkylamides was prepared. The total extract was re-extracted three times
with 1.5 l of a methanol : water mixture (4:1). The upper water-methanol phases
were combined and concentratedin vacuo. The resulting suspension was extracted
four times with 200 ml of methylene chloride. The lower phases were combined,
dried over anhydrous sodium sulfate and evaporated, yielding 170 g of a brown
oil with a characteristic odor. This material was extracted five times with 100 ml
of a mixture of hexane : ethyl acetate : ethanol (40:10:5). The upper organic phases
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were filtered through a column (20× 3 cm) packed with silica gel (40/63 mm,
Davisil). Evaporation of the filtrate resulted in 120 g of brown oil with a weak
characteristic odor.

The efficacy (>97%) of extraction of the alkylamides was confirmed at each
step by analytical reverse-phase high performance liquid chromatography (HPLC).
The material (3× 40 g) was chromatographed using flash chromatography on
a silica-gel (Merck 40/63µ) packed column (50× 4 cm) with 5% ethanol in
hexane as mobile phase. Fractions were collected by volume and analyzed by
high performance thin layer chromatography (HPTLC) [Kieselgel F254. Merck;
10% EtOH in hexane]. Fractions containing hydroxy-alkylamides (RF = 0.5) were
combined and evaporatedin vacuoto yield the total alkylamides (25 g) as a light-
yellow odorless oil.

The final purification and removal of volatile impurities was achieved by
reverse phase preparative HPLC (RP-HPLC). Conditions of RP-HPLC separation
were as follows. Column: Zorbax C18 (Varian, Palo Alto) 10 mm, 250× 22.4 mm;
mobile phase: acetonitrile:methanol:water (27:38:35); flow 22 ml/min; sample size
200 mg in 0.5 ml of mobile phase. The eluent containing the hydroxy—alkylamides
was concentratedin vacuotwo times and the compounds were extracted using
solid-phase extraction on C18 bonded silica gel (Sigma). Adsorbed compounds
were eluted with ethanol, dried over anhydrous sodium sulfate and evaporatedin
vacuoto produce colorless crystals (yield 70%). We refer to this as the non-volatile
alkylamide fraction (NVA fraction). The material is stable in ethanol solution (25
mg/ml) at−20◦C under nitrogen for three months. For the human subject, the
NVA fraction evokes oral sensations that are very similar to those caused by ripe
Zanthoxylumfruit (Bryant and Epple, personal observation).

Preparation of Feeding Stimuli. For the feeding trials, total extract was diluted
with Crisco vegetable oil to yield a 10% solution. In the remainder of the paper,
we refer to this as “the extract”. The NVA fraction was also diluted with vegetable
oil. The concentration in oil was adjusted to be equivalent to the concentration of
NVA in a 10% oily solution of total extract.

Subjects. Laboratory rats (Rattus norvegicus) who had never experienced
Zanthoxylumbefore served as subjects. All animals were adults. The rats were
individually housed in polypropylene rat boxes (40× 20× 20 cm). Food and water
were availablead libitum, except during short periods of food deprivation prior to
testing (see below).

Test Cages. For the purpose of testing the subjects were transferred to rat
boxes identical to their home cages. The boxes contained aspen shavings and a
water bottle, but no food. The test cages were oriented on a shelf so that their
narrow sides (20 cm) faced the experimenter.

Feeding Experiments. Responses to extract fromZanthoxylum, to the NVA
fraction, and to volatile compounds emanating from extract were examined by
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comparing consumption of oat bran wafers treated with one of these stimuli to
consumption of wafers treated with Crisco vegetable oil, the control stimulus. The
amounts of wafer consumed during two-choice feeding trials lasting one hour were
the dependent variables. All subjects had been habituated to wafers coated with
vegetable oil prior to the experiments.

Wafers were prepared from 200 g of Quaker oat bran, 40 g of sugar, 5 ml of
molasses, and 200 ml of water. From this mixture, 25 round wafers were cut to a
size of 4.5 cm diameter and 5 mm thickness with a cutter. They were punctured
with a small standardized tool in order to make them more adsorbent for stimulus
fluids. Wafers were then air dried for 24 hr at room temperature. The dried wafers
were hard enough so that the rats had to gnaw them rather than bite off large chunks.
Wafers for the entire experiment were prepared at one time and were frozen until
needed for testing. Immediately before the start of trials the thawed wafers were
dipped into the experimental and control stimulus fluids for two minutes.

Stainless steel dishes (5 cm× 5 cm× 3 cm deep) were used to serve the
wafers. Each dish was covered with a stainless steel lid that had a round hole in
the center (diameter 3 cm ). The wafers were fastened to the lids with wire, covering
the hole so that the rats could not access the inside of the dish. This made it possible
to offer oil-coated wafers in close proximity to volatile compounds emanating from
extract placed inside the dish (see below).

The subjects were mildly food deprived before testing. All animals were
removed from their home cages and placed in individual test cages six hours prior
to each feeding trial. They remained without food for these six hours. The rats
were then presented with two pre-weighed stimulus wafers and allowed to feed
freely for one hour, after which the wafers were removed and the amounts of wafer
consumed were determined.

During feeding trials the subjects were given choices between two dishes,
each containing a wafer. The dishes were placed in the center of the front and
back of the chamber against the cage walls. The front-back position of all stimuli
was counterbalanced across subjects and across trials to compensate for possible
front-back preferences during feeding.

Statistical Analysis. For each group of rats, significant differences between
the amounts of food consumed from the control and the experimental wafers were
analyzed by two-way analysis of variance (ANOVA) with repeated measures.
Factors in this analysis were wafer-coating and block (see below). Tukey’s HSD
Method and ANOVA were used to identifypost hocdifferences.

Experiment 1. In this experiment the effects of extract, the NVA fraction and
the volatile components of the extract on food consumption were examined. Three
groups (A, B, and C) of eight rats (4 males, 4 females) each were used. Each
group was given two-choice feeding trials twice a week for a total of six trials. The
six trials were divided into three blocks of two trials each. To establish baseline
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TABLE 1. SUMMARY OF STIMULUS PRESENTATIONS FORGROUPSA–E

Treatment # of Treatment # of Treatment # of
Group Block 1 trials Block 2 trials Block 3 trials

A oil vs oil 2 oil vs extract 2 oil vs oil 2
B oil vs oil 2 oil vs NVA 2 oil vs oil 2
C oil vs oil 2 oil vs extract 2 oil vs oil 2

volatiles
D oil vs oil 2 oil vs NVA 10 oil vs oil 2
E oil vs oil 2 oil vs extract 10 oil vs oil 2

volatiles

consumption, Block 1 for each group consisted of two trials offering a choice
between oil-coated, but otherwise untreated wafers (Table 1).

During Block 2, each group of rats received a different experimental stimulus.
For group A, the second block consisted of two trials offering choices between oil
coated-wafers and wafers coated withZanthoxylumextract. Group B was given
two trials offering choices between oil-coated wafers and wafers coated with the
NVA fraction. For group C, Block 2 consisted of two trials with choices between
two oil-coated wafers. One wafer was fastened to the lid of a dish containing a
disk of filter paper (5 cm diameter) with 200µl oil, the second wafer was fastened
to the lid of a dish containing a filter paper disk with 200µl extract. The rats were
exposed to the volatile compounds emanating from the oil and the extract, but
could not contact the filter paper inside the dishes.

For all groups, Block 3 again consisted of choices between two oil-coated
wafers. To avoid cross-contamination by volatile compounds emitted by the dif-
ferentZanthoxylumstimuli, the three groups were tested consecutively in a well
ventilated room (3.5× 3.5 m) containing no other animals (Table 1).

For analysis, individual means of food consumption were calculated. The
amounts consumed by each rat from the control wafer were averaged over the
two trials representing a block and compared to the average amounts consumed
from the experimental wafer. This was done to compensate for potential front-back
preferences in feeding location. For trials using two oil coated wafers (Blocks 1
and 3), the amounts consumed in the front of the cage were averaged and compared
to the amounts consumed in back of the cage.

Experiment 2. In this experiment, the question whether or not rats will ha-
bituate toZanthoxylum, and after repeated exposure will increase consumption of
wafers treated with the NVA fraction or with volatile components of the extract
was examined.

Two groups (D and E) ofZanthoxylum-naive rats served as subjects. Group
D contained seven rats (4 males, 3 females), Group E 10 rats (5 males, 5 females).
Each group was given three blocks of 2-choice trials. During Block 1, baseline
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consumption was established by testing the rats in each group on two different
days with choices between two oil-coated wafers (Table 1).

During Block 2, habituation to the NVA fraction or to volatile components of
extract was tested. Group D was offered choices between an oil-coated wafer and
a NVA-coated wafer twice weekly for a total of 10 trials, i.e., for 5 weeks. Group
E was given 10 trials during which choices between two oil-coated wafers were
offered twice a week. One wafer was fastened to the lid of a dish containing a disk
of filter paper (5 cm diameter) with 200µl oil, the second one was fastened to the
lid of a dish containing a filter paper disk with 200µl extract. As in Experiment 1,
the rats were exposed to the volatile components of the extract and oil, but could
not contact the filter paper. During Block 3, the rats in both groups were again
given two trials with a choice between two wafers coated with oil (Table 1). As in
Experiment 1, both groups were tested consecutively in a well ventilated room.

To illustrate consumption over repeated trials, a preference ratio was calcu-
lated for each trial in Block 2 by dividing the amount consumed from the wafer
treated with the NVA fraction or the volatile compounds from extract by the total
amount consumed from both wafers. For Blocks 1 and 3, the amount consumed in
the front of the cage was divided by the total amount eaten. A preference ratio of
0.5 reflects equal acceptance of both wafers offered during a trial.

RESULTS

Experiment 1. For each group of rats, ANOVA revealed differences in the
amounts of food consumed from the two wafers available during choice tests, and
an interaction between food consumption and Block (Group A:F = 6.14, P =
.016, P for interaction= .001; Group B:F = 19.94, P =< .001, P for interac-
tion= .01; Group C:F = 13.5, P = .001, P for interaction= .003). Figures 1–3
show mean amounts consumed from oil-coated control wafers and from wafers
coated with the experimental stimuli during the three trial blocks.Post hoccom-
parison showed that during Blocks 1 and 3, animals in all groups consumed similar
amounts of food from both dishes, each containing an oil-coated wafer.

During Block 2, Group A exhibited a very strong avoidance of wafers treated
with extract (Figure 1). Post hoc analysis revealed that the animals consumed
much less of the extract-treated than the oil-treated wafers (F = 36.5, P < .001).
Group B consumed less from NVA-coated wafers than from control wafers (F =
10.94, P = 0.005) [Figure 2]. Group C avoided wafers presented over the va-
pors emanating from extract present in the dish below to a similar degree as
Group A avoided extract-coated wafers (F = 47.34, P < .001) [Figure 3]. Dur-
ing Block 3, when given a choice between two oil-coated wavers again, ani-
mals in all groups fed indiscriminately from both wafers. Consumption during
Block 3 was in the same range as that exhibited during the first block of trials.
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FIG. 1. Exp. 1. Amounts consumed by Group A from wafers coated with oil and wafers
coated with extract during trial Blocks 1–3.

FIG. 2. Exp. 1. Amounts consumed by Group B from wafers coated with oil and wafers
coated with the NVA fraction during trial Blocks 1–3.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-341400 June 14, 2001 1:6 Style file version Nov. 19th, 1999

Zanthoxylum piperitum, AN ASIAN SPICE, INHIBITS FOOD INTAKE IN RATS 1635

FIG. 3. Exp. 1. Amounts consumed by Group C from wafers served over a sample of oil
and wafers served over a sample of extract during trial Blocks 1–3.

FIG. 4. Exp. 2. Daily preference ratios for trials offering choices between oil-coated wafers
and wafers coated with the NVA fraction (Group D) and for trials offering choices between
wafers served over a sample of oil and wafers served over a sample of total extract (Group
E). The horizontal line marks the ratio of 0.5, reflecting a lack of preference.
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For all trial blocks, the total amounts consumed from both dishes during choice
tests were similar across blocks and between groups, suggesting that none of the
stimuli reduced total intake (Group A: 5.9± .2 g; Group B: 5.8± .5 g; Group C:
6.0 ± .2 g).

Experiment 2.Figure 4 shows preference ratios obtained by Groups D and E
over the 10 days of habituation testing. For both groups two-way ANOVA including
trials in all blocks revealed differences in the amounts of food consumed from both
dishes and an interaction between food consumption and
trial days (Group D: F = 16.83, P =< .001, P for interaction =< .001;
Group E: F = 25.23, P =< .001, P for interaction= .02 ). Post hoc2-way
ANOVA on the amounts of food consumed only during Block 2 trials showed
an effect of wafer coating, but no interaction between wafer coating and days
of testing (Group D:F = 54.6, P =< .001; Group E:F = 42.3, P =< .001).
NVA coated wafers as well as wafers associated with vapors emanating from
Zanthoxylumextract were avoided to a similar degree throughout the five weeks
of testing. There were no differences in the amounts of food consumed from the
two oil coated wafers in Blocks 1 and 3.

DISCUSSION

The results of the present study show that rats avoid food that has been
treated with extract and fractions derived from the fruit of Szechuan pepper. In
Experiment 1, rats strongly avoided the total extract, which is a complex mixture of
volatile and non-volatile constituents (Bryant and Mezine, 1999; Kashiwada et al.,
1997; Yasuda et al., 1982). Its volatile constituents alone, when present in close
proximity to uncontaminated, palatable food, were as effective as the non-volatile
constituents. Indeed, avoidance of wafers treated with the total extract may have
largely been based on its volatile components.

Under the present trial conditions, where the rats had a choice between wafers
coated with the experimental stimuli and with oil, none of the experimental stimuli
affected the total amount of food consumed. They merely shifted consumption
from wafers coated with experimental stimuli toward those coated with oil. Thus,
Zanthoxylumcompounds did not cause a generalized food aversion.

Figure 2 shows that the amount of food consumed from NVA treated wafers
in Experiment 1 was higher than that consumed from wafers treated with extract
and wafers served above a sample of extract. This does not necessarily indicate
that the NVA fraction was less aversive to the rats than were extracts and extract
vapors. As the result of the chromatographic process employed in its prepara-
tion, the NVA fraction does not contain volatile constituents. This was confirmed
in behavioral studies with prairie voles. Choice tests, similar to those used in the
present study, have shown that the voles avoided uncontaminated wafers associated
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with volatile components of extract, but fed indiscriminately from wafers pre-
sented on top of dishes containing samples of NVA and wafers presented above
samples of oil (Epple et al., unpublish data). Since NVA offers no volatile cues
to its irritating effects, the rats probably needed to ingest at least some of the
NVA coated wafer before perceiving its quality and responding with avoidance.
In humans, there is a 1–2 minute latency between oral stimulation with NVA and
the onset of oral irritation (Bryant and Mezine, 1999). In rats, there also is a 1–2
minute delay in the onset of trigeminal lingual nerve responses to oral stimula-
tion with NVA (Bryant and Mezine, 1999). Therefore, in the present experiment,
the rats may have ingested a relatively high amount of the treated wafers before
they perceived the effect of NVA. The fact that there was no difference between
the amounts of NVA treated wafer consumed on day 1 and day 2 of testing, or
between preference ratios calculated for each day, also supports the assumption
that the animals depended on oral stimulation to assess the aversive quality of
NVA.

The results of Experiment 2 show that the avoidance of innocuous wafers
associated with extract vapors and of wafers treated with the NVA fraction in
Experiment 1 was not due to neophobia. Rats did not habituate to the volatile
compounds emanating fromZanthoxylumextract or to the NVA fraction. Rather,
they exhibited aversion over the entire 5 weeks of testing. Figure 4 shows that the
rats tended to eat more of the NVA treated wafers on days 1 and 2 of testing than
during the remainder of the trials. This might suggest that the animals learned to
sample the wafers very carefully in order to detect the presence of NVA before
proceeding to feed from a wafer. However, there was no significant decrease in
consumption over time that would support such an assumption.Post hocANOVA
on preference ratios did not reveal differences between days of testing.

It is interesting that the vapors emitted by the extract were so effective in
reducing food consumption on a short term basis in Experiment 1, and remained
effective in Experiment 2. On the first day of exposure to the volatile constituents
of extract during Experiment 1, only one out of the eight rats consumed part of the
wafer served on top of the dish containing extract. The remaining seven animals
seemed not to have touched the food. Even when the rats were given a chance,
during repeated presentation in Experiment 2, to discover that the wafers located
above the extract samples were untainted, consumption remained reduced. The
animals did not seem to habituate to these volatile compounds. This response is
somewhat puzzling since the rats had plenty of opportunity to discover that the
wafers were uncontaminated. It is conceivable that the persistant avoidance was
not in response to compounds that only stimulated the olfactory system, but in
response to irritation or pain mediated by the trigeminal system. Some volatile
constituents of the extract are irritants for humans (Doty, 1978) and are known
to stimulate nasal trigeminal nerve fibers in rats (Bryant and Silver, 2000). If the
vapors emanating from the extract were concentrated enough to cause discomfort,
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the rats would be unlikely to habituate to them, even if the food resources associated
with the vapors would be more restricted than was the case in the present study.
Experiments using anosmic rats and rats whose trigeminal A- and C-fibers have
been desensitized with capsaicin could shed light on this question.

Some of the well documented avoidance responses of mammals to volatile
constituents from plants may also be due to irritation rather that olfaction alone.
Snowshoe hares (Lepus americanus) and Townsend voles (Microtus townsendii)
avoid feeding from sources associated with the scent of pine oil extracted from
pulp waste (Bell and Harestad, 1987). Snowshoe hares also avoid feeding on
conifer seedlings to which odor dispensers with pinosylvin, a phenolic compound
from Alaskan green alder (Clausen et al., 1986) have been attached (Sullivan et al.,
1992). The scent of Siberian pine needle oil reduces food caching in pocket gophers
(Geomys bursarius, Thomomys talpoides) [Epple et al., 1996, 1997]. Woodchucks
(Marmota monax) avoid feeding on uncontaminated green pepper in the presence
of volatile compounds from geranium oil and d-pulegone (Bean et al., 1997).
The odors of crushed foliage from lodgepole pine (Pinus contorta) and Sitka
spruce (Picea sitchensis), and of some of their monoterpene constituents, inhibit
feeding in red deer calves (Cervus alephs) (Elliott and Loudon, 1987). Bell and
Harestad (1987) have argued that the monoterpenes in essential oils from conifers
have antimicrobial activity, which may interfere with digestive processes in cecal
digestors and ruminants, and that such species avoid ingestion of defended conifer
parts based on the characteristic odor of their essential oils.

Little seems to be known about which, if any, mammalian species exploit
Zanthoxylumspecies as a food resource and what parts of the plants may be
avoided. We were not able to find information on this question in the literature.
Zanthoxylum piperitumtrees at the Morris Arboretum, from which we obtained
fruit for the present study, appear to be very well defended. The large white-tailed
deer (Odocoileus hemionus) population at the Arboretum does not damage these
trees, although heavy deer damage is incurred by many other trees and shrubs at
this site. Intact ripe fruit does not emit an odor since its volatile compounds are
encapsulated in oil glands in the pericarp. Any animal chewing the fruit, however,
would immediately be exposed to its volatile and non-volatile components. The
authors of this paper can attest to the fact that biting down on a single ripe fruit
causes very unpleasant and long lasting oral sensations, which they are not eager
to experience again. Thus, in summary it appears that the utility of some of the
volatile and nonvolatile compounds of Szechuan pepper as feeding deterrents for
mammals is worth exploring.
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to pine needle oil in the northern pocket gopher, pp. 157–167,in J. R. Mason (ed.). Repellents in
Wildlife Management. National Wildlife Research Center, Fort Collins, CO.

GREGER, H. 1984. Alkamides: Structural relationships, distribution and biological activity.Planta
Medica1984:366–375.

HARBORNE, J. B. 1991. The chemical basis of plant defense, pp. 45–59,in R. T. Palo and C. T. Robbins
(eds.). Plant Defenses Against Mammalian Herbivory. CRC Press Inc., Boca Raton.

HASLAM, E. 1988. Plant polyphenols (syn. vegetable tannins) and chemical defense—a reappraisal.
J. Chem. Ecol.14:1789–1805.

JACOBSON, M. and CROSBY, D. G. (eds.). 1971. Naturally Occuring Insecticides. Dekker, NY.
KASHIWADA, Y., Ito, C., KATAGIRI, H., MASE, I., KOMATSU, K., NAMBA , T., and IKESHIRO, Y. 1997.

Amides of the fruit ofZanthoxylumspp.Phytochemistry44:1125–1127.
LANGENHEIM, J. H. 1994. Higher plant terpenoids: A phytocentric overview of their ecological roles.

J. Chem. Ecol.20:1223–1279.
LAWLER, I. R., FOLEY, W. J., ESCHLER, B. M., PASS, D. M., and HANDASYDE, K. 1996. Intraspecific

variation inEucalyptussecondary metabolites determined food intake by folivorous marsupials.
Oecologia116:160–169.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-341400 June 14, 2001 1:6 Style file version Nov. 19th, 1999

1640 EPPLE, BRYANT, MEZINE, AND LEWIS

MASON, J. R. (ed.). 1997. Repellents in Wildlife Management. USDA National Wildlife Res. Center,
Fort Collins, CO.

MCARTHUR, C., HAGERMAN, A. E., and ROBBINS, C. T. 1991. Physiological strategies of mammalian
herbivores against plant defenses, pp. 104–114,in R. T. Palo and C. T. Robbins (eds.). Plant
Defense against Mammalian Herbivory. CRC Press Inc., Boca Raton.

PALO, R. T., and ROBBINS, C. T. (eds.). 1991. Plant Defense against Mammalian Herbivory. CRC Press
Inc., Boca Raton.
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Abstract—A wide diversity of fishes possess chemical alarm signalling sys-
tems. However, it is not known whether the specific chemicals that act as alarm
signals are conserved within most taxonomic groups. In this study we tested
whether cross-species responses to chemical alarm signals occurred within
salmonid fishes. In separate laboratory experiments, we exposed brook charr
(Salvelinus fontinalis), brown trout (Salmo trutta), and rainbow trout (Oncorhyn-
chus mykiss) to chemical alarm signals from each of the three salmonid species
and from swordtails (Xiphophorus helleri). In each case, the test species re-
sponded with appropriate antipredator behavior to all three salmonids alarm
cues, but did not react to swordtail cues. These data suggest that chemical alarm
cues are partially conserved within the Family Salmonidae. For each species
tested, the intensity of the response was stronger to conspecific alarm cues, than
to heterospecific alarm cues, indicating that salmonids could distinguish between
chemical cues of conspecifics versus heterospecifics. These results suggest that
the chemical(s) that act as the alarm cues may be: 1) identical and that there may
be other chemical(s) that allow the test fish to distinguish between conspecifics
and heterospecifics, or 2) that the cues that act as signals are not identical, but
are similar enough to be recognized.

Key Words—Brook charr, rainbow trout, brown trout, alarm signals, antipreda-
tor behavior, Salmonidae.

INTRODUCTION

Chemical cues that serve as alarm signals have been reported in a wide variety of
fishes. These chemical cues are released by prey upon detecting or being captured
by a predator (Chivers and Smith, 1998). Chemical alarm signals function to ‘warn’
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1641

0098-0331/01/0800-1641$19.50/0C© 2001 Plenum Publishing Corporation



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-341401 June 11, 2001 16:28 Style file version Nov. 19th, 1999

1642 MIRZA AND CHIVERS

nearby conspecifics of potential predators in the vicinity. Individuals warned by
alarm signals may gain a survival benefit by avoiding the predator or by evading
the predator during an encounter (Mathis and Smith, 1993a; Wisenden et al., 1999;
Mirza and Chivers, unpublished data).

Chemical alarm signals may be particularly important when visual cues are
limited, such as at night, in highly structured habitats or in areas of high turbid-
ity (Smith, 1992). Furthermore, chemical signals function well in aquatic media
because a large number of compounds can dissolve in water, giving a large num-
ber of potential chemical signals to be detected (Kleerekoper, 1969; Hara, 1994).
Although controversy exists concerning the function of chemical alarm signals
(Magurran et al., 1996; Smith, 1997; Brown and Godin, 1999), there exists con-
siderable evidence for the antipredator function of alarm signals for both signal
senders and receivers (Smith, 1992; Chivers and Smith, 1998). Thus, chemical
signals provide reliable information to assess predation risk (Kats and Dill, 1998).

Chemical cues that are released when captured by a predator are referred to
as damage-released alarm signals (Chivers and Smith, 1998). Damage-released
alarm signals are found within a wide diversity of fishes and have been best char-
acterized in the Superorder Ostariophysi (Schutz, 1956; Smith, 1992). Ostario-
physans comprise 64% of all freshwater fishes, and includes minnows, suckers,
loaches, characins, and catfishes (Nelson, 1994). Recently, other researchers have
reported the presence of damage-released alarm signals in other groups of fishes,
including gobies (Smith, 1989; Smith et al., 1991), poeciliids (Reed, 1969; Garc´ıa
et al., 1992, Nordell, 1998; Brown and Godin, 1999; Mirza et al., unpublished
data), sticklebacks (Mathis and Smith, 1993b; Brown and Godin, 1997), darters
(Smith, 1979, 1982; Commens and Mathis, 1999), sculpins (Hugie et al., 1991,
Chivers et al., 2000), cichlids (Wisenden and Sargent, 1997) and salmonids (Brown
and Smith, 1997; Berejikian et al., 1999, Mirza and Chivers, 2000).

With the exception of research on Ostariophysan fishes, we know very lit-
tle about the nature of chemicals that act as alarm signals for most species. The
data of Schutz (1956) suggests that alarm signals are probably conserved within
Ostariophysan fishes. He found that Ostariophysans responded to alarm signals
from other Ostariophysans. Brown et al. (2000) recently showed that a nitrogen
oxide functional group probably acts as the chief molecular trigger in the Ostar-
iophysan alarm signalling system. The molecular trigger appears to be conserved
within the Superorder. Whether or not alarm signals are conserved within other
groups of fishes remains unknown. It is common for closely related species to
show cross-species responses to alarm cues, however, it is unclear whether these
cross-species responses occur because the species use the same chemical(s) in their
signalling systems or whether the species have learned to recognize each other’s
alarm signals (Smith, 1982, Brown and Godin, 1997). Chivers and Smith (1994)
and Chivers et al. (1995) have established that sympatric members of the same
prey guild can learn to recognize each other’s alarm signals.
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In this study, we examined cross-species reactions to chemical alarm cues
within the Family Salmonidae (Superorder Proacanthopterygii). In three separate
laboratory experiments, we exposed brook charr (Salvelinus fontinalis), brown
trout (Salmo trutta), and rainbow trout (Oncorhynchus mykiss) to chemical alarm
cues from each of the three salmonids, plus chemical cues of swordtails (Xiphopho-
rus helleri, Superorder Acanthopterygii). Swordtails represent a generalized in-
jured fish cue since they are allopatric with all three salmonid species and phylo-
genetically distant from salmonids. Both rainbow trout and brook charr have been
shown to possess chemical alarm signalling systems (Brown and Smith, 1997;
Mirza and Chivers, 2000).

METHODS AND MATERIALS

Fish Maintenance.Juvenile brook charr, brown trout and rainbow trout were
obtained from the provincial hatchery in Ft. Qu’Appelle, Saskatchewan, Canada
in May of 2000. The three species of salmonids were kept in separate 350-L
artificial stream tanks at 14◦C on a 14 : 10 L : D photoperiod. Fresh dechlori-
nated water was introduced into each holding tank at a rate of 1 l/min. Fish were
fed daily on a combination of commercial trout pellets and frozen brine shrimp,
Artemia spp.

Brook Charr Responses to Alarm Cues.In this experiment, we exposed ju-
venile brook charr to one of four treatments: 1) brook charr skin extract, 2) brown
trout skin extract, 3) rainbow trout skin extract or 4) swordtail skin extract. Each
charr received only one of the four treatments, and the order of testing was ran-
domized. A total of 90 charr were tested (N = 20 for each salmonid treatment,
N = 30 for the swordtail treatment). Previous work had shown that brook charr
do not respond to swordtail skin extract (Mirza and Chivers, 2000); however, the
responses to swordtail skin extract were more variable than predicted, thus, we
increased our sample size.

Each test chamber was set up as a gravity flow-through system (modified from
Petranka et al., 1987). Water flowed into one of two 60 l header tanks, then spilled
over into a 113 l test chamber (measuring 54× 44× 36 cm) and finally down the
drain at a rate of 1 l/min. A single plastic tube ran into one of the two header tanks
for introduction of chemical stimuli. Each test chamber was subdivided into two
compartments by an opaque barrier with screen mesh at either end. The barrier
was 12 cm from the long wall of the tank. This created an observation area of
54× 32× 36 cm. Behind the barrier, two small powerheads were used to create
a circular flow in the tank. Each test chamber contained a single centrally located
shelter object constructed from a ceramic tile (15× 8 cm) with three glass legs
(7 cm). A single plastic tube was situated at the right hand side of the chamber for
introduction of food. A grid of 9× 9 cm squares was constructed on the front of
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the barrier to quantify movement of fish in the tank. A horizontal line divided the
tank into upper and lower halves (Figure 1).

Skin extracts were obtained from donor fishes that were euthanized with a
single blow to the head in accordance to guidelines set by the Canadian Council
on Animal Care. For each set of trials, a fillet of skin was removed from both sides
of each fish (approximately 2.5 cm2) and placed in 50 ml of chilled glass-distilled
water. Skin was homogenized and then filtered through filter floss, to remove the
larger particles, then diluted in distilled water to make a final volume of 250 ml.
Extracts were kept on ice and used approximately one hour after preparation. Each
fish was exposed to a concentration of 0.5 cm2 of skin. We used 4 brook charr (mean
± SD standard length= 5.1± 0.25 cm), 4 brown trout (5.1± 0.26 cm), 4 rainbow
trout (5.8± 0.26 cm) and 6 swordtails (4.5± 0.16 cm) as donors for skin extracts.

Fish were allowed to acclimate for 24 hr prior to trials. Each trial was 18 min
in length and consisted of an 8-min pre- and 8-min post-stimulus period, with a
2-min stimulus introduction period between the pre- and post-stimulus periods.
Dye trials indicated that it took approximately 1.5 min for the stimulus to enter
the test chamber from the header tank. At the beginning of both the pre- and post
stimuli periods, approximately 5 ml of thawed brine shrimp was introduced into
the tank. The food was added to stimulate activity and would only remain in the
water column for a few minutes. Charr were observed to forage predominantly
in the water column, rather than pick food off the bottom. The water flow was
switched over to the second header tank after the pre-stimulus period to allow
introduction of the chemical stimulus.

During both the pre- and post-stimulus periods we recorded the number of
line crosses, the amount of time spent under shelter, amount of time in the lower
half of the tank (water-column position), number of feeding bites and latency to
first feeding bite. A line cross was recorded when 75% of the fish’s body crossed
from one grid square to another. We also recorded whether the fish was motion-
less (stationary on the bottom or in the water column for a minimum of 30 sec).
Changes between the pre-stimulus and post-stimulus periods were calculated and
the difference in changes among treatments was analysed using a MANOVA fol-
lowed by one-way ANOVAs on significant variables (Zar, 1996). Post hoc Tukey
tests were used to determine which pairs of treatments differed for significant re-
sponse variables. Frequency of motionlessness was compared using aChi-square
analysis. All statistics were calculated using SPSS 9.0.

Brown Trout Responses to Alarm Cues.In this experiment, we exposed brown
trout to chemical alarm cues from each species of salmonid as well as swordtails.
The experimental set-up procedures and statistical analysis were identical to that
outlined for brook charr. There were 20 replicates of each treatment. Skin extracts
were prepared from 4 juvenile brown trout (mean± SD standard length= 5.58±
0.26 cm), 4 brook charr (5.23± 0.17 cm), 4 rainbow trout (6.65± 0.31 cm) and
4 swordtails (4.55± 0.26 cm).
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FIG. 1. Schematic diagram of the gravitational flow-through apparatus. A) front view, B)
top view.
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Rainbow Trout Responses to Alarm Cues.In this experiment, we exposed
rainbow trout to chemical alarm cues from each species of salmonid as well as
swordtails. The experimental set-up, procedures, and statistical analysis were iden-
tical to that outlined for brook charr. There were 20 replicates for each treatment.
Skin extracts were prepared from 4 juvenile rainbow trout (mean± SD standard
length= 7.60± 0.29 cm), 4 brook charr (5.83± 0.27 cm), 4 brown trout (6.57±
0.33 cm) and 4 swordtails (4.95± 0.39 cm).

RESULTS

Brook Charr Responses to Alarm Cues.MANOVA results reveal there was
an overall difference among treatments (Table 1). Subsequent ANOVAs showed
that there was a significant difference in changes in the number of line crosses,
number of feeding strikes, and latency to first feeding strike, however, there were
no significant differences among treatments for changes in position in the water
column or shelter use (Table 1). Post hoc comparisons reveal that brook charr
reduced activity more in response to all three salmonid skin extracts, than to
swordtail skin. Moreover, there was less activity by brook charr exposed to brook
charr extract than those exposed to brown trout extract (Figure 2). Brook charr
reduced foraging in response to the salmonid extracts compared to swordtail skin
extract, however, the only statistical difference was observed between rainbow
trout skin extract and swordtail skin extract (Figure 2). The latency to first feed-
ing strike was greater when brook charr were exposed to either conspecific or
brown trout skin extract (Figure 2). However, there was no difference in response
between swordtail and rainbow trout cues in terms of latency to first feeding
strike.

TABLE 1. MANOVA AND ANOVA RESULTS FORRESPONSES OF

BROOK CHARR TO BROOK CHARR SKIN EXTRACT, RAINBOW

TROUT SKIN EXTRACT, BROWN TROUT SKIN EXTRACT AND

SWORDTAIL SKIN EXTRACT

F df P

MANOVA
Treatment 3.34 15,226< 0.001

ANOVA
Change in position in water column 2.13 3,86 0.102
Change in shelter use 0.44 3,86 0.728
Change in number of line crosses 11.93 3,86< 0.001
Change in number of feeding strikes 3.31 3,86 0.024
Change in latency to first feeding strike 5.34 3,86 0.002
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FIG. 2. Mean (+SE) change in number of line crosses, number of feeding strikes, and
latency to first feeding strike for brook charr exposed to either brook charr skin extract,
brown trout skin extract, rainbow trout skin extract, or swordtail skin extract. Different
letters over bars denote significant differences atP< 0.05.
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Brook charr were motionless in 12 out of 20 trials when exposed to brook
charr skin extract compared to 6 out of 20 trials when exposed to brown trout skin
extract, 1 out of 20 trials when exposed to rainbow trout skin extract, and 0 out
of 30 trials when exposed to swordtail skin extract. Since no brook charr were
motionless when exposed to swordtail skin extract, we excluded this data from the
analysis to avoid having cells with frequencies of less than 5. We constructed a
2× 2 contingency table comparing frequency of motionless to conspecific (brook
charr) skin extract versus a combined heterospecific (brown trout and rainbow
trout) skin extract. Brook charr were motionless more in response to conspecific
skin extract than heterospecific skin extract (X2 = 11.13, df = 1, P = 0.001).

Responses of Brown Trout to Alarm Cues.MANOVA revealed that there was
an overall difference among treatments (Table 2). Subsequent ANOVAs showed
that there was a difference in changes in the number of line crosses, number of
feeding strikes, and latency to first feeding strike among treatments, however, there
were no differences among treatments for changes in position in water column or
shelter use (Table 2). Post hoc comparisons reveal that brown trout decreased
activity more in response to all three salmonid skin extracts, than to swordtail skin
extract. Moreover, there was less activity when brown trout were exposed to brown
trout skin extract than to rainbow trout skin extract (Figure 3). Brown trout reduced
the number of feeding strikes in response to all three trout skin extracts compared
to swordtail skin extract (Figure 3). The latency to first feeding strike by brown
trout was greater when exposed to brown trout skin extract compared to swordtail
skin extract (Figure 3).

Brown trout were motionless in 13 out of 20 trials when exposed to brown
trout skin extract compared to 5 out of 20 trials when exposed to brook charr skin
extract, 8 out of 20 trials when exposed to rainbow trout skin extract, and 0 out of
20 when exposed to swordtail skin extract. Using the same basis for theChi-square

TABLE 2. MANOVA AND ANOVA RESULTS FORRESPONSES OF

BROWN TROUT TOBROOK CHARR SKIN EXTRACT, RAINBOW

TROUT SKIN EXTRACT, BROWN TROUT SKIN EXTRACT AND

SWORDTAIL SKIN EXTRACT

F df P

MANOVA
Treatment 3.73 15,199< 0.001

ANOVA
Change in position in water column 0.37 3,76 0.770
Change in shelter use 1.98 3,76 0.124
Change in number of line crosses 12.48 3,76< 0.001
Change in number of feeding strikes 8.84 3,76< 0.001
Change in latency to first feeding strike 3.00 3,76 0.036
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FIG. 3. Mean (+SE) change in number of line crosses, number of feeding strikes, and
latency to first feeding strike of brown trout exposed to either brook charr skin extract,
brown trout skin extract, rainbow trout skin extract or swordtail skin extract. Different
letters over bars denote significant differences atP < 0.05.
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analysis as in the brook charr experiment, we constructed a 2× 2 contingency table
comparing conspecific (brown trout) skin extract versus a combined heterospecific
(brook charr and rainbow trout) skin extract. More trout were motionless when
exposed to conspecific skin extract than heterospecific skin extract (X2 = 5.74,
df = 1, P = 0.017).

Responses of Rainbow Trout to Alarm Cues.MANOVA revealed that there was
an overall difference among treatments (Table 3). Subsequent ANOVAs showed
that there was a difference in changes in the number of line crosses, number of
feeding strikes, and latency to first feeding strike among treatments, however,
there were no differences among treatments for changes in position in the water
column or shelter use (Table 3). Post hoc multiple comparisons reveal that rainbow
trout decreased activity more in response to all three salmonid skin extracts, than
swordtail skin extract. Moreover, there was less activity by rainbow trout exposed
to conspecific skin extract than brook charr skin extract (Figure 4). Rainbow trout
reduced the number of feeding strikes in response to all three salmonid skin extracts
compared to swordtail skin extract (Figure 4). The latency to first feeding strike
of rainbow trout was greater when exposed to rainbow trout skin and brown trout
skin extract compared to swordtail skin extract (Figure 4). Moreover, rainbow trout
responded more strongly to conspecific skin extract than to brook charr skin extract
in terms of latency to first feeding. There was no difference between the swordtail
and brook charr treatments in terms of latency to first feeding strike.

Rainbow trout were motionless in 13 out of 20 trials when exposed to rain-
bow trout skin extract compared to 10 out of 20 trials when exposed to brown
trout skin extract, 4 out of 20 trials when exposed to brook charr skin, and 0 out
of 20 trials when exposed to swordtail skin extract. We constructed a 2× 2 con-
tingency table comparing frequency of motionless of conspecific (rainbow trout)
alarm cues to heterospecific (brook charr and brown trout) alarm cues. Motionless

TABLE 3. MANOVA AND ANOVA RESULTS FORRESPONSES OF

RAINBOW TROUT TOBROOK CHARR SKIN EXTRACT, RAINBOW

TROUT SKIN EXTRACT, BROWN TROUT SKIN EXTRACT AND

SWORDTAIL SKIN EXTRACT

F df P

MANOVA
Treatment 6.53 15,199<0.001

ANOVA
Change in position in water column 1.41 3,76 0.245
Change in shelter use 1.98 3,76 0.124
Change in number of line crosses 30.45 3,76<0.001
Change in number of feeding strikes 12.46 3,76<0.001
Change in latency to first feeding strike 13.13 3,76<0.001
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FIG. 4. Mean (+SE) change in number of line crosses, number of feeding strikes, and
latency to first feeding strike of rainbow trout exposed to either brook charr skin extract,
brown trout skin extract, rainbow trout skin extract or swordtail skin extract. Different letters
over bars denote significant differences atP < 0.05.
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behavior was exhibited more in response to conspecific alarm cues than heterospe-
cific alarm cues (X2 = 4.85, df = 1, P = 0.028).

DISCUSSION

The results of the present study and those of three recent studies (Brown and
Smith, 1997, Berejikian et al., 1999; Mirza and Chivers, 2000) indicate that it
is common for salmonid fishes use chemical alarm cues to mediate their risk of
predation. Our results confirm previous studies showing alarm responses in rain-
bow trout (Brown and Smith, 1997) and brook charr (Mirza and Chivers, 2000).
Moreover, we are the first to report the presence of a response to damage-released
conspecific alarm cues in brown trout. Berejikian et al. (1999) demonstrated an
alarm system in chinook salmon (Oncorhynchus tshawytscha). Each of the species
tested to date has shown a clear response to damage-released alarm cues. Even
though only 4 of 66 salmonids have been tested, the experiments have been com-
pleted on 3 different genera (Salmo, SalvelinusandOncorhynchus). Consequently,
we suggest that alarm systems are widespread among salmonid fishes. In each of
our experiments, salmonids decreased activity and reduced foraging. By decreas-
ing activity, salmonids can make themselves harder to detect by predators (Lima
and Dill, 1990; Chivers and Smith, 1998).

Our study documents that each of the species of salmonids tested responds
to each other’s alarm cues, but does not respond to cues from injured sword-
tails. This is the first report of cross-species responses to alarm cues by salmonid
fishes. Numerous other studies have tested for cross-species responses in other
groups of fishes. For example, cross-species responses have been documented
among gobies (Smith et al., 1991), darters (Smith, 1982, Commens and Mathis,
1999), stickleback (Mathis and Smith, 1993b; Brown and Godin, 1997), poeciliids
(Mirza et al., unpublished data) and Ostariophysans (Schutz, 1956; Brown et. al.,
2000).

Cross-species responses to alarm cues may reflect that the chemical(s) that
serve as alarm cues are conserved within the taxonomic group. Brown et al.
(2000) documented that a nitrogen oxide functional group is conserved as the
chief molecular trigger of Ostariophysan alarm signals. If alarm cues are con-
served in salmonids, we should observe cross-species responses even when the
receivers have no experience with the cue (i.e., the first time the prey is exposed
to the cue). If the alarm signals are not conserved, then we should not observe
cross-species responses when the prey are first exposed to the cue. Even though
cross-species responses are common in a variety of different fishes, researchers
have not addressed whether the cues are conserved, because they have not ruled out
the possibility that cross-species responses could be learned. Chivers and Smith
(1994) and Chivers et al. (1995) have shown that species that are members of
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the same prey guild (i.e., those species that occur in the same habitat and share
predators) can learn to recognize each other’s alarm cues.

In this study, we observed cross-species responses among salmonids that have
no prior experience with each other. This indicates that the salmonid alarm cues
are at least partially conserved. However, we also found evidence that each species
could differentiate conspecific signals from those of heterospecifics. For all three
species, we observed that test animals exhibited significantly more freezing and
less movement in response to conspecific cues than to cues of heterospecifics. The
fact that salmonids can recognize all heterospecific cues and also can distinguish
between conspecifics and heterospecifics indicates that the chemical(s) that act as
the alarm cue may be similar, but not identical. Alternatively, the chemical(s) that
act as the alarm cue may be identical and there may be another chemical(s) present
that allows the test fish to distinguish between conspecifics and heterospecifics.
Additional work should address the nature of the chemicals that act as alarm cues
in salmonid fishes.

Our results show that juvenile salmonids that detect chemical alarm cues re-
leased by other juvenile salmonids will obtain an antipredator advantage. They
decrease activity and reduce foraging in response to cues of other injured het-
erospecifics. This type of cross-species reaction makes intuitive sense. If a par-
ticular predator were to capture a juvenile salmonid, then chances are the same
predator would also be a threat to each of the other species. However, as the
salmonids grow, they may come to occupy different ecological niches and have
different predators. Whether adult salmonid fishes use alarm cues in the same
manner as juveniles remain unknown. Further research should address this issue.
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Abstract—When confronted by potential predators, many prey fishes engage
in predator inspection behavior. Previous authors have argued that by selectively
avoiding the predator’s head during an inspection visit (attack cone avoidance),
individual inspectors may reduce their local risk of predation. In field trials, we
investigated the effects of predator diet cues on the presence of ‘attack cone
avoidance’ during predator inspection visits. Wild, free-ranging finescale dace
(Phoxinus neogaeus) were exposed to the combined cues of a model predator
and a distilled water control or the odor of a yellow perch (Perca flavescens)
fed dace (with alarm pheromone), swordtail (Xiphophorus helleri) (lacking Os-
tariophysan alarm pheromone), or perch that were food deprived for four days.
Finescale dace modified their predator inspection behavior following exposure
to the odor of a perch fed dace (fewer dace present, reduced frequency of inspec-
tions, and an increased per capita inspection rate) compared to those exposed to
the odor of a perch fed swordtails, perch that were food deprived, or a distilled
water control. In addition, dace inspected the tail region more often only when
the model predator was paired with the odor of a perch fed dace. In all other
treatments, dace inspected the head region of the model predator more often.
These data suggest that attack cone avoidance of inspecting prey fishes may be
more likely to occur in high-risk situations, such as in the presence of conspecific
alarm pheromones in the diet of potential predators.

Key Words—Predator inspection, Ostariophysan fishes, alarm pheromones,
predator diet, anti-predator behavior.
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INTRODUCTION

Predator inspection behavior, characterized by the saltatory approach towards and
withdrawal from a potential predator, either alone or in groups (Dugatkin and
Godin, 1992a; Pitcher, 1992), is a common phenomenon among many prey taxa,
including fishes. Predator inspection is an inherently risky behavioral pattern, as
it involves the approach towards a potentially risky predator. In order for this
behavioral pattern to have evolved and be maintained within prey populations,
there must be significant benefits associated with predator inspection.

Several benefits associated with predator inspection in fishes have been
demonstrated, including visual alarm signaling (Smith and Smith, 1989; Murphy
and Pitcher, 1997; Brown et al., 1999), predator deterrence (Magurran, 1990; Godin
and Davis, 1995 a,b; Brown et al., 1999), and the preferential mate selection of
inspecting males by females (Godin and Dugatkin, 1996). One of the potentially
most important benefits associated with predator inspection is the ability to acquire
information regarding local predation risk (Dugatkin and Godin, 1992a; Pitcher,
1992; Brown and Godin, 1999a). By inspecting potential predators, prey can
assess local predation risk (Licht, 1989; Murphy and Pitcher, 1997) or acquire
the recognition of a novel predator (Brown and Godin, 1999a).

Predator inspection behavior appears to involve assessment of both visual
and chemical information (Licht, 1989; Murphy and Pitcher, 1997; Brown et al.,
2000). Visual cues, such as the posture and behavior of potential predators, can
provide reliable information to inspecting prey regarding the likelihood of an at-
tack by predators (Licht 1989; Murphy and Pitcher, 1997). Chemical cues, such
as a predator’s dietary odor, can also provide reliable cues regarding a predator’s
past foraging preferences and/or hunger status (Mathis and Smith, 1993; Smith,
1997; Brown and Godin, 1999a). A likely source of chemical information in Os-
tariophysan prey fishes is conspecific alarm pheromones in the diet of potential
predators (Mathis and Smith, 1993; Brown and Godin, 1999a).

Many fishes of the superorder Ostariophysi (approximately 65% of all fresh-
water species; Nelson, 1994) possess chemical alarm signals or alarm pheromones
(Smith, 1992; Chivers and Smith, 1998). This chemical is released into the
water column following mechanical damage to the skin. Conspecifics and some
sympatric heterospecifics respond with dramatic, short-term increases in anti-
predator behavior (Smith, 1992; Chivers and Smith, 1998). Alarm pheromones
can chemically label a predator as dangerous, and inspecting individuals may
modify their predator inspection behavior in the presence of conspecific alarm
pheromones in the diet of potential predators. Glowlight tetras (Hemigrammus
erythrozonus), inspected in smaller numbers, remained further from the predator
and took longer to initiate inspection visits when the predator had been fed tetras
(with an alarm pheromone) than when either swordtails (lacking Ostariophysan
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alarm pheromones) or food deprived (Brown and Godin, 1999a; Brown et al.,
2000). Similar results have been shown for finescale dace (Phoxinus neogaeus;
Brown and Cowan, 2000).

Dugatkin and Godin (1992b) have demonstrated that wild Trinidadian guppies
typically inspect the trunk and tail region of a model predator more often than the
head region. This ‘attack cone avoidance’ (George, 1960) is argued to reduce
the individual’s risk associated with approaching a potential predator. However,
there may be costs associated with this avoidance, such as loss of information
about the posture and/or behavior of the predator (Licht, 1989; Murphy and Pitcher,
1997). Also, if predator inspection functions in attack deterrence (Godin and Davis,
1995 a,b; Brown et al., 1999), inspection visits that are directed away from the
head would dilute the effectiveness of this benefit.

We conducted this study to determine the effects of predator dietary cues on
the predator inspection behavior, particularly attack cone avoidance, of free rang-
ing finescale dace towards a model predator. Previous studies looking at attack
cone avoidance (i.e., Dugatkin and Godin, 1992b) have not considered chemical
cues associated with the predator’s diet. Thus, it is unknown if attack cone avoid-
ance during predator inspection visits is likewise affected by conspecific alarm
pheromones in the diet of potential predators. We predict that attack cone avoid-
ance should only be present under high risk situations, such as in the presence of
dietary cues containing conspecific alarm pheromones.

METHODS AND MATERIALS

Field trials were conducted at Lock 7 Kill, a small tributary stream to the
Mohawk River, near Schenectady NY. This small, spring-fed stream is devoid
of predator fishes and is dominated by finescale dace. Pearl dace (Margariscus
margarita), red-bellied dace (Phoxinus eos), and emerald shiners (Notropis atheri-
noides) were also present in the stream at lower frequencies (personal observa-
tions). Observations were conducted in a series of pools, separated by runs and
riffle sections.

Stimulus Preparation.We collected predator odor from two adult yellow
perch (14.7 and 15.2 cm S.L.). We fed the perch two finescale dace (with alarm
pheromone) or two green swordtails per day for five consecutive days, or food
deprived them for a period of 96 hr prior to stimulus collection. Swordtails were
used as a control diet, as they lack Ostariophysan alarm pheromones and are
native to Central America (Axelrod and Vorderwinkler, 1983) and hence do not
co-occur with finescale dace. Following the final feeding (or the final day of food
deprivation), we transferred the perch to 5-l tanks which contained an airstone but
were unfiltered. We left the perch in the stimulus collection tanks for a period of
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36 hr, at which time we returned them to their holding tanks. The stimulus water
from the two perch fed the same diets was mixed, and we collected and filtered 1 l
and froze it in 50 ml aliquots at−20◦C until needed. As a control, we also froze
50 ml aliquots of distilled water. The order of stimulus collection was random, and
perch were fedad libitum, twice daily with brine shrimp (Artemia francisca) for
7 days between feedings for specific diets.

Experimental Protocol.Observations were conducted in a series of 10 pools
along a 600-m stretch of the stream. Pools were separated by at least 40 m, had
similar mixed cobble and fine-cobble substrates, and an average (±S.E.) surface
area of 6.8± 1.2 m2. Each pool was tested once for each chemical stimulus, and
the order of treatments was randomized with the proviso that no pool could be
tested twice for the same treatment. We allowed at least 24 hr between trials for
each pool. During each trial, we conducted a five min prestimulus and a five min
poststimulus injection observation period.

From a vantage point on the bank of the stream, we submerged a model
predator, suspended from a 2-m fiberglass rod by monofilament nylon lines, into
a pool and held it stationary, about 5 cm above the substrate. The model predator
consisted of an 18 cm long fishing lure, painted to resemble an esocid predator.
We positioned the model near the center of the pool, perpendicular to the current
and away from any obstructions, to remove any bias associated with individual
dace approaching from downstream versus upstream. A 3-m length of airline
tubing, which was attached to a rubber stopper located under the model, was used
to introduce the chemicals remotely. We tested a total of four chemical stimuli:
distilled water (DW), the odor of perch fed dace (DACE), perch fed swordtails
(SWT), or the odor of a perch that had been food deprived (FD). We injected 50 ml
of stimuli into the tubing and flushed it through with stream water at a rate of
approximately 10 ml/min.

During both pre- and poststimulus observation periods, we recorded: 1) the
number of finescale dace within a 50 cm radius of the model, 2) the number of
predator inspection visits, 3) the size of each inspecting group, and 4) the location
of the inspection visit (head= anterior half of model; tail= posterior half of
model). In addition, we recorded the occurrence of dashing behavior, defined as
the rapid, apparently disoriented swimming of at least one dace. Prior to each trial,
we established visual landmarks in each pool to facilitate recording the number of
dace present within a 50 cm radius of the model.

Statistical Analysis.For all behavioral measures, except the frequency of oc-
currence of dashing, we calculated the difference between the pre- and poststim-
ulus injection observation periods and compared these difference scores among
diet treatments by using one-way ANOVA’s. Planned contrasts were made with
Fisher’s PLSD tests. Frequency of occurrence of dashing behavior was compared
among the treatment groups by using aχ2 analysis.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-11-341402 June 14, 2001 15:59 Style file version Nov. 19th, 1999

ATTACK CONE AVOIDANCE 1661

RESULTS

We observed a significant effect of predator diet on the number of dace within
a 50 cm radius of the predator model (F(3,36) = 32.54, P < 0.0001; Figure 1A).
Planned contrasts revealed that there was a reduction in the number of dace present
following the injection of DACE versus the remaining diet treatments (Figure 1A).
In addition, there was an increase in the frequency of dashing behavior during the
poststimulus observation periods when the model was paired with the odor of a
perch fed dace versus distilled water, food deprived perch, or perch fed swordtails
(DACE= 80%, DW= 0%, FD= 30%, SWT= 0%,χ2

3 = 21.44, P < 0.0001).
We found an effect of predator diet on the overall frequency of predator

inspection vists as well (F(3,36) = 8.38, P < 0.001; Figure 1B). Again, planned
contrasts revealed that this overall effect was due to a reduction in the num-
ber of inspections following the injection of DACE versus DW, FD, or SWT
(Figure 1B). When we calculated a per capita rate of inspection, we found an over-
all effect (F(3,36) = 3.39, P < 0.03; Figure 1C), with dace increasing their rates
of inspection following the injection of DACE and FD (Figure 1C).

We also observed an effect of predator diet on the change in the proportion of
inspections directed towards the tail (F(3,36) = 20.76, P < 0.0001; Figure 2A) and
proportion of inspections towards the tail by singletons (F(3,36) = 4.45, P < 0.01;
Figure 2B). Following the injection of DACE, we observed an increase in the
proportion of inspections towards the tail versus the remaining diet treatments
(Figure 2A, Table 1). In addition, we observed an increase in the proportion of
inspections towards the tail by singletons following the injection of DACE and FD
(versus DW and SWT; Figure 2B, Table 1).

TABLE 1. MEAN (±S.E.) PROPORTION OFTOTAL INSPECTIONS AND

PROPORTION OFINSPECTIONS BYSINGLETONSDIRECTEDTOWARDSTAIL

REGION OF THEMODEL PREDATOR FOR THEPRE- AND POSTSTIMULUS

INJECTIONOBSERVATIONS INEACH OF THEDIET TREATMENTS. SEE

FIGURE 2 AND TEXT FORDETAILS.

Proportion inpsections Proportion of singletons
directed towards tail directed towards tail

DW Pre 0.34± 0.03 0.42± 0.11
Post 0.36± 0.06 0.45± 0.05

DACE Pre 0.31± 0.05 0.38± 0.04
Post 0.75± 0.09 0.76± 0.07

FD Pre 0.30± 0.03 0.44± 0.09
Post 0.54± 0.03 0.72± 0.06

SWT Pre 0.25± 0.03 0.31± 0.06
Post 0.23± 0.05 0.29± 0.06
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FIG. 1. Mean (±S.E.) change in the number of individuals present within a 50 cm radius
(A), frequency of predator inspection visits (B), and per capita inspection rate by finescale
dace exposed to a model predator (C) paired with distilled water (DW), the odor of perch fed
dace (DACE), food deprived for 96 hours (FD) or fed a diet of swordtails (SWT). Different
letters denote significant differences (P < 0.05) based on Fisher’s PLSD.
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FIG. 2. Mean (±S.E.) change in the proportion of inspection visits (A) and change in
proportion of inspections by singletons (B) directed towards the tail of the model predator
paired with dietary cues. Treatment abbreviations as in Figure 1. Different letters denote
significant differences (P < 0.05) based on Fisher’s PLSD.

DISCUSSION

Our data demonstrate that wild finescale dace alter the form of predator in-
spection behavior based on the availability of predator dietary cues. Dace exhibited
a significant increase in predator avoidance (fewer individuals present within 50 cm
of the model and increased occurrence of dashing) when the model predator was
paired with the odor of a perch fed dace. Similarly, dace reduced their frequency of
predator inspection visits when exposed to the model paired with dace-fed perch
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odor. However, we observed an increase in the per capita rate of inspection by
dace exposed to the odor of dace-fed perch or food-deprived perch, suggesting
that those individuals remaining inspected at a higher rate.

In the presence of dietary alarm pheromone cues, dace inspected the tail re-
gion more often and directed more initial inspections towards the tail. In contrast,
Dugatkin and Godin (1992b) demonstrated that Trinidadian guppies (which pos-
sess an alarm pheromone; Nordell, 1998; Brown and Godin, 1999b) inspect the
head of a model predator less often than the trunk or tail region, and those that do in-
spect the head, do so more often as singletons. This ‘attack cone avoidance’ (sensu
George, 1960) has been suggested as a mechanism by which inspectors can gain
information regarding local risk of predation while reducing their individual risk
of mortality. Our results, however, demonstrate that in the absence of dietary cues
containing conspecific alarm pheromones, inspectors directed a greater proportion
of their inspections towards the head of the predator. Brown and Schwarzbauer
(in press) have shown that under laboratory conditions, glowlight tetras (Super-
order Ostariophysi) similarly modified their inspection behavior. Tetras directed a
greater proportion of inspection visits to the tail region of a live cichlid predator
(Cichlasoma octofasciatum), when the predator had been fed tetras (with alarm
pheromone) versus swordtails (lacking Ostariophysan alarm pheromone) or food
deprived.

This apparent conflict may be due to one of two (or both) differences be-
tween previous studies and ours. Initially, prior studies (i.e., Dugatkin and Godin,
1992b) were conducted on populations exposed to high levels of predation risk,
and hence they were likely experienced with a variety of predators. Prey popula-
tions, which are under moderate to heavy predation pressure, may inspect more
cautiously than those under lower predation risk (Magurran and Seghers, 1994).
Secondly, previous studies examining attack cone avoidance have not included
chemical cues. Our results demonstrate that dietary cues are an important source
of information regarding local predation risk. Attack cone avoidance may occur
only after an inspecting prey has determined that local predation risk is high based
on the presence or absence of specific chemical cues. Diet-related chemical signals
are honest indicators that the predator has previously selected conspecifics as food
items or is hungry and, therefore, motivated to forage.

Dace also exhibited a graded response in singleton inspections, with the
greatest proportion of solitary inspections towards a dace-fed predator and the
lowest proportion towards a swordtail-fed predator. Dugatkin and Godin (1992b)
argued that an increase in the proportion of singleton inspections indicates an
increased perceived risk of predation. The observation that the proportion of soli-
tary inspectors towards the food-deprived perch was intermediate to the dace-
fed and swordtail-fed perch odor treatments suggests that dace are perceiving a
food-deprived predator as a greater risk than a predator fed a neutral diet, but not
as risky as predators fed a diet containing an alarm pheromone.
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Inspecting prey, upon encountering a potential predator, may benefit from
initially sampling chemical information and basing decisions regarding subsequent
inspection behavior on the presence or absence of conspecific alarm pheromone.
If the predator is ‘chemically labeled’ as dangerous (i.e., has been eating prey with
an alarm pheromone; sensu Mathis and Smith, 1993), then high-level antipredator
measures such as attack cone avoidance should be utilized. If no chemical labels
are detected, the inspecting prey may more closely assess visual cues. By doing
so, prey individuals may be able to obtain significant benefits associated with
inspection visits while reducing their immediate risk of predation.

Acknowledgments—The authors wish to thank Manuel Leal, Carl George, and Isabelle
Désormeaux for helpful comments on previous versions of this manuscript. All work reported within
was conducted in accordance with Animal Research Protocol No. 2-27-98 approved on 27 February
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Abstract—Bullfrogs (Rana catesbeiana), native to eastern North America,
were introduced into Oregon in the 1930’s. Bullfrogs are highly efficient preda-
tors that are known to eat a variety of prey including other amphibians. In lab-
oratory experiments, we investigated whether juvenile Pacific treefrogs (Hyla
regilla) recognize adult bullfrogs as a predatory threat. The ability of prey an-
imals to acquire recognition of an introduced predator has important implica-
tions for survival of the prey. We found that treefrogs from a population that co-
occurred with bullfrogs showed a strong avoidance of chemical cues of bullfrogs.
In contrast, treefrogs from a population that did not co-occur with bullfrogs, did
not respond to the bullfrog cues. Additional experiments showed that both popu-
lations of treefrogs use chemical cues to mediate predation risk. Treefrogs from
both populations avoided chemical alarm cues from injured conspecifics.

Key Words—Predator recognition, introduced predators, chemical cues, alarm
signals, Pacific treefrogs, bullfrogs,Hyla regilla, Rana catesbeiana.

INTRODUCTION

The failure of a prey animal to recognize and respond to a predator increases
the probability that it will be captured during an encounter with a predator. As
a result, there should be strong selective pressure for prey to identify poten-
tial predators (Sih, 1987; Lima and Dill, 1990). Studying the responses of prey
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to recently introduced predators provides an ideal system for testing the ac-
quisition of predator recognition by prey populations (Kiesecker and Blaustein,
1997a).

Previous studies have demonstrated that in populations where larval am-
phibians have a long evolutionary history with a particular predator, they often
recognize and respond to the predator without any prior experience. For example,
Kats et al. (1988) demonstrated that larval amphibians, collected as eggs from a
pond with predatory fish, responded to chemical cues of the fish predators. Sim-
ilar results have been reported by Sih and Kats (1994). Kiesecker and Blaustein
(1997a) documented that larval red-legged frogs (Rana aurora), collected as eggs
from populations that co-occur with predatory bullfrogs (Rana catesbeiana), ex-
hibit an antipredator response to the bullfrogs. In this case the response occurs even
through red-legged frogs and bullfrogs do not share a long evolutionary history;
they have co-occurred for less than 70 years (Nussbaum et al., 1983).

The first objective of this study was to examine the responses of Pacific
treefrogs (Hyla regilla) from west central Oregon to chemical cues of intro-
duced adult bullfrogs. We tested two different populations of treefrogs, one of
which is syntopic with bullfrogs and one that is allotopic from bullfrogs. Bull-
frogs were introduced into Oregon in the 1930’s (Nussbaum et al., 1983). The
adults are predators that are known to feed on a variety of invertebrate and ver-
tebrate prey including other amphibians (Bury and Whelan, 1986; Werner et al.,
1995; Kiesecker and Blaustein, 1997a, 1998). In our study, we tested the response
of post-metamorphic (hereafter juvenile) treefrogs. Although studies of larval am-
phibians to chemical cues of predators are widespread (e.g., Kiesecker et al., 1996;
Kats and Dill, 1998), few studies have examined responses of post-metamorphic
amphibians to predators (but see Flowers and Graves, 1997; Chivers et al., 1999).
It is unknown whether chemosensory responses of post-metamorphic anurans are
widespread.

A second objective of our study was to examine the responses of juve-
nile Pacific treefrogs from both populations to chemical alarm signals released
from injured conspecifics. A wide variety of larval amphibians, including those
of the Pacific treefrogs (Adams and Claeson, 1998), exhibit an avoidance re-
sponse to chemical alarm cues (see review by Chivers and Smith, 1998). How-
ever, to our knowledge only one study (Chivers et al., 1999) has documented
responses of post-metamorphic anurans to chemical alarm cues. In that study,
western toads (Bufo boreas, Family Bufonidae) and red-legged frogs (Family
Ranidae) responded to cues of injured conspecifics while those of Cascades frogs
(Rana cascadae) did not. The absence of a response in juvenile Cascades frogs
is particularly noteworthy because tadpoles are thought to respond to cues of
injured conspecifics (Hews and Blaustein, 1985). Our study is the first to test
whether metamorphic frogs from the Family Hylidae respond to cues of injured
conspecifics.
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MATERIALS AND METHODS

We tested juvenile treefrogs from each of two populations for a response to
both cues of injured conspecifics and cues of introduced bullfrogs. Recently meta-
morphosed treefrogs from the first population were collected in the Willamette
Valley at the E. E. Wilson Wildlife Refuge (16 km north of Corvallis, Benton
County, Oregon). Bullfrogs are common in the Willamette Valley. The specific
pond where the treefrogs were collected contains a breeding population of bull-
frogs (pers. obs.). Treefrogs from the second population were collected from a
pond in the Oregon Cascade Mountains (89 km east of Albany, Linn County,
Oregon). Bullfrogs are absent from this location. The closest bullfrog population
is approximately 25 km away from this site.

Treefrogs were collected in the summer and fall of 1996 and transported to
Oregon State University for testing. We maintained the treefrogs individually in
Petri dishes (150 mm diameter× 25 mm high) lined with damp paper towels. The
frogs were kept on a 14 hr light:10 hr dark photoperiod at approximately 16◦C
for a minimum of two weeks prior to testing. Treefrogs were fedad libitumwith
crickets.

Responses of Treefrogs to Cues of Bullfrogs.In these experiments we tested
the avoidance response of individual treefrogs exposed to chemical cues from:
1) predatory adult bullfrogs and 2) non-predatory adult conspecifics. Testing the
response of treefrogs for a response to non-predatory treefrogs was done as a
control to determine whether an avoidance of the predator stimulus could be simply
a general response to any amphibian cue. Experiments on the two populations were
completed separately.

Bullfrogs spend considerable periods of time sitting on the banks of ponds,
lakes, slow moving streams, and rivers. As a result they are in a good position
to encounter treefrogs that are undergoing metamorphosis and leaving the water.
Many amphibians, including treefrogs, may spend several days at the water/land
interface before moving to land. Bullfrogs that spend time at the water’s edge may
also be in a good position to prey on adult treefrogs that return to breed. To prepare
the bullfrog cue we placed a single bullfrog into a container that was filled with
3 l of dechlorinated tap water. The bullfrog was removed after 24 hr at which time
the experiments began. We used two different bullfrogs (mass= 27.6 and 33.3 g)
as alternative donors in our experiments. We prepared the treefrog stimulus in the
same manner as the bullfrog stimulus. However, to prepare the treefrog stimulus we
added either 7 or 8 treefrogs to the stimulus collection chamber to match the mass
of the particular bullfrog that we used. Prior to collecting stimuli, the bullfrogs and
treefrogs were maintained on a diet of crickets for at least 2 wk.

For each trial we lined half of a rectangular plastic container (32× 18× 8 cm)
with paper towel that was moistened with dechlorinated tap water (control side).
The treatment side was lined with paper towel that contained 5 ml of the bullfrog
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or treefrog cue. The two paper towel substrates in each container were separated
by approximately 2 cm to reduce contamination of chemicals between the sides.
After the appropriate stimuli were added to each side of the test containers, we
used a spray bottle containing dechlorinated tap water to saturate the paper towels.
This ensured that any observed avoidance of the control or treatment sides was not
attributable to differences in moisture level.

At the start of each trial, we introduced a single test animal into the center
of the test container. Every 30 min for 2.5 hr we recorded whether the test animal
was located on the control or treatment side of the container. In the event the
treefrog was positioned across the middle of the container, we used the position
of the snout to assign location. We rotated the containers 180◦ every half hour
during the experiment to control for the possibility of a bias in the treefrogs’
orientation in the room. Our observation schedule followed the design of Chivers
et al. (1999). We made observations only every half hour because juvenile anurans
will not move if they are disturbed by an observer.

For the Cascade Mountain population we tested 30 frogs in the control treat-
ment and 30 in the experimental treatment. Our sample size for the Willamette
Valley population was reduced to 27 and 25 in the bullfrog (experimental) and
treefrog (control) treatments respectively. Individual treefrogs were used in only
one test. For each trial, we summed the number of times each animal was located
on the treatment side of the container out of a possible 5 observations (one obser-
vation every 30 min for 150 min= 5 observations). For both of the treatments,
we compared whether treefrogs spent significantly less time than expected on the
treatment side of the containers using a Wilcoxon Signed Rank test (Siegel and
Castellan, 1988). Several researchers (e.g., Lutterschmidt et al., 1994; Chivers
et al., 1996a, 1997, 1999) have used a similar bioassay for testing responses of
terrestrial amphibians to chemical cues.

Responses of Treefrogs to Cues of Injured Conspecifics.In these experiments
we tested the avoidance response of individual treefrogs exposed to chemical
stimuli from: (1) injured juvenile conspecifics, and (2) non-injured juvenile con-
specifics. Experiments on the two populations were completed separately. Testing
the response of treefrogs to non-injured conspecifics was done as a control to de-
termine whether any avoidance of the injured stimulus was a general response to
any conspecific stimulus (Chivers et al., 1996a, 1997).

Treefrogs are subject to predation by many different predators, including
frogs, snakes, birds and mammals (Nussbaum et al., 1983). The amount of alarm
cues released onto the ground and surrounding vegetation during a predation event
must be highly variable. In designing this experiment, we followed the methodol-
ogy of Chivers et al. (1999) to prepare the injured treefrog stimulus. We dispatched
ten animals by decapitation and removed their viscera, spinal column and legs. The
tissue (approximately 4.5 g, which contained mostly skin, but also some muscle
tissue) was homogenized with 150 ml of dechlorinated tap water in a blender. The
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homogenate was filtered through a 0.5 mm mesh net. We used 5 ml of injured
treefrog stimulus per trial. The stimulus was used within 30 min of preparation.
For a source of chemical stimuli from non-injured treefrogs, we used moistened
paper towels that had housed a single conspecific for 48 hr.

For each trial, we lined half of a rectangular plastic container (32× 18×
8 cm) with a paper towel that was moistened with dechlorinated tap water (control
side). The treatment side was lined with a paper towel that contained cues from in-
jured treefrogs or cues from non-injured treefrogs. We used the same experimental
protocol and statistical analyses as in the previous experiments. For both popu-
lations of treefrogs, we tested the response of 30 individuals to cues of injured
conspecifics and 30 individuals to cues of non-injured conspecifics. Individual
treefrogs were used in only one test.

RESULTS

Treefrogs from both the Willamette Valley and Cascade Mountain popula-
tions showed an avoidance response to cues from injured conspecifics (Willamette
Valley: Z = 3.94,P < 0.001; Cascade Mountain:Z = 3.87,P < 0.001; Figure 1),
but not cues of non-injured conspecifics (Willamette Valley:Z = 0.39,P = 0.70;
Cascade Mountain:Z = 1.13,P = 0.26; Figure 1).

FIG. 1. Mean (+SE) percent time juvenile treefrogs from the Willamette Valley and Cascade
Mountain populations spent on the treatment side of test chambers containing cues of injured
conspecifics or non-injured conspecifics (NS indicatesP > 0.25, * indicatesP < 0.001).
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FIG. 2. Mean (+SE) percent time juvenile treefrogs from the Willamette Valley and Cascade
Mountain populations spent on the treatment side of test chambers containing cues of
predatory bullfrogs or non-predatory treefrogs (NS indicatesP > 0.50, * indicatesP <

0.001).

Treefrogs that co-occurred with bullfrogs in the Willamette Valley showed
an avoidance response to cues of bullfrogs (Z = 3.52, P < 0.001, Figure 2), but
did not show an avoidance response to cues of treefrogs (Z = 0.58, P = 0.56,
Figure 2). In contrast, treefrogs from the Cascade Mountains did not show an
avoidance response to cues of either bullfrogs (Z = 0.02,P > 0.95, Figure 2), or
treefrogs (Z = 0.57,P = 0.57, Figure 2).

DISCUSSION

Our results show that juvenile treefrogs from two different populations use
chemical cues to mediate predation risk. We observed avoidance responses of
chemical alarm cues by treefrogs from both populations and avoidance of the
bullfrog cues by treefrogs from the population syntopic with bullfrogs.

Numerous species of larval amphibians are known to exhibit antipredator
behavior to chemical alarm cues (review Chivers and Smith, 1998). However,
the responses of post-metamorphic anurans are less well known. Our results with
Pacific treefrogs (Family Hylidae) show that the response to alarm cues is retained
after metamorphosis. In our study, juvenile treefrogs from two distantly separated
populations both exhibited avoidance of cues from injured conspecifics. Future
studies should determine the amount of alarm cues released during predation events
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and determine the threshold levels of responses exhibited by prey animals. This
information would allow us to determine the scope of potential responses under
natural conditions.

We did not have access to heterospecific frogs at the time of our study and
hence could not test whether the avoidance of treefrogs to injured conspecific cues
was a specific response to injured conspecifics or was a general response to injured
amphibian cues. The avoidance of injured cues did not represent avoidance of a
general amphibian cue. Treefrogs did not avoid cues of intact treefrogs. From a
predation perspective it is of little importance if the avoidance of injured cues
represents avoidance of injured conspecifics specifically or avoidance of injured
amphibians in general. The important point is that by avoiding cues of injured
conspecifics, treefrogs will decrease their probability of being captured. Chivers
et al. (1999) used a similar approach to examine responses of juvenile red-legged
frogs to alarm cues.

In our study, we observed that juvenile Pacific treefrogs from a popula-
tion that co-occurred with bullfrogs exhibited an avoidance response to chem-
ical cues of bullfrogs. The other population of treefrogs that had no contact
with bullfrogs did not avoid the bullfrog cues. Inter-population differences in
antipredator responses, whereby individuals from populations in which preda-
tors are common exhibit stronger antipredator responses than individuals from
populations that experience lower levels of predation, have been reported in a
variety of taxa (e.g., spiders: Riechert and Hedrick, 1990; salamanders: Ducey
and Broodie, 1991; fishes: Seghers, 1974). However, few studies have docu-
mented population differences based on responses to chemical cues (but see
Mathis et al., 1993). Our results most likely reflect that individuals from one
population did not recognize the bullfrog cues, while individuals from the other
population did recognize the bullfrog cues. However, our results could also re-
flect a population difference in the concentration threshold needed to elicit a
response.

Population differences in antipredator responses may result from learning
by prey in the high predation population (Mathis et al., 1993; Chivers and Smith,
1994). Several recent studies have documented that na¨ıve prey animals can learn the
identity of unknown predators by detecting conspecific alarm cues in the diet of the
predator (Mathis and Smith, 1993; Chivers et al., 1996b). Population differences
in anti-predator responses may also be genetically determined (Kiesecker and
Blaustein, 1997a). The importance of genetics should increase if the predator
and prey have a long evolutionary history together. Genetic changes can occur
rapidly under natural conditions. For example, Reznick et al. (1990) documented
changes in genetically determined life history traits in 30–60 generations. Pacific
treefrogs and bullfrogs have co-occurred together in Oregon for only about 70 years
(Nussbaum et al., 1983). For our experiments, we collected juvenile treefrogs.
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Consequently, we do not know whether treefrogs from the population syntopic
with bullfrogs have to learn that bullfrogs are a threat or whether this recognition
is genetically determined. Future studies should differentiate these alternatives.
We should also examine many populations of treefrogs with different densities
of bullfrogs in order to determine whether responses vary with the intensity of
predation or other site specific characteristics.

Many amphibian populations have been declining and undergoing range re-
ductions over the last few decades (Blaustein and Wake, 1990; Stebbins and Cohen,
1995). The reasons for these declines are complex (Blaustein and Wake, 1995).
Some studies have documented the decline of native frogs following the intro-
duction of bullfrogs (Moyle, 1973; Kiesecker and Blaustein, 1998; Kupferburg,
1997). Pacific treefrogs appear to be one species that is not declining (Kiesecker
and Blaustein, 1997a,b). This may be in part due to its success in recognizing and
avoiding introduced predators such as bullfrogs. Responses of other amphibians to
introduced bullfrogs remains mostly unknown (but see Kiesecker and Blaustein,
1997a). The success of treefrogs in regions now occupied by bullfrogs may stem
from other factors besides their ability to recognize bullfrogs as predators. For ex-
ample, treefrogs breed in a variety of habitats, including temporary ponds, where
bullfrogs do not occur (Nussbaum et al., 1983).

The effects of introduced predators on native species are complex (Kiesecker
and Blaustein 1997a, 1998). The ability of prey to recognize an introduced predator
should minimize the prey’s risk of capture. However, recognition of the predator
does not by itself imply that there will not be significant predator effects. For
example, Kiesecker and Blaustein (1997a) showed that red-legged frogs shift their
microhabitat use in the presence of adult bullfrogs, and that this has a substantial
cost in terms of decreasing growth rates and altering metamorphic characteristics,
including time to and size at metamorphosis.
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Abstract—Interspecific chemical variation of precloacal pore secretions of
Liolaemuslizards was characterized in 20 species, and intraspecific chemical
variation was characterized using nine individuals ofL. bellii. The latitude (Chile,
18◦ to 33◦ South latitude) and altitude (100 to 4350 m.a.s.l.) of the capture
sites were recorded, as well as the number of precloacal pores of each lizard.
Secretions were analyzed by GC-MS. A total of 49 compounds were found
distributed among the 20 species ofLiolaemus. Different chemical patterns
occurred at intra- and interspecific levels. Compounds belonged to three main
families:n-alkanes, long chain carboxylic acids, and steroids. Cholesterol and
five carboxylic acids (tetradecanoic, hexadecanoic, hexadecenoic, octadecanoic,
andZ-9-octadecenoic) appeared in all species. The number of precloacal pores
correlated positively with altitude and negatively with latitude, suggesting that
lizards produce more secretions under harsh environments.

Key Words—Chilean lizards, Tropiduridae,Liolaemus, precloacal pores,
holocrine glands.

INTRODUCTION

Chemical communication is a well-documented phenomenon in different lizard
genera (for reviews, see Mason, 1992; Font, 1996; Cooper, 1998). Pheromones
are important for territory marking (e.g., Alberts, 1992), discrimination of famil-
iar from unfamiliar individuals (e.g., Cooper, 1996), self-recognition (Graves and
Halpern, 1991), and sexual recognition (Cooper et al., 1996). AlthoughLiolaemus
is a lizard genus with more than 150 species (Etheridge, 1995), little is known

* To whom correspondence should be addressed.
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about the pheromones and chemical communication of its species. Chemical self-
recognition and conspecific discrimination have been shown inL. tenuis(Labra
and Niemeyer, 1999) andL. bellii (Labra et al., 2001). Potential sites of semio-
chemical production are the cloaca and the precloacal pores, the latter located in the
external border of the cloacal shield and present mainly in males in the genusLi-
olaemus(Donoso-Barros, 1966). Given that precloacal pores have been described
as producing secretions in lizards (Chauhan, 1986a, 1986b), and amphisbaenians
(Antoniazzi et al., 1993, 1994), and that these secretions have pheromonal proper-
ties (Cooper et al., 1994; L´opez et al., 1997), it is likely that precloacal secretions
in Liolaemusalso are involved in chemical communication. In fact,Liolaemus
males are often seen dragging their cloaca over the substrate (Labra, personal ob-
servations), as has been observed in amphisbaenians (Chauhan, 1986b), a behavior
allowing the release of secretions.

Proteins and lipids are the main compounds involved in chemical communi-
cation of squamates, although it is not clear which particular chemical compounds
(or combination of them) are most relevant in this process. Although inter- and
intraspecific variation in the protein content of femoral glands are claimed to be re-
sponsible for specific, self, and sex chemical recognition in different lizard species
(Alberts, 1991; Alberts et al., 1993), most evidence points to lipids in pheromonal
secretions as the main compounds involved in communication. The lipid con-
tent in the secretion of femoral glands (Alberts et al., 1992) and skin secretions
(Mason and Gutzke, 1990) has been extensively studied, andn-alkanes, long chain
carboxylic acids, and cholesterol and its derivatives have been found
(Alberts, 1990; Weldon et al., 1990; Alberts et al., 1992). Bull et al. (1999) pro-
posed that discrimination of individuals is determined by a complex relationship
among different lipidic compounds found in feces, and Cooper and Garstka (1987)
found that neutral lipid fractions of urodaeal glands secretions had pheronomal
properties.

We report herein a characterization of the lipidic fraction of precloacal se-
cretions of 20Liolaemusspecies from different localities of Chile and from nine
individuals ofL. bellii, in order to evaluate the chemical patterns at the species and
individual levels. The potential effect of environmental factors on the chemical
composition of secretions was evaluated.

METHODS AND MATERIALS

Sample Collection. Liolaemusmales were captured between October 1999
and February 2000, in northern and central Chile (Table 1). To collect secretions,
males were placed backwards and pores were pressed gently with forceps. The
yellow-reddish greasy secretion of each individual was dissolved in 400µl purified
n-hexane (see below), and placed individually in glass ampoules, which were
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TABLE 1. MEAN NUMBER OFPRECLOACAL PORES(NP) OF 20LiolaemusSPECIES,
STANDARD ERRORS(SE), RANGE OFNUMBER OFPORESRECORDED, AND SAMPLE SIZE

(N). CAPTURESITES OF THESPECIESINCLUDE THE ALTITUDE (M.A.S.L.) AND THE

LATITUDE/LONGITUDE (◦S/◦W)

Pores Capture sites

Liolaemus np SE Range N Altitude Latitude/Longitude

alticolor 2.75 0.48 2–4 4 4350 18◦10’; 69◦25’
bellii 2.00 0.14 1–3 20 2300 33◦20’; 70◦19’
bisignatus 2.33 0.33 2–3 3 710 26◦08’; 70◦35’
chiliensis 2.40 0.51 1–4 5 800 33◦28’; 70◦32’
constanzae 2.57 0.14 2–3 14 2250 23◦46’; 68◦14’
dorbigni 5.00 5 1 4250 22◦36’; 68◦03’
eleodori 5.16 0.40 4–7 6 3670 27◦04’; 69◦10’
fabiani 3.25 0.25 3–4 4 2450 23◦23’; 68◦21’
fitzgeraldi 2.40 0.16 2–3 10 2900 32◦50’; 70◦08’
fuscus 2.00 0.00 2 4 950 33◦35’; 70◦28’
hellmichi 2.66 0.33 2–3 3 100 23◦32’; 70◦21’
jamesi 5.73 0.12 5–6 15 4350 18◦10’; 69◦25’
lemniscatus 2.25 0.16 1–4 20 950 33◦35’; 70◦28’
monticola 2.11 0.08 2–3 18 1850 33◦46’, 70◦15’
nigroroseus 2.14 0.14 2–3 7 2300 23◦02’; 68◦04’
nigroviridis 3.10 0.39 2–5 8 2300 33◦20’; 70◦19’
nitidus 1.62 0.18 1–2 8 950 33◦35’; 70◦28’
ornatus 6.64 0.38 5–10 14 3710 19◦15’; 68◦43’
platei 2.25 0.25 2–3 4 200 27◦03’; 70◦51’
tenuis 2.57 0.11 2–3 19 600 34◦03’; 70◦35’

sealed and kept at−18◦C until use. After extraction of the secretion, lizards were
released at their sites of capture. The chemical characterization of the secretion of
each species was performed after mixing secretions from three randomly selected
individuals.

Solvent Purification. Then-hexane (Merck, chromatography grade) used for
dissolving the precloacal secretions was previously purified by stirring over H2SO4

overnight, decanting, and stirring over K2CO3 for two hours. The solution was
filtered, dried (MgSO4), and redistilled before use. The glass ampoules used to
keep secretions were heated to 150◦C for four days before use.

GC-MS Analysis of Secretion Samples. The chemical characterization of the
secretion of each species started with a pool of 150µg of secretion, 50µg from each
individual (except in the case ofL. dorbigni, where 50µg were used from the single
individual available). An aliquot (ca. 20µl) of the mixture dissolved inn-hexane,
containing 50µg of the mixed secretion was submitted to the derivatization proce-
dure (see below). The chemical characterization of the secretion of each individual
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of L. bellii was performed by submitting directly 50µg of each individual’s se-
cretion dissolved inn-hexane (ca. 20µl), to the derivatization procedure.

Derivatization was performed by treating 50µg of the secretion in v-vials
with excess (5µl) of N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA), and
heating the closed vial to 90◦C for 60 min. Thereafter, vials were cooled on ice,
and excess MSTFA eliminated under a stream of dry nitrogen. The solution was
concentrated to 2µl and injected in the GC-MS.

Analyses were performed in a capillary column (Ultra 2, 25m× 0.2 mm
ID) directly coupled to a mass detector with an integrated data system (GC model
HP-5890, MD model HP-5972). Ionization by electron impact (70 eV) was carried
out at 280◦C. The GC oven was programmed to remain at 50◦C for 10 min, then
to increase up to 280◦C at a rate of 5◦C/min, and to remain at 280◦ for 45 min.
The presence or absence of a given compound in the chromatographic profile of
eachLiolaemusspecies or individual ofL. bellii, was determined by coinjection
of commercial standards and comparison of retention times and mass spectra. GC
peaks of coinjected compounds were considered coincident if retention times did
not differ by more than± 0.03 min. When standards were not available, spectra
were compared with a library database by a reverse search technique, which verifies
that main peaks in the reference spectrum are present in the unknown spectrum
(Pesyna et al., 1976). Spectra were considered coincident if the similarity index was
higher than 95% (Pesyna et al., 1976). Alternatively, mass fragmentation patterns
were used to determine tentative chemical structures.

Data Analysis. Pearson product-moment correlations (Zar, 1984) were used
to test relationships between normalized chromatographic areas of the different
compounds in different species and environmental variables (altitude and lati-
tude of capture site), and lizard characteristics (mean number of precloacal pores,
snout-vent length, and weight of individuals, and mean weight of precloacal pore
secretions). Analysis of similitude of the chemical composition of the secretions us-
ing normalized chromatographic areas, were performed among species and among
individuals ofL. bellii. Clusters of species and individuals ofL. bellii were es-
timated by using unweighted pair-group of arithmetic average (UPGMA) as a
linkage rule (Manly, 1994). The use of the comparative method has been recom-
mended for interspecific comparisons (Martins and Hansen, 1996). However, since
the phylogeny hypothesis proposed by Shultte et al. (2000) included only 11 of the
20Liolaemusspecies in the present study, and those 11 species did not encompass
a wide range of environments, a phylogenetic analysis was not performed.

RESULTS

GC-MS Analysis. The mean total mass of the secretions was 1.02 mg
(SE = 0.25; N = 58, corresponding to the secretions that were analyzed by
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GC-MS). The part soluble inn-hexane constituted approximately 67.5% (SE=
2.6; N= 20) of the total mass of the secretion. Eighteen compounds were found
in the nine individuals ofL. bellii studied (Table 2). Three different groups of
compounds were found:n-alkanes, representing 5.8% (SE= 1.0; N = 9); long
chain carboxylic acids, representing 48.7% (SE= 5.5;N= 9), and steroids, repre-
senting 45.5% (SE= 5.9; N = 9). Tricosane, tetradecanoic acid, hexadecanoic
acid, hexadecenoic acid, octadecanoic acid,Z-9-octadecenoic acid, eicosanoic
acid, and cholesterol, were present in all individuals analyzed. Among the ma-
jor compounds found in the secretions ofL. bellii are hexadecanoic andZ-9-
octadecenoic acids, and cholesterol. Compounds found inL. bellii were also
present in the other species. From the 20Liolaemusspecies studied, a total of
49 compounds were identified (Table 3), which belong to the same three cate-
gories described forL. bellii: n-alkanes, representing 18.6% (SE= 4.0;N= 20);

TABLE 2. CHEMICAL COMPOSITION OF THEPRECLOACAL SECRETIONS OFNINE

INDIVIDUALS OF Liolaemus bellii

Normalized chomatographic areas (%)a

No. Compound Imb 1 2 3 4 5 6 7 8 9

n-Alkanes
1 tricosane A 1.1 1.5 3.3 1.5 3.5 1.5 1.5 1.1 1.0
2 tetracosane A nd 6.0 2.5 3.7 nd nd 3.7 6.4 4.3
3 pentacosane A 1.7 5.7 1.4 0.7 nd 0.7 0.7 nd 1.6

Carboxylic acids
4 2-hydroxy-propanoic B 5.1 2.3 0.6 1.1 2.7 2.9 nd 4.8 3.8
5 hexanoic B 3.6 nd nd nd nd 2.0 nd 3.4 0.4
6 dodecanoic B 0.8 0.5 0.5 0.5 1.1 0.5 nd 0.8 0.2
7 tetradecanoic B 2.5 1.3 1.1 1.8 2.0 1.4 1.8 2.4 2.1
8 hexadecanoic A 11.8 13.7 14.0 8.6 15.8 6.7 8.6 11.3 11.1
9 hexadecenoic C 3.2 5.4 2.0 1.0 2.3 1.8 1.0 3.0 2.7

10 heptadecanoic B 0.8 2.6 2.0 nd 1.1 nd nd 0.8 0.6
11 octadecanoic A 5.1 7.5 6.2 2.8 10.3 2.9 2.8 4.9 4.5
12 Z-9-octadecenoic A 5.7 24.7 36.9 15.1 36.4 15.4 15.1 5.4 7.4
13 eicosanoic B 3.0 5.7 5.4 3.6 6.0 3.7 3.6 2.9 2.3
14 docosanoic A 4.6 4.8 1.4 nd 1.6 nd nd 4.4 3.3
15 butanedioic B 1.4 nd nd nd nd nd nd 1.4 0.3

Steroids
16 cholesterol A 6.7 12.5 18.2 55.9 8.6 56.8 56.0 38.1 44.5
17 cholestan-3-ol C 40.0 5.9 nd 3.7 8.6 3.7 3.6 6.3 6.2
18 cholest-4-en-3-ol C 2.9 nd 4.5 nd nd nd 1.6 2.6 3.7

aNormalized chromatographic areas expressed as percent of total detected compounds. nd= compound
not detected.

bIdentification method (Im) codes: A= comparison with authentic compounds; B= GC-MS com-
parison between the recorded and library mass spectra with similarity index higher than 95%; C=
fragmentation patterns in the mass spectra.
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long chain carboxylic acids, representing 61.5% (SE= 4.8;N= 20), and steroids,
representing 19.9% (SE= 4.6; N = 20). All the species shared six compounds:
cholesterol and five carboxylic acids (tetradecanoic, hexadecanoic, hexadecenoic,
octadecanoic, and Z-9-octadecenoic). Hexadecanoic acid was the main com-
pound of the carboxylic acid fraction, and cholesterol was the major steroidal
compound.

Environmental Relationships. The number of precloacal pores (np) negatively
correlated with the latitude (r = −0.61; P = 0.004) and positively correlated with
the altitude (r = 0.67; P = 0.001) of the collection site. Different correlations
were attempted among the normalized chromatographic areas of the different com-
pounds and environmental or specific lizard characteristics. Nevertheless, the only
significant correlations found were between the normalized chromatographic area
of hexadecenoic acid and altitude (r = 0.49;P = 0.028), and latitude (r = −0.44;
P = 0.050) of the collection site. Furthermore, for each species, the volatility of
the secretion was estimated by using a melting point index (MPI) defined as the
sum of the products between the normalized chromatographic areas and the melt-
ing point of each compound present in the secretion. No significant correlations
were found between MPI and the environmental variables tested.

Similitude Analysis. The similitude analysis (UPGMA) performed with nine
individuals ofL. bellii (Figure 1A) shows the existence of variation in chemical
composition at the individual level. A similitude analysis was performed with all
20 species together (Figure 1B). The relationship between the species could not
be related to their phylogeny (Schulte et al., 2000).

DISCUSSION

Pheromone research in squamates is a relatively recent endeavor. The most
precise knowledge of pheromonal compounds come from studies in snakes, where
the nature of the active compounds has been elucidated in some cases
(Mason, 1992, 1999; Mason et al., 1989). For lizards, most studies have dealt
with the description of components that are part of secretions that are claimed to
have pheromonal properties, rather than with the nature of the active compounds
(Chauhan, 1986b; Alberts, 1990; Mason and Gutzke, 1990; Weldon et al., 1990;
Alberts et al., 1992).

In all theLiolaemusspecies studied herein, the families of chemical compo-
nents in the lipidic fractions of the precloacal secretions are similar to those reported
for other lizards species, i.e.,n-alkanes, carboxylic acid, and steroids (Chauhan,
1986b; Mason and Gutzke, 1990; Alberts et al., 1992). InL. bellii, the similitude
analysis (Figure 1A) indicates that there are no two individuals with secretions
having the same chemical composition. These differences among individuals may
be important for self-recognition.
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FIG. 1. Similitude analysis (UPGMA) of the normalized chromatographic areas of the
different compounds found in the secretions of nine individuals ofLiolaemus bellii(A) and
in the secretions of 20Liolaemus species(B). See Table 3 for meaning of abbreviations in
Figure 1B.

The secretions of precloacal pores inLiolaemus contained a series of
n-alkanes. In earlier studies with snake skin, these compounds were associated
with sample contamination (Ahern and Downing, 1974), although it is now ac-
cepted thatn-alkanes are components of saurian skin secretions (Weldon and
Bagnall, 1987; Mason, 1992). Most of then-alkanes ofLiolaemushad an odd
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number of carbon atoms. Since hydrocarbons of biogenetic origin generally con-
sist of a greater proportion of odd over even number of carbon atoms (Weldon et al.,
1990),n-alkanes in our samples are likely to be of biogenetic origin rather than a
product of contamination. Nevertheless, the exact function ofn-alkanes inLiolae-
mus, as well as in other lizard species (Mason and Gutzke, 1990), remains unknown.

Long chain carboxylic acids are common constituents of lizards skin and
femoral glands (Mason and Gutzke, 1990; Alberts et al., 1992), and now they
are reported in precloacal secretions ofLiolaemuslizards. Carboxylic acids in
Liolaemusbelong to two categories: those common to all species analyzed (i.e.,
tetradecanoic, hexadecanoic, hexadecenoic, octadecanoic, and Z-9-octadecenoic),
and those that are randomly distributed and present in minor amounts across the
species (heptadecanoic, eicosanoic, and docosanoic). As previously suggested for
snakes (Burken et al., 1985), compounds shared by different species may have a
common function in all of them. Therefore, the five ubiquitous carboxylic acids
may provide information related to genus status of the lizards (i.e.,Liolaemus),
while the randomly distributed carboxylic acids may be involved in specific dis-
crimination, or species-specific functions.

The ubiquitous and most abundant carboxylic acid inLiolaemussecretions
was hexadecanoic acid, also found in femoral secretions ofIguana iguanain
breeding and nonbreeding seasons (Alberts et al., 1992). However,Liolaemus
secretions showed differences with respect to previous records in squamates. In
fact, hexanoic and nonanoic acids are reported for first time in squamate secretions.
In addition, an important difference ofLiolaemussecretions is the presence of
compounds of lower molecular mass than compounds in other squamate species.
Thus, in the leopard gecko,n-alkanes ranged from C18 to C32 and carboxylic acids
fromn-C16 ton-C18(Mason, 1990); inIguana iguana, carboxylic acids ranged from
n-C14 to n-C26 (Alberts, 1992) and in the Florida indigo snake, carboxylic acids
ranged fromn-C12 to n-C18 (Ahern and Downing, 1974). In contrast,Liolaemus n-
alkanes ranged from C10 to C25 and carboxylic acids fromn-C3 ton-C26. Additional
comparative research will be necessary to explain the biological implications of
the presence of more volatile compounds inLiolaemusthan in other squamates.

In squamates, precloacal (Chauhan, 1986a; Antoniazzi et al., 1993; Jared
et al., 1999) and femoral glands (Weldon et al., 1990) have been described as
exocrine organs producing a holocrine secretion (Alberts, 1990), which is consti-
tuted, among others, by long chain carboxylic acids (myristic, palmitic, stearic, and
oleic acids), compounds normally present in internal tissues (Nicolaides, 1974).
The presence of these carboxylic acids in the precloacal secretions ofLiolaemus
suggests the holocrine nature of the gland.

Cholesterol is of frequent occurrence in secretions involved in chemical com-
munication, having been found in lizard skin (Weldon and Bagnall, 1987; Mason
and Gutzke, 1990), femoral glands (Alberts et al., 1992) and now in precloacal
pores inLiolaemusspecies. It has been suggested that steroids identified in lizards,
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although not being sex steroids, may still give information about the sex of the
individual (Mason and Gutzke, 1990). SinceLiolaemusprecloacal secretions ana-
lyzed were only from males, it may be speculated that the function of cholesterol
derivatives is to provide information about the condition of the male, for example
its dominance status or genetic quality (e.g., Martin and L´opez, 2000).

It may be hypothesized that lizards deposit on the substrate a given “effective”
amount of pheromones, which allows for efficient communication. However, these
“effective” amounts may depend on the interplay of environmental or climatic
conditions, and the volatility and chemical characteristics of the semiochemical.
Thus, it would be expected that under conditions of high temperature, wind, and
low atmospheric pressure, such as occur at higher altitudes and lower latitudes
among the collecting sites studied, lizards would be equipped to produce higher
quantities of secretion, or compounds in the secretions would be less volatile and
chemically more stable. ForLiolaemus, the main strategy seems to be the first one,
given the significant relationships between number of precloacal pores with the
altitude and latitude. Interestingly, the most volatile and one of the most chemically
reactive members of the carboxylic acid family showed a negative correlation with
latitude, and a positive one with altitude. However, the lack of correlation, between
melting point index and both altitude and latitude, indicates that environmental
conditions did not impose major changes in the pattern of chemical characteristics
of the secretions.
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Abstract—An analytical technique employing gas chromatography and tan-
dem mass spectrometry (GC/MS/MS) was employed to systematically screen
fifty-eight wheat accessions for their differential production of 2,4-dihydroxy-
7-methoxy-1,4-benzoxazin-3-one (DIMBOA) from three consecutive sources,
i.e., the shoots, roots, and in the associated agar growth medium (collected as
root exudates) of 17-day-old wheat seedlings. DIMBOA content differed signif-
icantly in the shoots, roots, or in the agar growth medium between accessions.
DIMBOA accumulated differentially within the plant, with roots containing
more DIMBOA than the shoots. Only 19% of accessions were able to exude
DIMBOA from living roots into their growth medium, indicating the exudation
of DIMBOA is accession-specific. DIMBOA level in root tissues is expected to
be high when a high level of DIMBOA content is detected in the shoots. Wheat
seedlings did not release detectable amounts of DIMBOA when the DIMBOA
level was low in the root tissues. The valuable genetic material with high levels
of DIMBOA in the shoots or roots identified in the present research could be
used to breed for wheat cultivars with elevated allelopathic activity.

Key Words—Wheat (Triticum aestivumL.), allelochemicals, 2,4-dihydroxy-7-
methoxy-1,4-benzoxazin-3-one, root exudates; weed suppression.
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INTRODUCTION

Cyclic hydroxamic acids (Hx), a novel class of alkaloids, have been claimed as
natural defense agents against bacteria, fungi and insects (Bohidar et al., 1986;
Niemeyer, 1988a; Leszczynski et al., 1995; Figueroa et al., 1999; Wilkes et al.,
1999). Hx are also associated with allelopathic activity for weed suppression
(Pérez, 1990; Blum et al., 1992). DIMBOA and its decomposition product
6-methoxy-benzoxazolin-2-one (MBOA) inhibited root growth of wild oats (Avena
fatua) by 50% at a concentration of 0.7 and 0.5 mM, respectively. MBOA also
inhibited seed germination ofA. fatua(Pérez, 1990). Blum et al. (1992) found
that MBOA was more potent than its precursor (DIMBOA) and inhibited ger-
mination, radicle and hypocotyl length ofTrifolium incarnatumand Ipomoea
hederacea.

The hydroxamic acids have been found in a wide range of Gramineae, in-
cluding wheat (Triticum aestivum) (Niemeyer, 1988a,b). The most abundant of
these acids in wheat is 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIM-
BOA) (Bohidar et al., 1986). In the search for wheat accessions with a high level
of DIMBOA for integrated pest management, intensive research has been un-
dertaken to determine the differential production of DIMBOA in shoots/leaves
of Triticum spp. In a direct screening of 55 accessions of 17 wheat progenitors,
Niemeyer (1988b) found that DIMBOA was highest inT. speltoides(16.0 mmol/kg
fw) and lowest inT. tauschii(0.21 mmol/kg fw). In a collection of 52 Chilean
cultivars ofT. aestivumandT. durum, Copaja et al. (1991) demonstrated that cul-
tivars differed significantly in the production of DIMBOA, ranging from 1.4 to
10.9 mmol/kg fw Nicol et al. (1992) extended the screening work to a worldwide
collection of 47 cultivars ofTriticum (mainly T. aestivum), and found that the
contents of DIMBOA in the shoots ranged from 0.99 to 8.07 mmol/kg fw. These
results have provided valuable information on potential genetic material with high
levels of DIMBOA that could be used to enhance allelopathy in wheat breeding
programmes.

Further research has shown that the DIMBOA content in wheat shoot tissues
is genetically inheritable. Chromosomes 4A, 4B and 5B may contain genes for
DIMBOA synthesis, and chromosome 4D may contain genes inhibiting the accu-
mulation of DIMBOA (Niemeyer and Jerez, 1997). Genetic studies of DIMBOA
in maize (Zea mays) have also demonstrated that the accumulation of DIMBOA
could be monogenic or polygenic depending on particular populations (Klun et al.,
1970; Dunn et al., 1981; Simcox and Weber, 1985). Studies on the genetic control
of DIMBOA could further facilitate the genetic manipulation of DIMBOA levels
in wheat.

Research so far has only concentrated on the evaluation of DIMBOA content
in shoots or leaves of young wheat seedlings. Little data have been accumulated
for DIMBOA production in roots, and for exudation of DIMBOA by living roots
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of wheat seedlings into the growth medium. Wheat accessions with relatively high
levels of Hx in the roots could prove effective in the control of root pests and
valuable in allelopathic suppression of weeds (Copaja et al., 1999). Furthermore,
the identification of wheat roots with high contents of Hx is not adequate for
the selection of varieties with allelopathic potential. Root exudate analysis is also
required (P´erez and Orme˜no-Núñez, 1991).

An analytical tool employing gas chromatography and tandem mass spec-
trometry (GC/MS/MS) has recently been developed to simultaneously identify
and quantify eight known allelopathic compounds in wheat, including DIMBOA,
p-hydroxybenzoic, vanillic, syringic,trans-p-coumaric,cis-p-coumaric, trans-
ferulic, andcis-ferulic acids (Wu et al., 1999). The purposes of the present research
were: (1) to use the developed analytical technique to evaluate 58 wheat acces-
sions originating from 19 countries for the differential production of DIMBOA
from shoots, roots, and in the associated agar growth medium of 17-day-old wheat
seedlings; (2) to determine the relationship of DIMBOA level between the shoots
and the roots of wheat seedlings; and (3) to investigate the exudation of DIMBOA
from living wheat roots into the growth medium.

METHODS AND MATERIALS

Wheat Growth. Based on previous experiments, a worldwide collection of
58 wheat accessions (T. aestivumL.) from the Australian Winter Cereals Collection
was selected and grown according to the procedure described previously (Wu et al.,
2000). Briefly, twelve pre-germinated wheat seeds (surface-sterilised) from each
accession were uniformly selected. They were aseptically sown on an agar surface
with the embryo up, in three rows on one half of a glass beaker (500 ml) pre-filled
with 30 ml of 0.3% water agar. The beaker was wrapped with a piece of parafilm and
placed in a controlled growth cabinet with a daily light/dark cycle of 13 hr/11 hr and
a temperature cycle at 25◦C/13◦C. After 7 days, a piece of pre-autoclaved white
paperboard was inserted across the centre and down the middle of the beaker
with the lower edge of the paperboard kept one cm above the agar surface. The
beaker was again wrapped with parafilm and placed back in the growth cabinet for
10 more days.

Preparation of Shoot or Root Extracts. The procedure previously described
for the preparation of shoot or root extracts was used (Wu et al., 1999). Shoots
or roots of 17-day-old wheat seedlings were harvested for each accession and
immediately freeze-dried. An amount of 0.100 g of shoot or root material was
cut into 2-mm lengths, ground into powder, macerated with 3 ml of 0.001 M HCl,
sonicated at 5◦C for 15 min, and then centrifuged at 20,000 rpm at 10◦C for 15 min.
The supernatant was collected and extracted three times with 10 ml portions of
diethyl ether. The ether was evaporated under reduced pressure at 35◦C.
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Collection of Root Exudates from the Agar Medium. Wheat seedlings were
uprooted from their soft nutrient-free agar medium and the roots rinsed twice with
5 ml portions of distilled water to remove residual agar. The washings were pooled
into the agar medium. The growth medium was collected, adjusted to pH 3.0 by
dropwise addition of 0.06 M HCl, stirred thoroughly, and then sonicated at 5◦C
for 15 min. The agar medium was extracted three times with 60 ml portions of
diethyl ether. The ether was then evaporated under reduced pressure at 35◦C.

Derivatization and Quantitation. The derivatization and quantitation of wheat
samples were identical to those described previously (Wu et al., 1999). Silylation
of wheat shoots, roots and agar samples was accomplished by the addition of 1.0 ml
of MSTFA (Alltech Australia) at 60◦C for 30 mins. Silylated samples were directly
analysed by GC/MS/MS. DIMBOA was identified and quantified by comparing
retention times and product ion spectra with that in the user library created from the
standard compound. Quantitative analysis was performed by the internal standard
method (Wu et al., 1999) and reported in units of mg/kg of dry matter for wheat
shoots and roots, andµg/l for water agar.

GC/MS/MS Analysis. Analyses were carried out on a Varian 3400 CX gas
chromatograph coupled with a Varian Saturn 2000 ion trap mass spectrometer.
Samples were introduced via a DB-5MS fused-silica capillary column of 30 m×
0.25 mm× 0.25µm (J & W Scientific, Alltech Australia). Gas chromatographic
and tandem mass spectrometric conditions for the analysis of wheat samples were
identical to those reported previously (Wu et al., 1999). Mass spectral scan time
from m/z50 to 450 was 1.0 second (using 3 microscans). Nonresonant collision-
induced dissociation (CID) was used for MS/MS. All samples were run in triplicate.

Data Analysis. All experimental data were subjected to analysis of variance by
using Genstat 5 (Anonymous, 1995) and the treatment means were tested separately
for least significant difference (l.s.d.) at a 5% level of probability.

RESULTS

DIMBOA Variation in Wheat Shoots. Wheat accessions produced differential
amounts of DIMBOA in their shoot tissues (Table 1). There were 20 accessions
with a level of DIMBOA less than 300.0 mg/kg dry matter and 8 accessions
with more than 700.0 mg/kg. Thirty accessions contained DIMBOA ranging from
300.0 to 700.0 mg/kg. Accessions Canada 51 and Hartog produced no detectable
DIMBOA, while the accession Khapli contained the highest amount of DIMBOA
(730.4± 1.4 mg/kg).

DIMBOA Variation in Wheat Roots. Wheat accessions also differed signif-
icantly in DIMBOA levels in the roots of 17-day-old wheat seedlings (Table 1).
There were five accessions with a level of DIMBOA below 300.0 mg/kg dry matter
and 36 accessions with greater than 700.0 mg/kg. Seventeen accessions contained
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TABLE 1. DIMBOA CONTENTS IN THESHOOTS, ROOTS, AND AGAR OF58 WHEAT

ACCESSIONSa

DIMBOA (mean± S.D.)
Wheat

accessions
Country of

origin Shoots (mg/kg)b Roots (mg/kg)b Agar (µg/L)

Canada 51 Canada nd∗ 48.3± 3.1 nd
Hartog Australia nd 491.0± 11.1 nd
RAC 710 Australia 39.3± 7.6 701.9± 6.1 nd
Sunstate Australia 48.2± 14.0 627.3± 1.0 nd
Emika Poland 75.1± 20.3 619.5± 14.0 nd
Currawong Australia 103.7± 8.3 663.5± 5.9 nd
Triller Australia 112.7± 9.8 707.4± 14.5 nd
Excalibur Australia 135.6± 13.0 651.1± 1.3 30.7± 2.5
Robin Australia 149.1± 6.0 724.2± 1.2 nd
Sunco Australia 149.1± 26.3 700.5± 2.6 11.6± 0.5
SST 16 South Africa 151.3± 9.8 718.9± 0.4 nd
Eretria Greece 160.3± 7.1 554.0± 25.2 13.3± 0.2
Janz Australia 177.3± 10.6 708.4± 4.4 nd
Trident Australia 180.5± 5.9 704.8± 2.5 nd
Virgilio Italy 195.5± 7.7 728.2± 6.1 10.3± 2.4
Canada 4125 Canada 207.6± 10.6 nd nd
Afghanistan 19 Afghanistan 214.8± 43.9 522.2± 29.3 nd
PF 8716 Brazil 251.2± 38.3 723.8± 0.8 42.0± 1.7
Meering Australia 252.8± 22.7 155.5± 7.2 nd
Canada 3740 Canada 294.0± 8.7 704.7± 2.7 nd
AUS# 12788 United States 321.7± 2.4 699.9± 17.1 nd
Baroota wonder Australia 328.3± 19.5 656.9± 8.6 nd
Cranbrook Australia 328.6± 6.0 705.8± 13.5 15.7± 1.4
Batavia Australia 367.1± 21.9 721.3± 4.9 nd
HY-65 India 389.2± 11.7 669.9± 0.7 nd
Halberd Australia 409.6± 14.1 717.0± 9.0 nd
Afghanistan 9 Afghanistan 449.8± 3.8 727.8± 2.8 nd
Tunis 2 Tunisia 459.9± 15.3 728.5± 2.8 14.9± 1.0
Cadoux Australia 485.0± 16.6 642.2± 12.9 nd
AUS# 18056 Mexico 547.3± 34.3 727.8± 1.8 nd
Jing Hong Canada 555.2± 37.9 716.6± 5.6 nd
Dollarbird Australia 569.5± 26.3 675.4± 6.0 nd
Matong Australia 582.5± 34.8 718.5± 3.5 nd
WG-357 India 584.2± 21.3 672.9± 2.7 nd
Bernina Switzerland 597.7± 4.6 715.9± 3.0 nd
Sunstar Australia 610.9± 31.4 686.5± 25.4 nd
Opata Mexico 620.7± 28.2 721.8± 3.2 nd
Federation Australia 621.6± 14.5 713.4± 4.2 nd
Kite Australia 639.1± 5.1 724.6± 2.9 nd
RAC 820 Australia 653.5± 20.3 718.9± 3.4 nd
Studena Yugoslavia 655.2± 24.9 722.5± 1.8 nd
CD 87 Australia 656.7± 3.6 667.6± 18.6 nd
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TABLE 1. CONTINUED

DIMBOA (mean± S.D.)
Wheat

accessions
Country of

origin Shoots (mg/kg)b Roots (mg/kg)b Agar (µg/L)

Lamar United States 662.7± 12.0 715.9± 2.9 nd
Canada 56 Canada 663.4± 6.0 625.0± 28.1 nd
Wakanui NewZealand 665.6± 3.7 724.5± 4.9 nd
Wattines Germany 666.1± 4.6 639.7± 2.3 nd
L 1512-2721 United Arabic 689.7± 4.5 164.6± 13.1 79.1± 5.9

Republic
AUS# 18060 Mexico 694.2± 13.1 720.1± 5.7 nd
Insignia Australia 694.2± 15.3 714.1± 1.9 nd
SST 6 South Africa 695.8± 15.8 724.6± 1.4 8.6± 0.6
Sudan 8 Sudan 705.0± 9.5 724.4± 3.2 nd
AUS# 18364 South Africa 707.8± 9.3 730.1± 1.3 nd
Egret Australia 709.0± 11.1 732.7± 0.7 nd
AUS# 12627 Peru 709.3± 10.6 253.4± 11.4 nd
Batten NewZealand 709.8± 6.5 734.1± 3.2 nd
Altar 84 Mexico 720.3± 1.5 723.4± 2.1 nd
Tasman Australia 728.2± 6.4 727.4± 4.9 34.2± 4.9
Khapli India 730.4± 1.4 733.9± 1.4 69.8± 4.9
l.s.d0.05 57.5 39.4 7.6

aData presented are the means± standard deviation (S.D.).
bShoot and root results are reported as mg/kg dry matter.
∗nd: not detected.

DIMBOA between 300.0 to 700.0 mg/kg. Canada 4215 produced no detectable
DIMBOA in root tissues, while the Batten contained the highest amount (734.1±
3.2 mg/kg).

Wheat plants differentially accumulated more DIMBOA in root tissues than
in shoots (Table 1). The average level of DIMBOA was 643.0 mg/kg in roots
and 439.4 mg/kg in shoots. Of the 58 accessions, 50 contained higher levels of
DIMBOA in roots than in shoots. Meering, AUS# 12627, L 1512-2721, Canada
56 and Canada 4125 were the exceptions. Three accessions, Altar 84, Khapli and
Tasman, did not differ significantly in DIMBOA between roots and shoots.

There was no correlation in DIMBOA content between the shoots and roots
when a low level of DIMBOA content was found in the shoots of wheat seedlings.
However, a high level of DIMBOA is expected in root tissues when a high level
of DIMBOA content is found in shoots. Among the 38 accessions with more
than 300.0 mg/kg of DIMBOA in their shoots, 36 produced DIMBOA above
650.0 mg/kg (95%) in their roots. Only two accessions (L 1512-2721 and AUS#
12627) had less than 260.0 mg/kg of DIMBOA in their roots. Among the 20
accessions with less than 300.0 mg/kg of DIMBOA in shoot tissues, 14 produced
more than 600 mg/kg of DIMBOA in their roots (70%), while 10 accessions (50%)
produced more than 700 mg/kg of DIMBOA (Table 1).
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DIMBOA Variation in Root Exudates. Wheat accessions differed significantly
in the amount of DIMBOA exuded into the growth medium (Table 1). Forty-
seven out of 58 accessions (81%) did not exude detectable amounts of DIMBOA
through their living roots into the agar growth medium, although substantial levels
of DIMBOA were found in shoot or root tissues. Only 11 accessions (19%) were
capable of exuding DIMBOA into the growth medium, with amounts ranging from
8.56µg/l of water agar for SST 6 to 79.08µg/l of water agar for L1512-2721.

There were seven accessions with DIMBOA levels lower than 550.0 mg/kg
dry mater in their root tissues (Table 1). Among them, six accessions did not
exude DIMBOA into the associated growth medium, the exception being L 1512-
2721. Canada 4125 contained no detectable DIMBOA in roots, nor was DIMBOA
detected in the agar growth medium that had supported the seedling growth for
17 days. Among the 11 accessions capable of exuding DIMBOA from their roots,
ten accessions contained DIMBOA at concentrations higher than 550.0 mg/kg dry
matter in their root tissues, the exception being L 1512-2721. It is concluded that
wheat seedlings do not release DIMBOA when DIMBOA levels are low in root
tissues.

DISCUSSION

Significant genetic variation in the production of DIMBOA was not only
found in wheat shoot tissues, but also in root tissues. Some accessions produced
high levels of DIMBOA, while others had no detectable DIMBOA in shoots or
roots of 17-day-old wheat seedlings (eg., shoots of Canada 51 and Hartog, and
roots of Canada 4215). The extremely low level of DIMBOA in leaves of Hartog
has also been reported (Nicol et al., 1992; Copaja et al., 1999). The substantial
genetic variation of DIMBOA production in wheat germplasm implies that it may
be possible to manipulate DIMBOA levels by means of modern biotechnology,
thereby reducing the dependence on synthetic pesticides.

Exudation of allelochemicals by living plants is one of the important processes
necessary for crop allelopathy to occur (Rice, 1984). In the investigation of the
allelopathic potential of quackgrass (Agropyron repens) seedlings, Friebe et al.
(1995) reported that the cyclic hydroxamic acids were important constituents in
root exudates ofA. repens. The concentration of DIMBOA was 0.4µmol/l in root
exudates. The present study shows that DIMBOA exudation differs between wheat
accessions. Only 11 out of 58 wheat accessions (19%) exuded DIMBOA into the
growth medium. These results demonstrate that release of DIMBOA is accession-
specific, suggesting the presence of genetic factors governing the exudation process
of DIMBOA. Such an accession-dependent exudation of DIMBOA has also been
reported by others. P´erez and Orme˜no-Núñez (1991) claimed that DIMBOA was
not detectable in the root exudates of three wheat cultivars despite its presence in
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their roots. However, using hydroponic cultures and placing the plants in distilled
water for two to six hours after removal from the nutrient solution, Peth´os (1992)
reported that wheat and maize seedlings exuded DIMBOA through their living
roots.

Hydroxamic acids, including DIMBOA, isolated from crop residues are
allelopathic to the germination and growth of certain weed species (Barnes and
Putnam, 1987; P´erez, 1990; Blum et al., 1992). DIMBOA exuded from living roots
is also one of the bioactive compounds responsible for the allelopathic activity ofA.
repensseedlings (Friebe et al., 1995). In the present study, the substantial amounts
of DIMBOA in wheat shoots and roots might be involved in wheat residue allelopa-
thy for weed suppression under conservation farming systems where wheat stub-
bles remain in the field. On the other hand, the exudation of DIMBOA from living
roots of wheat seedlings might be genetically regulated, and affected by a number
of other biotic and abiotic factors. Exudation of DIMBOA and its involvement in
wheat seedling allelopathy for weed suppression needs further investigation.

The magnitude of crop allelopathic activity is not determined by one single
compound, but by a mixture of many biologically-active allelochemicals (Einhellig,
1995). DIMBOA, exuded by wheat seedlings, is only one of many allelochemicals
that could collectively interact with other allelochemicals to produce significant
wheat allelopathy against pests, diseases and weeds. Many other allelopathic agents
have been identified from wheat (Neves and Gaspar, 1990; Gaspar and Neves, 1993,
1995). These bioactive compounds could form a complex allelochemical mixture
that exhibits combined effects with much greater allelopathic activity than any
one individual compound (Einhellig, 1995). Further investigation of the additive
or synergistic effects between DIMBOA and related compounds, in combination
with other chemically-distinct compounds, is therefore needed to understand the
chemical basis of crop allelopathy prior to its use in integrated pest and weed
management.
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PETHÓS, M. 1992. Occurrence and physiological role of benzoxazinones and their derivatives. III.
Possible role of 7-methoxybenzoxazinone in the iron uptake of maize.Acta Agron. Hung.41:57–
64.

RICE, E. L. 1984.Allelopathy.2nd ed. Academic Press, Orlando, Florida.
SIMCOX, K. D., and WEBER, D. F. 1985. Location of benzoxazinless (bx) locus in maize by monosomic

and B-A translocational analyses.Crop Sci.25:827–830.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-341405 June 14, 2001 1:24 Style file version Nov. 19th, 1999

1700 WU, HAIG, PRATLEY, LEMERLE, AND AN

WILKES, M. A., MARSHALL, D. R., and COPELAND L. 1999. Hydroxamic acids in cereal roots inhibit
the growth of take-all.Soil Biol. Biochem.31:1831–1836.

WU, H., HAIG, T., PRATLEY, J., LEMERLE, D., and AN, M. 1999. Simultaneous determination of
phenolic acids and 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one by GC/MS/MS in wheat
(Triticum aestivumL.). J. Chromatogr. A.864:315–321.

WU, H., PRATLEY, J., LEMERLE, D., and HAIG, T. 2000. Laboratory screening for allelopathic potential
of wheat (Triticum aestivum) accessions against annual ryegrass (Lolium rigidum). Aust. J. Agric.
Res.51:259–266.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP191-341406 June 12, 2001 10:37 Style file version Nov. 19th, 1999

Journal of Chemical Ecology, Vol. 27, No. 8, 2001

METHODOLOGICAL SETUP TO STUDY ALLELOCHEMICAL
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G. CHIAPUSIO and F. PELLISSIER*

University of Savoie
Department of Life Sciences

Laboratory Dynamics of Altitude Ecosystems
73 376 Le Bourget du Lac Cedex

France

(Received October 18, 2000; accepted March 29, 2001)

Abstract—[Ring-U14C] p-hydroxybenzoic acid (POH) translocation during
radish germination and early seedling growth was studied to compare two
culture conditions (sterile/non-sterile) and two modes of POH extraction
(ethanol/oxidizing). Quantification of POH in organs was performed by grinding
them in a mortar with ethanol or by combusting them in a biological oxidizer.
Comparison of these extraction methods revealed that the oxidizer provides
higher POH concentrations than grinding. Uptake and translocation of POH
into radish seedlings occured in the first 24 hr with the highest accumulation
in cotyledons. POH in cotyledons ranged from 8 to 12.4µmol g−1 FW. Two
forms of POH were found in seedlings, an ethanol-soluble one and a “bound”
one. After 96 hr incubation, half of the recovered POH was “bound” in roots
and hypocotyls. POH recovery in seedlings was also higher under axenic rather
than non-axenic conditions. POH was degraded into14CO2 by microorganisms
under non-sterile cultures, its concentration in culture medium decreased from
10−3 to 10−4 M between the first and the fourth day of incubation. Choice
between sterile and non-sterile culture conditions as a method depends on par-
ticular research objectives. Non-sterile methods can be used to reflect natural
processes whereas sterile methods can be used if the objective is to determine
allelochemical penetration and biological effects on target plants.

Key Words—Allelopathy, 14C, allelochemical degradation, allelochemical
translocation, methodology, microorganisms,p-hydroxybenzoic acid, radish
germination.
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INTRODUCTION

Allelopathy is the direct or indirect effect of one plant upon another through the
production of chemical compounds released into the environment (Rice, 1984).
Many investigations in this area are focused on the identification of released bioac-
tive compounds by plants (Mizutani, 1999). When these compounds are clearly
identified and quantified, studies pinpoint their possible phytotoxic effects upon
target plants (Blum et al., 1999). Nevertheless, absorption and translocation mech-
anisms of such allelochemicals by target species have been poorly investigated.
This work compares plant culture and chemical extraction methods in order to de-
termine a more appropriate means for further investigating allelochemical uptake
and translocation into target seedlings.

An experimental model was selected usingp-hydroxybenzoic acid (POH)
as the phytochemical of choice and radish (Raphanus sativusvar. 18 days) as
the target plant. POH is a widespread phenolic acid released into soil by root
exudates, leaf leachates, and decomposed plant tissues (Dalton, 1999). It de-
lays germination and growth of several plant species, but its effects are less
severe than many more active phenolic compounds (Maffei et al., 1999). In tar-
get plants, POH mainly interferes with nucleic acid and protein metabolism
(Baziramakenga et al., 1997). Radish is one of the most widely used target species
in allelopathy studies, due to its rapid germination and growth, its easy dissection
and sensitivity to phenolic or phytotoxic compounds (Haugland and Brandsaeter,
1996).

Bioassay is an indispensable tool in allelopathy investigations because it
allows one to readily establish the specific biological activities associated with
a particular allelochemical or mixture of allelochemicals. Allelochemical phy-
totoxicity is generally tested under non-sterile conditions. However, little in-
formation is available on possible allelochemical transformations in the culture
medium by microorganisms and consequently, the real quantities absorbed by
target seedlings. This is a crucial step in the assessment of phytotoxicity in
plants.

A more pertinent technique is to have recourse to14C radiolabeled
chemicals. However, the procedure selected to extract14C-labelled compounds
is still a limited step (Van Sumere, 1989). Grinding samples in a mortar with
adequate solvent or combusting samples in a biological oxidizer are two
widely used methods of extraction (Chao et al., 1994; Simmen and Gisi,
1996 ).

Thus, objectives of the present work were to: 1) compare allelochemical
absorption under sterile and non-sterile conditions; 2) quantify phytochemical
penetration into target plants; 3) and compare grinding and oxidization as methods
of extraction.
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METHODS AND MATERIALS

General Procedure(Figure 1). We concentrated on characterizing POH ki-
netic translocation into radish seedlings in order to determine the influence of
microorganisms on POH uptake and translocation under sterile and non-sterile cul-
tures and, to compare two methods of POH extraction, by grinding and oxidizing.

Chemicals and Solutions. P-Hydroxybenzoic acid (POH) and [ring-U14C]
p-hydroxybenzoic acid (radiochemical purity>97%, specific activity 12 mCi
mmol−1) were purchased from Sigma Chemicals Ltd.

An aqueous solution of POH was prepared at 10−3 M with demineralized wa-
ter and buffered to pH 5.5 with NaOH. [14C] p-Hydroxybenzoic acid was dissolved
in 1 ml of 99.9% ethanol (reaching a concentration of 8.7 10−3 mmol ml−1). Ten
to 15µl of this radiolabeled POH solution were added to the non-labeled POH
solution to obtain approximately 0.008µCi ml−1 in the final solution. This mixed
solution of POH and14POH was immediately used in radish culture.

Radish Culture Under Non-Sterile Condition. Twenty radish seeds (Raphanus
sativusL., var. 18 days) were placed into a glass (7 cm diameter and 9 cm high,
closed with a cap) with 5 ml of the chemical solution. In order to trap potential
14CO2, a Petri-dish containing 5 ml of 10 N NaOH was added into the top of each

FIG. 1. General investigation procedure of POH kinetic translocation into radish seedlings
using two culture conditions (sterile and non-sterile) and two types of extraction (by grinding
and by oxidizer).
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glass. Glasses were placed for a maximum of 4 days in a thermostatic growth
chamber (20◦C, photoperiod 8 h light/16 h dark).

Radish Culture Under Sterile Condition. Radish seeds were disinfected by
immersion for 10 min in sterile, demineralized water and 110 volumes hydro-
gen peroxide (70:30 v/v), followed by rinsing (3 x’s) in sterile, demineralized
water. Twenty seeds were then placed into a sterile glass containing the CO2

trap and closed with a sterile cap. Five ml of POH solution sterilized by filtra-
tion through a 0.22µm membrane were added to each glass and 5 ml of 10 N
NaOH solution were added to the CO2 trap. Glasses were placed for a maxi-
mum of 4 days in a thermostatic growth chamber (20◦C, photoperiod 8 hr light/
16 hr dark). Two investigations under sterile conditions were conducted (one fol-
lowed by grinding and the other by oxidizing). The average recovered14POH
concentration in the culture medium was then calculated for both experiments and
combined.

Sample Preparation. At the end of each incubation period (24, 48, 72 and
96 hr), radish seedlings from each glass were washed (3 x’s) in ethanol to remove
adsorbed compounds. Then, seedling parts were separated. Day 1 (24 hr) corre-
sponded to germinated seeds (separation of seed and seed coat), day 2 (48 hr) to
seedling radicle growth (separation of roots+ hypocotyls and cotyledons), day 3
(72 hr) to seedling hypocotyl elongation and beginning of photosynthesis (sepa-
ration of roots, hypocotyls and cotyledons) and day 4 (96 hr) to physiologically
active seedlings (separation of roots, hypocotyls and cotyledons). Each organ type
was removed from the same glass (20 seedlings), weighed and frozen together
(−25◦C). These constituted one sample of one organ type. There were either three
or four replicates per organ type.

Extraction by Grinding. Samples were ground with a mortar and pestle.
Soluble POH was extracted with 3 ml ethanol (purity 97%), a common sol-
vent for extraction of phenolic acids (Van Sumere, 1989). Homogenates were
centrifuged (3000 rpm) for 3 min at 20◦C. The supernatant was set aside for
further analysis after each extraction. The ground residue was extracted twice
more with ethanol in the mortar and pestle. Supernatants were combined.
Supernatants (5 ml) and pellets (5 ml) were mixed with 10 ml liquid sci-
ntillation cocktail (Ultima Gold, Packard). Radioactivity within samples was
counted for 10 min by using a liquid scintillation counter (1500 TriCab,
Packard).

Extraction by Oxidizing. This investigation was conducted with 3- and
4- day old seedlings. Frozen samples were wrapped in paper (Germaflor) for oven-
drying at 80◦C for 48 hr. Each sample was then combusted in a biological oxidizer
(Ox-500 EG&G instruments) at 900◦C for 3 min. The released14CO2 was directly
trapped in a vial containing liquid scintillation cocktail (Oxysolve C400, Zinsser
Analytic Co.) before counting as above.
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Expression of Results. POH levels from radish seedlings were either ex-
pressed as concentration (µmol g−1 FW) or as quantity (% of applied14POH)
for 20 seedlings (equivalent to one glass). Quantity is the ratio between the disin-
tegrations per minute (DPM) of the initial14 POH solution which was added to each
glass, and the recovery obtained from the separated organs of 20 seedlings. The to-
tal DPM counted in one glass (seedlings+ culture medium+ rinsing+ 14CO2) was
between 85 and 100% of the initial radioactive solution added to the original culture
medium. POH concentration in seedlings was calculated, based upon the equiva-
lence of 10−3 POH moles represented by x DPM, detected in the final solution (see
above). Concentration pattern reflects the distribution of POH in plant organs. This
parameter is widely used to obtain a ratio between compound content and plant
biomass, which allows comparisons between different studies. However, using
only concentrations could lead to erroneous conclusions because seedling biomass
per se is necessary to understand plant distribution of POH in target organs
(Koricheva, 1999). Table 1 shows the biomass of each radish organ. It reveals
the importance of cotyledon biomass which was about three times more than roots
or hypocotyls (P< 0.05). Thus, POH content was used in order to detect prefer-
ential organ accumulation.

Statistical Analyses. As data were not normally distributed and variances
were heterogeneous, the Mann-WhitneyU non-parametric test (P< 0.05) was
used for analysis. Three categories of tests were performed to compare: 1) POH
content (concentration and quantity) in different organs within the same incubation
day; 2) differences in POH concentration from one incubation day to the next, for
the same organ; and 3) differences in POH concentration between methods (sterile
vs. non-sterile and grindingvs. oxidizing).

TABLE 1. BIOMASS (MG FRESHWEIGHT± SD) OF DISSECTEDRADISH SEEDLINGS

GROWN WITH 10−3M MIXED SOLUTION (POH+ 14POH) UNDER STERILE AND

NON-STERILE CONDITIONS

Incubation period
(in days) Medium Roots+ hypocotyls Roots Hypocotyls Cotyledons

D2 Sterile 109± 9 284± 13∗
Non-Sterile 101± 32 277± 40∗

D3 Sterile 104± 20 61± 7 264± 33∗
Non-Sterile 76± 21 77± 9 329± 32∗

D4 Sterile 156± 18 107± 24 326± 11∗
Non-Sterile 168± 26 147± 9 458± 19∗

Data represent means of at least 3 replicates per incubation time and per culture condition.
∗Indicates significantly higher biomass compared to other organs (P< 0.05).
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RESULTS

Recovery of Unincorporated POH and Released14CO2. Under non-sterile
conditions, POH concentrations in the culture medium drastically decreased from
1.7 (D1) to 0.2 (D4)µmol ml−1 (Figure 2). The initial POH concentration, 10−3M,
fell to 10−4M. Meanwhile,14CO2 release increased from 0.01± 0.005µmol ml−1

at D1 to 0.03± 0.02µmol ml−1 at D3 followed by a significant increase up to
0.05± 0.02µmol ml−1 at D4 (data not shown). Under sterile conditions, no14CO2

was released for any incubation period and POH concentration decreased from 1.6
to 0.7µmol ml−1 over 4 days, a 50% decrease.

POH Translocation under Non-Sterile Conditions and Extraction by Grind-
ing. POH uptake began with seed germination (D1 : 1.8µmol g−1 FW in ger-
minated seeds, data not shown) and was translocated into all radish organs. POH
concentration in each organ was compared between incubation days. Cotyledons
contained the highest POH levels (10.3µmol g−1 FW), but only on the third day
of incubation (Table 2). POH on D4 was only half of the D3 POH concentra-
tion in roots, hypocotyls and cotyledons. The total concentration in seedlings also
declined by 50% between D3 and D4.

FIG. 2. POH concentration (expressed asµmol ml−1± SD) recovered in the radish culture
medium under sterile and non-sterile conditions during the four incubation periods (D1 to
D4, refers to day 1 to 4). Data represent means of at least 3 replicates per incubation time
and per culture condition. * Refers to difference between sterile and non-sterile conditions
being significant (P< 0.05).
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TABLE 2. POH TRANSLOCATION IN RADISH SEEDLINGSUNDER NON-STERILE

CONDITION OF INCUBATION. POH CONCENTRATION(EXPRESSED ASµMOL G−1 FRESH

WEIGHT± SD) AND QUANTITY (EXPRESSED AS% OF APPLIED 14POHFOR

20 SEEDLINGS± SD) WEREMEASUREDAFTERGRINDING EXTRACTION METHOD

POH concentration (µmol g−1FW) POH applied (%)

Day 2 Day 3 Day 4 Day 2 Day 3 Day 4

Plant Organs
Roots+ Hypocotyls 3.3± 0.7 5± 1
Roots 5.9± 1.4 2.8± 1.4 8± 1 5± 2
Hypocotyls 5.8± 0.9 2.7± 1.3 5± 0.4 4± 1
Cotyledons 4.7± 1.8 10.3± 1.8∗ 5.5± 1.9 18± 8∗ 35± 3∗ 23± 8∗
Total 8.1± 2.5 22± 4 10.9± 4.5 22± 9 47± 4 32± 11

Data represent means of at least 3 replicates per incubation time.∗Indicates inside a same incubation
time, POH content of the organ is different from the others (P< 0.05).

POH Translocation under Sterile Conditions and Extraction by Grinding.
POH was absorbed by germinating seeds at D1 and accumulated to a concentra-
tion of 1.9± 0.04µmol g−1 FW (data not shown). Comparisons between POH
recovery in organs for each day revealed that POH was concentrated in cotyle-
dons at D2 and D3 (8.2 and 11.2µmol g−1 FW, respectively (Table 3)). POH
occurred both in roots (7.7µmol g−1 FW) and cotyledons (8.1µmol g−1 FW)
by D4. Total POH concentration in seedlings increased by 7 from D1 to D2 and
by 2 from D2 to D3, before declining at D4. Consequently, the highest POH
concentration in radish seedlings was found on D3, with about 24µmol g−1

FW.
POH Translocation under Sterile Conditions and Extraction by Oxidizing.

Contrary to the results obtained by grinding, no significant differences were found
between the POH concentration at D3 and D4 in all organs (Table 4). This was
confirmed in whole seedlings where statistical differences of POH recovery were
not found between D3 and D4.

Comparison of POH Translocation between Sterile and Non-Sterile Condi-
tions. POH recovery was different between radish organs, but only on the fourth
day of incubation (Tables 2 and 3). Hypocotyls contained twice as much POH
under sterile conditions than they did under non-sterile conditions, and roots had
three times more. Higher accumulation of POH under sterile conditions was also
obtained when POH accumulation was compared in whole seedlings.

Comparison of POH Translocation between Grinding and Oxidizing Extrac-
tions. POH recovery in radish seedlings was higher following oxidizing extraction
than the grinding extraction (Tables 3 and 4). For example, POH content on D3 was
1.5 times higher in hypocotyls and 2 times higher in roots. On D4, only amounts
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TABLE 3. POH TRANSLOCATION IN RADISH SEEDLINGSUNDER STERILE CONDITION

OF INCUBATION. POH CONCENTRATION(EXPRESSED ASµMOL G−1 FRESHWEIGHT±
SD) AND QUANTITY (EXPRESSED AS% OF APPLIED 14POHFOR20 SEEDLINGS± SD)

WEREMEASUREDAFTERGRINDING EXTRACTION METHOD

POH concentration (µmol g−1FW) POH applied (%)

Day 2 Day 3 Day 4 Day 2 Day 3 Day 4

Plant Organs
Roots+ Hypocotyls 5± 0.8 7± 2
Roots 7.2± 0.3 7.7± 1.6 8± 2 18± 2
Hypocotyls 5.2± 0.2 4.7± 0.4∗ 6± 1 9± 1
Cotyledons 8± 1.4∗ 11.2± 1∗ 8.1± 1.9 31± 6∗ 52± 7∗ 46± 2∗
Total 12.9± 2 23.9± 1.4 19.4± 2.1 37± 8 65± 9 72± 3

Data represent means of at least 3 replicates per incubation time.∗ Indicates inside a same incubation
time, POH content of the organ is different from the others (P< 0.05).

in roots and cotyledons were statistically greater after oxidizing extraction. This
better recovery was also observed on D3 (1.5 times more) and on D4 (2.5 times
more) in whole seedlings.

POH Storage in Radish Organs. In terms of POH content in radish or-
gans, these results suggest cotyledons are POH sinks on D2 to D4 (Tables 2–
4). Depending on method and incubation time, the percentage of14POH
recovered in cotyledons from 20 seedlings varied from 18 to 52%. Gen–
erally, POH recoveries in roots and hypocotyls were similar (between 5 to
18%).

TABLE 4. POH TRANSLOCATION IN RADISH SEEDLINGSUNDER STERILE CONDITION

OF INCUBATION. POH CONCENTRATION(EXPRESSED ASµMOL G−1 FRESHWEIGHT

±SD) AND QUANTITY (EXPRESSED AS% OF APPLIED 14POHFOR20 SEEDLINGS± SD)
WEREMEASUREDAFTEROXIDIZER EXTRACTION METHOD

POH concentration (µmol g−1 FW) POH applied (%)

Day 2 Day 3 Day 4 Day 2 Day 3 Day 4

Plant Organs
Roots+ Hypocotyls
Roots 15.7± 4.1 14.8± 3.1 5± 1 11± 5
Hypocotyls 7.1± 0.9∗ 5.5± 0.9∗ 5± 1 6± 1
Cotyledons 12.4± 2.4 12.4± 1 30± 2∗ 38± 3∗
Total 35.1± 5.9 33.2± 2.4 40± 4 53± 7

Data represent means of at least 3 replicates per incubation time. * Indicates inside a same incubation
time, POH content of the organ is different from the others (P< 0.05).
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DISCUSSION

This work characterized POH translocation in radish seedlings. Results of
all experiments revealed that POH uptake begins with germination and is translo-
cated into all organs of radish seedlings. The highest POH concentrations were
found in cotyledons (8 to 12.4µmol g−1 FW) and/or roots (7.7 to 15.7µmol g−1

FW).
Initially, POH uptake depended upon the presence (non-sterile culture) or

absence (sterile culture) of microorganisms. Indeed,14CO2 release occurred from
D1 to D4 under non-sterile culture conditions, but not in sterile cultures. This sug-
gests that14CO2 was released as microorganisms degraded POH. POH is known
to be transformed by bacteria and/or fungi into protocatechuic acid and then to
aliphatic compounds such as acetyl-CoA and succinate (Bartz and Weltring, 1985).
It seems that POH mineralization begins during the first hours of incubation be-
cause14CO2 was detectable at D1. This process is also well described in soil
where bioavailable phenolic compounds are rapidly degraded by microbes. Martin
and Haider (1980), showed that 95% of14C carboxyl carbon of POH added into
non-sterile soil was lost as14CO2 within one week, and the main degradation
product was protocatechuic acid. Testing14C Ring-U protocatechuic acid degra-
dation in soil, they also found that it was readily degraded into14CO2 (35% in
one week). POH mineralization depended on experimental conditions (soil speci-
ficity) and microbial species. For example, POH mineralization byArthrobacter sp.
ranged from 32% to 80% in one day depending on the type of soil (Johnson et al.,
1998).

Because this experiment showed that POH was degraded under non-sterile
conditions, the lowest POH concentrations were recovered in the culture medium
and in radish organs compared to sterile culture. Non-Sterile bioassays are mostly
used in allelopathy studies. Therefore, the presence of microorganisms should be
determined to interpret the tested allelochemical effect.

The highest POH concentration in seedlings was obtained under sterile con-
ditions using the oxidizing extraction method. Of course, when samples are ox-
idized, every14C is recovered. This is quite impossible with the grinding ex-
traction method. From D3 to D4, stability of POH concentration in organs was
noticed. Concentrations were equal in roots and cotyledons but, the biomass of
cotyledons was about 3 times more. Cotyledons appeared to be the main POH
sink.

Being water soluble and lipophilic, POH is able to pass through cell mem-
branes (partition coefficient in octan-1-ol/water : log P= 1.1). In radish seedlings,
POH uptake can occur by roots and then is able to penetrate through the root
symplast of endodermic cells, apoplast and finally reach the xylem (Delrot and
Bonnemain, 1991). POH storage in cotyledons could occur both in vacuoles
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(as aglycosidic form) and probably in walls or membranes in “bound” form.
This leads to various potential cellular targets of POH in allelopatically stressed
plants. Thus, various physiological disorders can occur simultaneously in such
plants.

This study further revealed that POH was recovered in radish seedlings in
two different chemical forms: an ethanol “soluble” form and a “bound” form that
is unextractable by ethanol. Differences between grinding and oxidizing results
could be explained in terms of its ethanol solubility. POH concentration differences
between these two extraction methods revealed the amount of “bound” POH. For
example, half of POH recovered in roots on D3 was bound (i.e., 8.5µmol g−1).
On D4 it was also half of the POH recovered in roots and cotyledons, 9.8µmol
g−1 FW and 6.9µmol g−1 FW, respectively. No statistical differences were found
for hypocotyls suggesting that hypocotyls only act as a translocating organ be-
tween roots and cotyledons. Photosynthesis is supposedly fully active in seedlings
by D4, implying that physiological processes such as enzymatic reactions also
are active. The conversion of POH into the “bound” form could be more effi-
cient than in younger seedlings. Moreover, secondary compounds are known to be
covalently linked to plant cell walls (Hutzler et al., 1998), in waxes (Schmutz
et al., 1994), or on external surfaces of plant organs (Cuadra and Harborne,
1996).

This investigation confirmed that POH was taken up by roots and translocated
into different organs of radish seedlings. POH quantification was more efficient
by oxidizing plant organs than grinding them in ethanol. The oxidizing extraction
technique gave more precise results to quantify allelochemicals in plants. Differ-
ences between concentrations obtained by these two methods of extraction gave
preliminary indication of two forms, soluble and bound, of POH in cells. Both
techniques are then complementary to characterize and quantify forms of POH
within the plant. It is also important to consider both concentration and quantity to
better understand POH translocation in cells, organs and whole plant. Cotyledons
seem to act as POH sink.

The role of microorganisms and seedlings in POH degradation is still not
clear at this stage. Further, this study was performed counting radiolabeled carbons
and stating that all of those belong to POH. Nevertheless, it is likely that metabolic
products of POH were counted as14POH because any detected14C was considered
in these analyses. Thus, further investigation with a radiolabel TLC-scanner is
necessary for the differentiation of all14C molecules (Dayan et al., 1997).
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Abstract—Evaluation of biotic interactions along geographic gradients reveals
that pressure on plant populations by herbivores and pathogens increases as
latitude decreases, and is accompanied by a parallel increase in the number
and toxicity of alkaloid-bearing plants. We compared rhizome alkaloid content
with plant reproductive and vegetative characters inSanguinaria canadensis
(Papaveraceae) along an elevational gradient over two growing seasons to as-
certain 1) if alkaloid production in bloodroot varies among populations and
systematically with elevation, and 2) if there exists a correlation between iso-
quinoline alkaloid, vegetative and reproductive production. In general, alkaloid
content in bloodroot rhizomes declines with elevation, increases with rhizome
water content, varies by site, and fluctuates seasonally with plant growth and
reproduction. Alkaloid content was positively correlated with vegetative and
reproductive effort with few exceptions. Analysis of total protopine and ben-
zophenanthridine alkaloid concentrations revealed generally similar patterns as
those of individual alkaloid concentrations, although significant differences did
appear between individual alkaloid concentrations.

Key Words—Sanguinaria canadensis, bloodroot, isoquinoline alkaloids, ele-
vation, plant defense, elaiosome.

INTRODUCTION

Abiotic and biotic environmental factors, as well as plant genotype, phenology
and ontogeny can all influence the allocation of resources within plants (Coleman
and Jones, 1991). Geographic gradients are useful in studying biotic interactions as
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they constitute natural experiments by providing variations in abiotic factors under
which the biotic interactions can be evaluated. This has proven particularly effec-
tive for investigating facets of plant-herbivore interactions. There exists compelling
evidence that pressures on plant populations by herbivores and pathogens increase
with decreasing latitude (reviews by Levin, 1976; Vermeij and Veil, 1978; Jeanne,
1979; Gaines and Lubchenco, 1982); in a parallel fashion, there is an increase
in the percent of alkaloid-bearing plants within and among plant families and an
increase in toxicity of those alkaloids with decreasing latitude (Levin, 1976; Levin
and York, 1978). These relationships are reflected in elevational gradients as well.
Herbivory often declines with increasing elevation (Breulheide and Scheidel, 1999;
Fuentes-Contreras et al., 1999 but see Reynolds and Crossley, 1997; Suzuki, 1998;
Hengxiao et al., 1999), with evidence for decreasing alkaloid chemical defenses
with increasing elevation (Chandra and Purohit, 1980; Carey and Wink, 1994).

Such patterns support hypotheses regarding selection on and costliness of
plant defense. Considerable effort has been dedicated to determining the direct
costs of chemical defense in terms of metabolism, growth, and reproduction, with
the goal of illustrating a decrease in fitness with increasing defense in the absence
of herbivores, but studies have shown a range of conflicting results (reviews by
Gershenzon, 1994; Bergelson and Purrington, 1996). Mauricio and Rausher (1997)
recently demonstrated thatArabidopsis thalianaplants released from insect and
pathogen pressure experience a decrease in selection pressure on glucosinolate
concentration and trichome density. It follows, then, that with decreasing herbivore
and pathogen pressure toward higher latitudes or elevations, chemical defenses
may similarly decline or show higher variation due to the release from selection
pressure. Moreover, a relative increase in vegetative or reproductive effort in higher
latitudes or elevations should be apparent if defenses are costly.

We present here a study of variation in isoquinoline alkaloid chemistry, veg-
etative growth, and reproduction among populations ofSanguinaria canadensis
along an elevational gradient. The goals of our research are 1) to describe variation
in isoquinoline alkaloid concentrations among populations and systematically with
elevation inS. canadensis(bloodroot), and 2) to determine if there is a negative
correlation between alkaloid production and efforts toward vegetative growth and
reproduction.

Natural History. S. canadensis(bloodroot) is a perennial herb that occurs in
a widespread but patchy distribution in eastern North America from Florida to
Nova Scotia, and produces several highly bioactive isoquinoline alkaloids in the
rhizomes, stems, and leaves, noticeable as a bright orange-red latex. These broad-
spectrum defense chemicals deter or kill bacteria, fungi, insects, nematodes, and
protozoa (Miller and Feeny, 1983; review in Downum, 1992; Schmeller et al.,
1997). Plants reproduce both by seeds and by vegetative propagation of the rhi-
zome. Pods are produced from May through early July and may contain up to
50 seeds, each displaying an oil-rich seed appendage (elaiosome). The elaiosomes
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contain fatty acids, amino acids, and diglycerides that attract and stimulate ants
to act as dispersal agents (Marshall et al., 1979; Skidmore and Heithaus,1988;
Gunther and Lanza, 1989). Germination rates inS. canadensisare greater after
elaiosome removal by ants (Lobstein and Rockwood, 1993) and ant dispersal may
influence genetic relatedness of local bloodroot populations (Pudlo et al., 1980).

METHODS AND MATERIALS

Field Sites. We monitored populations of bloodroot along an elevational tran-
sect between Athens, Georgia, and Franklin, North Carolina, during the 1998 and
1999 growing seasons. All populations were located within mesic coves in decidu-
ous hardwood forest. Cover for these sites ranged from 68 to 92% after canopy leaf
emergence, estimated using a densiometer estimation. Low-elevation populations
ranged from 195 to 215 m in Clarke, Oglethorpe, and Oconee Counties,Georgia;
mid-elevation populations between 340 and 550 m were located in Habersham and
Rabun Counties, Georgia; high-elevation sites were found between 760-1280 m in
Macon County, North Carolina within the Coweeta Hydrologic Laboratory LTER
boundaries. Samples included 4 to 12 individuals per population (i.e., per site). Up
to 14 sites were included per elevation. Spring 1999 samples (n= 206) included
a second sampling of plants from November 1998 (n= 120), as well as newly
sampled plants.

Buds and leaves emerged from the soil between February and April each year.
After emergence, plants were tagged around the base of the leaf stem. In both years
of study, field data were collected on rhizome width and length, flower and leaf
phenology, leaf number and size at time of seed-set, and number of flowers and
seeds produced. Sites were visited starting in February when plants emerged in the
spring. Each site was visited weekly during flowering, twice monthly during early
seed-set, and bi-weekly as seeds ripened. As the pods opened on the plant, seeds
were collected, and diaspore and elaiosome weights were recorded. Elaiosome
tissue was dissected from the seed and weighed. In November 1998, tissue samples
were taken during plant dormancy for chemical analysis (“Fall 1998” samples).
In 1999, March-May tissue samples were taken at the time of seed collection
(“Spring 1999” samples). To take tissue samples, we first uncovered the rhizome
and measured length and width; the roots were left undisturbed. We excised 0.5-1g
of tissue from the middle of the rhizome equidistant from the base of the growing
bud and the end of the living rhizome tissue. We then weighed the tissue sample
using a portable digital balance, and placed it in a foil- covered glass vial with 10 ml
of 100% HPLC-grade methanol. Vials were stored at−20◦ C until processed for
chemical analysis.

Chemical Analysis.Tissue samples for HPLC analysis were homogenized
up to one minute in the original vial using an Omni homogenizer fitted with a
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saw-tooth rotor. The resulting slurry was filtered using a 13 mm nylon syringe-tip
filter, transferred to a clean vial, and stored at−20◦C until HPLC analysis. The
homogonizer was rinsed with 1 ml of methanol, adding to the total volume of
the samples. No further pre-purification of the samples was performed. Due to
the photosensitivity of sanguinarine, extraction procedures were conducted under
low-light conditions, and vials were either amber glass or wrapped in aluminum
foil. Filtered samples (40µl each) were analyzed at 284 nm using an HPLC Sep-
arations Module 2690 and Waters 996 Photodiode Array Detector (Waters Assoc,
Milford, MA). Alkaloids were separated using a Phenomenex Silica C18 column
(5 µm, 1.5× 46) with a mobile phase of 0.1 N tartaric acid (0.125% SDS) in 1:1
v:v in acetonitrile; the flow rate was 0.5 ml/min (Hashimioto et al.,1986; Mahady
et al., 1993). External standards were obtained for sanguinarine (RT = 11.87),
berberine (RT = 14.94), and chelerythrine (RT = 16.13) from Sigma Chemical
Co. (St. Louis, MO). Remaining peaks were tentatively identified as protopine
(RT = 8.59), allocryptopine (RT = 9.42), chelirubine (RT = 11.13), sanguirubine
(RT = approx. 14.79), chelilutine (RT = 19.53), and sanguilutine (RT = 21.49) by
comparing elution times and relative peak areas from previous papers (Hashimoto
et al., 1986; Thorne et al., 1986; Mahady et al., 1993). Because of extensive work on
the pharmacological properties of bloodroot alkaloids, these identifications should
be robust but we stress that we did not identify them ourselves. Consequently, we
consider these identifications as tentative and their concentrations are given as san-
guinarine equivalents. In some HPLC profiles, the peaks for sanguirubine coeluted
with berberine and resolved with inconsistent clarity; we therefore excluded them
from subsequent analyses.

Statistical AnalysIs.Data were analyzed using generalized linear model in
SAS (PROC GENMOD; Anonymous, 1996) by eliminating variables and inter-
action terms sequentially from the model to provide the most simple and parsi-
monious models available (Agresti, 1996). Alkaloid concentrations were analyzed
individually and as alkaloid group totals. The protopine group totals include pro-
topine and allocryptopine; the benzophenanthridine group totals include cheliru-
bine, sanguinarine, chelerythrine, chelilutine, and sanguilutine.

RESULTS

Variation in Alkaloid Characters.Alkaloid concentrations either declined
or were unrelated to elevation. Total benzophenanthridine group concentrations
decreased with increasing elevation for both Fall 1998 and Spring 1999, whereas
total protopine group concentrations were unrelated to elevation for either date
(Table 1; Figure 1). Individual concentrations of sanguinarine and chelerythrine
were unrelated to elevation in Fall 1998, but the remaining individual alkaloid
concentrations declined with increasing elevation. In Spring 1999, sanguinarine
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TABLE 1. BETWEEN-YEAR VARIATION IN ALKALOID CONCENTRATIONS AND

CORRELATION WITH ELEVATION AND SITE FOR 1998AND 1999IN Sanguinaria
canadensis

1998 1999 χ2(p)

Protopine
Year effecta 1.48± 0.17 1.17± 0.06 4.44(.0351)
Elevation effectb 19.51(.0001)− ns
Site effectb 68.2(.0001) 52.69(.0004)

Allocryptopine
Year effecta 1.26± 0.14 1.07± 0.06 ns
Elevation effectb 12.24(.0005)− ns
Site effectb 49.02(.0005) 49.85(.0010)

Total protopines
Year effecta 2.27± 0.29 2.26± 0.11 ns
Elevation effectb ns ns
Site effectb 47.43(.044) 51.38(.0006)

Chelirubine
Year effecta 1.78± 0.18 0.87± 0.04 35.24(.0001)
Elevation effectb 5.83(.0157)− ns
Site effectb 46.39(.0011) ns

Sanguinarine
Year effecta 4.34± 0.27 4.1± 0.14 ns
Elevation effectb ns 19.97(.0001)
Site effectb 57.83(.0001) 48.77(.0013)

Chelerythrine
Year effecta 2.94± 0.19 2.29± 0.08 13.83(.0002)
Elevation effectb ns ns
Site effectb 37.8(.0136) 37.14(.0314)

Chelilutine
Year effecta 1.99± 0.24 1.16± 0.06 21.41(.0001)
Elevation effectb 22.00(.0001)− ns
Site effectb 47.12(.0009) 39.58(.0171)

Sanguilutine
Year effecta 2.09± 0.25 1.25± 0.07 16.31(.0001)
Elevation effectb 26.08(.0001)− ns
Site effectb 44.23(.0022) 41.42(.005)

Total benzophenanthridines
Year effecta 13.65± 1.57 8.83± 0.30 13.65(.0001)
Elevation effectb 17.25(.0001)− 6.75(.0094)
Site effectb 72.09(<.0001) 36.04(<.0408)

Note: Alkaloid concentrations were measured over 3 consecutive days in November 1998
and as seeds set throughout Spring 1999.−: negative correlation;+: positive correlation.
For 1998 site effect,df = 25, and for 1999 site effect,df = 23. For all other independent
variables,df= 1.
aValues are mean % dry weight± S.E.χ2(p).
bValues areχ2(p).
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FIG. 1. Comparison of trends in alkaloid concentrations ofSanguinaria canadensisover
an elevational gradient between November 1998 and Spring 1999. PT: protopine, AC:
allocryptopine, CB: chelirubine, SN: sanguinarine, CY: chelerythrine, CL: chelilutine, SL:
sanguilutine.∗ indicates significant relationships.
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was the only individual alkaloid that significantly declined with elevation; the
concentrations of all other alkaloids were unrelated to elevation (Table 1; Figure 1).
Total benzophenanthridine group and total protopine group concentrations differed
among sites in both 1998 and 1999. Individual alkaloid concentrations, with the
exception of Spring 1999 chelirubine concentrations, showed variation by site for
both dates (Table 1). Alkaloid content of rhizomes declined from dormancy (Fall
1998) to active growth (Spring 1999), with the exception of total protopine and
sanguinarine concentrations (Table 1).

Variation in Vegetative and Reproductive Characters.Elevational trends ob-
served in vegetative and reproductive characters varied with character and sample
date. Leaf size increased with elevation in 1998, but decreased with elevation
in 1999. Rhizome length and width were unrelated to elevation for either date
(Table 2). Mean rhizome width was greater in 1999. Notably, water content of rhi-
zomes declined with elevation for both dates. In general, the majority of vegetative
characters did not vary according to site, although in some instances, weak corre-
lations were evident for rhizome width, rhizome length, and leaf size (Table 2).

In 1998, the number of flowers per plant and elaiosome weight were unrelated
to elevation, whereas they both declined with increasing elevation in 1999 (Table 2).
The number of seeds per plant increased with elevation in both years. Reproductive
characters varied more strongly by site in 1999 than in 1998, although seed weight
variation was unrelated to among-site differences (Table 2). Elaiosome weight was
higher and average flowers per plant lower in 1999. Reproductive characters were
unrelated to percent water in the rhizome in both 1998 and 1999.

Alkaloids vs Vegetative and Reproductive Characters.Alkaloid content gen-
erally increased with, or was unrelated to, vegetative and reproductive effort, with
a few exceptions. Total Fall 1998 benzophenanthridine and protopine group con-
centrations increased with rhizome size, and total protopine group concentrations
decreased with leaf size in 1998 (Table 3). Total protopine concentrations sam-
pled in Spring 1999 were unrelated to vegetative characters, whereas total ben-
zophenanthridine concentrations increased with rhizome size and decreased with
leaf size. Total benzophenanthridine and protopine group concentrations increased
with rhizome water content in both fall 1998 and Spring 1999. With the exception
of chelirubine, individual alkaloid concentrations reflected the same correlation
for both sample dates (Table 3).

Total alkaloid concentrations in Fall 1998 were higher in plants that had
produced more flowers and heavier seeds during the 1998 growing season. Indi-
vidually, all alkaloids increased with seed weight, allocryptopine increased with
number of flowers per plant, and chelerythrine increased with number of flow-
ers and number of seeds per plant in 1998 (Table 4). In contrast, protopine, al-
locryptopine, and sanguilutine concentrations decreased with an increase in the
number of seeds per plant in 1998. No relationships were found between either
total benzophenanthridine or total protopine group concentrations and Spring 1999
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TABLE 2. BETWEEN-YEAR VARIATION IN REPRODUCTIVE ANDVEGETATIVE

CHARACTERS ANDCORRELATION WITH ELEVATION AND SITE FOR 1998AND 1999 IN
Sanguinaria canadensis

1998 1999 χ2(p)

Elaiosome weight
Year effect, mean g± S.E.,χ2(p) 0.0018± .0001 .0036± .0001 78.75(.0001)
Elevation effecta ns 26.90(.0001)−
Site effecta 56.46(.0001) 112.8(.0001)

Seed weight, g
Year effect, g± S.E.,χ2(p) 0.012± .0004 .012± .0001 ns
Elevation effecta ns 21.99(.0001)+
Site effecta 152.75(.0001) ns

No. of seeds/plant
Year effect, No.± S.E.,χ2(p) 11.8± .92 13.8± .75 ns
Elevation effecta 9.40(.0022)+ 24.18(.0001)+
Site effecta 32.13(.0212) 43.25(.0065)

No. of flowers/plant
Year effect, No.± S.E.,χ2(p) 2.08± .25 1.35± .04 18.54(.0001)
Elevation effecta ns 5.75(.0165)−
Site effecta ns 39.26(.0256)

Leaf width, cm
Year effect, cm± S.E.,χ2(p) 12.56± .45 11.77± .26 ns
Elevation effecta 7.79(.0053)+ 35.10(.0001)−
Site effecta ns ns

Rhizome width, cm
Year effect, cm± S.E.,χ2(p) 1.25± .03 1.17± .02 5.69(.0171)
Elevation effecta ns ns
Site effecta 34.32(.0335) ns

Rhizome length, cm
Year effect, cm± S.E.,χ2(p) 7.6± .74 6.55± .25 ns
Elevation effecta ns ns
Site effecta ns 5.09(.0241)

% Water of total rhizome weight
Year effect, % total weight± S.E.,χ2(p) 79.5± .8 78.5± .43 ns
Elevation effecta 10.39(.0013)− 37.14(.0001)−
Site effecta 40.11(.0072) ns

Note: Characters were measured at seed set in the 1998 and 1999 growing seasons; measures of
rhizome size and sampling of tissue to determine % water in the rhizomes were completed over 3
consecutive days in November 1998 and as seeds set throughout Spring 1999.−: negative correlation;
+: positive correlation. For 1998 site effect,df= 25, and for 1999 site effect,df= 23. For all other
independent variables,df= 1.
aValues areχ2(p).

reproductive characters. Individually, sanguinarine concentration increased with
elaiosome weight in 1999 although no other relationships between individual al-
kaloid concentration and reproductive characters were apparent for that sample
date (Table 4).
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Overall Predictive Model.In a model assessing the relative contributions of
elevation, site, reproductive, and vegetative characters to rhizome alkaloid content
of bloodroot, rhizome water content and site explained most of the variance in both
total benzophenanthridine and total protopine group concentrations for both 1998
and 1999 (Table 5). The strongest predictor of individual alkaloid concentrations
in Fall 1998 was seed weight in most cases. Elevation and percent water in the
rhizome were related to individual concentrations in Spring 1999 (Table 5).

DISCUSSION

Elevational Variation.Our results provide further evidence for an elevational
cline in alkaloid production. Because we did not quantify herbivory or pathogen
load, it cannot be determined if lower rhizome alkaloid content observed at higher
elevations is a result of release from selective pressure, but our results are consistent
with this hypothesis. Significant site effects suggest there are local influences on
alkaloid production apart from larger climatic forces that accompany elevational
gradients, or genetic variation in the alkaloid production of local populations.

The strong increase in alkaloid concentration with rhizome water content may
result from nitrogen- or micronutrient-limitations. Water availability can constrain
nutrient absorption because diffusion rate is the limiting step in the uptake of
scarce nutrients (Landers et al., 1997) and soil nutrients influence alkaloid pro-
duction (Waterman and Mole, 1989; Ohnmeiss and Baldwin, 1994; Baldwin et al.,
1998; Salmore and Hunter, 2001). The observed increase in seed number and leaf
size with elevation suggests that any nutrient limitation to alkaloid biosynthetic
pathways may be a consequence of a within-plant allocation shift, rather than an
overall nutrient limitation to the whole plant. Furthermore, the ability to generate
secondary compounds under nutrient enrichment may be constrained genetically
(reviews in Waller and Nowacki, 1978 and Roberts and Wink, 1998).

The decrease in rhizome alkaloid content between fall and spring sample dates
supports the findings of Bennett et al. (1990), that showed the lowest concentration
alkaloids in the rhizome at late seed-set. During active growth, alkaloid production
may appear to decline due to an increase in biomass, even though total produc-
tion may be equivalent or greater in the spring. Little change in rhizome size was
observed between years to account for this. Translocation of alkaloids from the rhi-
zome to fine roots or above-ground parts could cause this pattern, but currently no
evidence exists for long-distance transport of alkaloids inS. canadensis(Kutchan
et al., 1985). Alternatively, alkaloid production in fine roots or above-ground parts
could increase at the expense of alkaloids produced in the rhizome.

Competition for substrate during the production of alkaloids derived from
similar metabolic pathways may explain some of the variation in individual alkaloid
concentrations. The isoquinoline alkaloids found in bloodroot are biosynthetically
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closely related; protopine is a key substrate for the more highly oxidized ben-
zophenanthridine alkaloids, and these derived molecules may compete for sub-
strate as well (Zenk, 1994; Roberts, 1998).

Correlations Between Defense, Growth, and Reproduction.Contrary to our
prediction, sanguinarine was positively correlated with seed and elaiosome size, all
alkaloids increased with seed weight, and higher alkaloid concentrations occured
in larger rhizomes. If herbivory drives the level of defense investment (Feeney,
1976; Rhoades and Cates, 1976), then better defended plants escape herbivory
and are able to produce higher quality seeds, or if resource availability determines
the amount of nutrients available (Bryant et al., 1983; Coley et al.,1985), then
bloodroot plants that are able to invest in higher quality seeds also are able to invest
more in sanguinarine production. Quantification of herbivory and pathogen loads
would provide insight into the mechanism driving patterns of alkaloid production.
An increase in 1998 concentrations of protopine, allocryptopine, and sanguilutine
with a decline in the number of seeds produced in the previous growing season
may provide evidence for a trade-off, but this pattern is evident only in the 1998
sample date and for three of the seven alkaloids. A more likely cause for this
correlation is the production of sanguinarine, which requires available protopine
pools, and competes for a biosynthetic dihydro-intermediate with more oxidized
alkaloids (Roberts, 1998) like sanguilutine.

Conclusion.Alkaloid concentrations inSanguinaria canadensisprovide fur-
ther evidence for an elevational cline in the production of defensive compounds,
although the results of this study demonstrate that rhizome alkaloid content varies
with seasonal plant activity. The manifestation of trade-offs involving alkaloid
production, in turn, is affected by these fluctuations and may lead to different
conclusions based on the date that samples were taken. Total alkaloid group con-
centrations provide insight into main biosynthetic activities, while patterns seen in
individual alkaloids illustrate complex within-organism metabolic allocation. Al-
kaloid content data resulting from growing clones or transplants ofS. canadensis
over several years under an experimental manipulation of herbivores and pathogens
would better delineate trade-offs between defense, growth, and reproduction.
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ENVIRONMENTAL AND GENOTYPIC INFLUENCES
ON ISOQUINOLINE ALKALOID CONTENT IN

Sanguinaria canadensis
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Abstract—In a common garden, we investigated genetic and environmental
influences on alkaloid production usingSanguinaria canadensisas a model.
Nutrient and shade regimes were applied to replicated clones over one growing
season, and induction of alkaloid production in bloodroot was tested on a whole-
plant basis using jasmonic acid as an elicitor. Alkaloid concentrations increased
with decreasing light intensity and fertilizer levels. Induction was not achieved
by foliar application of jasmonic acid. Genetic influences represented by clone
effects may be indicated by variation in alkaloid concentration by clone, but this
experimental design did not allow us to distinguish genetic from pre-experiment
environmental influences on the rhizomes.

Key Words—Sanguinaria canadensis, bloodroot, alkaloids, sanguinarine, pho-
totoxicity, shade, jasmonic acid.

INTRODUCTION

Since the response of plants to herbivory is limited by the availability of resources,
the allocation of limiting nutrients defines the quality and quantity of plant de-
fenses (Bryant et al., 1983; Coley et al., 1985). Evidence exists that some alka-
loid synthesis is relatively constant (Ralphs et al., 1998) or can be functionally
variable (review by Eilert, 1998), where chemical or physical changes following
damage can occur within a matter of hours, or after a long period as a response
in the next growing season (Coleman and Jones, 1991; Baldwin, 1998). Such in-
ducible defenses may be adaptive because individuals that express a costly defense
only when needed can otherwise increase allocation to growth and reproduction
∗To whom correspondence should be addressed.
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(Feeney, 1976; Fagerstrom et al., 1987; Agrawal,1998; Baldwin, 1998), or because
herbivores experience reduced performance in dealing with variability in defense
systems and therefore avoid such plants (Karban et al., 1997).

Induction has been demonstrated experimentally for specific alkaloids in cell
culture (Gundlach et al., 1992; Cline et al., 1993; Facchini, et al., 1996) and in
whole plant systems (VanDam, 1993; Aerts et al., 1994; Baldwin, 1996; Baldwin
et al., 1998).Sanguinaria canadensiscell cultures respond to fungal cell wall,
hormone, and micronutrient elicitors with increased production of the isoquinoline
alkaloid sanguinarine (Cline et al., 1993; Facchini et al., 1996). In cell cultures
of S. canadensis, jasmonic acid increased alkaloid-synthesis enzyme activity to
double that of control levels, whereas methyl jasmonate increased activity three-
to four-fold higher (Ignatov et al., 1996).

Although environment may modify the production of defenses, the regu-
lation of quantity and quality of production falls under genetic control (Waller
and Nowacki, 1978; Saito and Murakoshi, 1998) with evidence for polygenic
inheritance and chemical heterosis in hybrid studies (review by Levin, 1976). Fur-
thermore, since phenotype reflects the interaction of a developmental program
and genotype with a particular environment (Sultan, 1995), genetically controlled
defense characters may vary with environment (Maddox and Cappuccino, 1986).

The purpose of this study was to assess the relative influence of genes and
environment on the chemical defenses ofSanguinaria canadensis(bloodroot). We
ask: what is the contribution of gene and environment to the production of these
alkaloids? Is alkaloid production inducible on a whole-plant basis inS. canadensis
and does induction vary by genotype? For these experiments, we propagated clones
of individual plants under varying environmental conditions and subsequently
collected information on alkaloid content and plant phenology.

Natural History. S. canadensis(Bloodroot) is a perennial herb that occurs in
mesic deciduous hardwood forest and has a widespread but patchy distribution in
eastern North America from Florida to Nova Scotia. Plants reproduce by seeds
and via vegetative propagation of a fleshy rhizome. Bloodroot plants produce and
store several highly bioactive benzophenanthridine alkaloids in their rhizomes,
which act as broad-spectrum defense chemicals that deter or kill bacteria, fungi,
insects, nematodes, and protozoa (Miller and Feeny, 1983; review by Downum,
1992; Schmeller et al., 1997). Pods are produced from May through early July and
contain up to 50 seeds that have oil-rich seed appendages (elaiosomes) that are
attractive to several ant species (Beattie and Culver, 1981).

METHODS AND MATERIALS

Experimental Design. In February 1998, we obtained rhizomes from Sunlight
Gardens in Andersonville, Tennessee, and planted them in fertilizer-free potting
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mix. Initial relatedness for the rhizomes is unknown, and given a common source,
this could mean that the initial sample expressed low genetic variation. We as-
sembled the potting mix with 25% composted pine bark mulch, 45% peat, 15%
vermiculite, and 15% perlite (Conrad Fafard, Inc., Agawan, MA). Each rhizome
was assigned to be fertilized at either no, medium (200 ppm), or high (400 ppm)
levels using standard Hoaglan’s NPK 20-10-20 fertilizer (Peters, St. Louis, MO).
Fertilizer was applied bi-weekly for two months (through the growing season).
When plants became dormant, they were maintained with water only. All plants
were propagated in a greenhouse for the first year (Figure 1, A and B).

Ten rhizomes from each fertilizer group were assigned to the induction exper-
iment. The remaining rhizomes from each fertilizer group were designated for the
shade experiment (Figure 1C). In February 1999, when plants were still dormant,
we divided each rhizome into a set of three clones (Figure 1, D and E). These pieces
were measured for length and width, and tissue samples were collected from the
middle of the rhizome as each rhizome was divided for HPLC analysis; up to 1 g
wet weight of rhizome tissue was removed with a razor blade and placed directly
into a glass scintillation vial with 10 ml of 100% HPLC-grade methanol. Samples
were stored at−20◦C until HPLC analysis. Clones were replanted in fertilizer-free
potting mix in separate 6′′ plastic pots and maintained with water for the duration
of the experiments. Weekly observations on leaf, flower, and fruit number, and leaf
appearance were recorded. Bloodroot facultatively self-pollinates in the absence
of pollinators (Lyon, 1992); therefore, no hand-pollinations were performed. Most
plants initiated seed pods, but they all eventually aborted in both the induction
and shade experiments. In October 1999, the experimental plants were harvested.
Rhizome length and width were measured, and a final rhizome tissue sample was
taken as before and stored in 100% methanol at−20◦C until analysis by HPLC.

Shade Experiment. Outdoor shade houses for the treatments were constructed
by using black nylon 50% and 80% shade cloth (Synthetic Industries; Gainesville,
GA) and 1′′ id. PVC pipe anchored to 2.4 m by 4.6 m wooden ground frames. The
no-shade treatment was placed in a ground frame without a shade cloth-PVC pipe
structure. Weed cloth was placed on the ground to prevent additional shading by
volunteer plants and to discourage infestation by fire ants.

One rhizome from each of the clone sets was randomly assigned to 80%, 50%,
and 0% shade treatments. All clones were randomly placed within a single block
in each treatment. Plants were watered 2 to 3 times during the week to maintain
soil moisture. Aphids colonized some of the plants for 3 weeks mid-season, and
presence/absence data were recorded.

Induction Experiment. One clone from each of the 10 sets was randomly
assigned to a jasmonic acid, water, and control treatment. All clones were randomly
placed within a single block on a greenhouse bench. Jasmonic acid was obtained
from Sigma Chemical, Inc. (St. Louis, MO), dissolved in 1 ml 100% ethanol, and
diluted to a 100 mM stock solution with distilled, deionized water and stored at
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FIG. 1. Experimental design. Initial pool of rhizomes (A) assigned to fertilizer treatments
(B) and propagated in the greenhouse for 1 year. Rhizomes assigned to either induction or
shade experiment (C), cut into clone sets (D), and randomly assigned to treatment blocks (E).
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−20◦C. Jasmonic acid-treated (JA) clones received via spray bottle 5 ml of 1 mM
JA in distilled, deionized water over the entire above-ground plant (Thaler et al.,
1996); water-treatment clones received an application of 5 ml distilled, deionized
water; control plants had no foliar application. Foliar treatments were applied
by spray bottle once a week and began after the primary leaf of the individual
clone was fully expanded after emerging from the soil. Treatments continued until
dormancy (approximately 15 weeks). Plants were removed from the block during
treatment to prevent cross-contamination by aerial spray. All plants were watered
in the morning before the treatment and one additional day during the week to
maintain soil moisture.

Chemical Analysis. Rhizome tissue samples were reduced to small pieces in
the original vial using a scalpel. Any liquid or tissue remaining on the scalpel
was rinsed back into the vial with 1 ml 100% methanol. The resulting slurry
was filtered with a 13 mm nylon syringe-tip filter, transferred to a clean vial, and
stored at−20◦C. No further pre-purification of the samples was performed. Due
to the photosensitivity of sanguinarine, extraction procedures were conducted un-
der low-light conditions and all vials used were either amber glass or wrapped
in aluminum foil. Samples (40 ul each) were analyzed with an HPLC Waters
Assoc. (Milford, MA) Separations Module 2690 and Waters 996 Photodiode
Array Detector, reading at 284 nm. Alkaloids were separated by using a Phe-
nomenex Silica C18 column (5 um, 1.5× 46 mm) with a mobile phase of 0.1N
tartaric acid (0.125% SDS) in 1:1 v:v in acetonitrile; the flow rate was 0.5 ml/min
(Hashimoto et al.,1986; Mahady et al., 1993). Standards were obtained for san-
guinarine, berberine, and chelerythrine from Sigma Chemical Co. (St. Louis, MO).
Remaining peaks were tentatively identified as protopine, allocryptopine, cheliru-
bine, sanguirubine, chelilutine, sanguilutine and by comparing the elution time
and relative peak areas from previous papers (Hashimoto et al., 1986; Thorne
et al., 1986; Mahady et al., 1993). Because of extensive work on the pharmaco-
logical properties of bloodroot alkaloids, these identifications should be robust,
but we stress that we did not identify them ourselves. Consequently, we consider
these identifications as tentative and their concentrations are given as sanguinarine
equivalents.

Statistical Analysis. Data were analyzed by using generalized linear model
procedures in SAS (PROC GENMOD; Anonymous, 1996). Variables and inter-
action terms were sequentially eliminated from the model to provide the most
simple and parsimonious model available (Agresti, 1996). Alkaloid concentra-
tions were analyzed individually and as alkaloid group totals. The protopine group
included protopine and allocryptopine; the benzophenanthridine group included
chelirubine, sanguinarine, chelerythrine, sanguilutine, and chelilutine. Clone and
fertilizer effects were analyzed in separate models. Although all clones in 1999
experiments were represented in each treatment, the individuals from which these
clones were derived received differing fertilizer levels during 1998.
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RESULTS

Alkaloids present inS. canadensisrhizome tissue from our experimental
plants include (in order of elution) protopine (RT = 8.48), allocryptopine (RT =
9.29), chelirubine (RT = 10.94), sanguinarine (RT = 11.71), sanguirubine (RT =
approx. 14.67), berberine (RT = 14.71), chelerythrine (RT = 15.84), chelilutine
(RT = 19.20), and sanguilutine (RT = 21.09). Sanguinarine and chelerythrine
constitute the most abundant alkaloids. Alkaloid concentrations overall were con-
sistently lower after the shade and induction experiments compared to the pre-
experiment levels (Table 1). In some HPLC profiles, the peaks for sanguirubine
and berberine were small, eluted very close together, and resolved with inconsistent
clarity; we therefore excluded them from subsequent analyses.

Shade Experiment. Because not all clones were in all fertilizer treatments,
clone and fertilizer effects could not be directly compared and were analyzed
in separate statistical models. Most individual alkaloid concentrations and to-
tal benzophenanthridine group alkaloid concentrations were influenced by clone
(Table 2), with up to 10-fold variation in the production of alkaloids among clones
(Figure 2). Chelirubine and total protopine group concentrations were unrelated
to clone.

In either clone or fertilizer models, total benzophenanthridine alkaloid con-
centrations increased with increasing shade, which followed the individual con-
centrations of sanguinarine and chelerythrine (Figure 3, Table 2). Total protopine
group concentration was higher in the 50% and 80% shade treatment, although
alkaloid concentrations among these two treatments were not statistically different.

TABLE 1. COMPARATIVE MEANS (±SE)OF POSTFERTILIZERALKALOID

CONCENTRATIONSGIVEN AS PERCENTDRY WEIGHT FORFEBRUARY 1999AND

OCTOBER1999

Shade experiment Induction experiment

Alkaloid February 1999 October 1999 February 1999 October 1999

Protopine 0.71± 0.26 0.37± 0.16 0.74± 0.38 0.32± 0.03
Allocryptopine 0.70± 0.27 0.37± 0.17 0.77± 0.03 0.34± 0.03

Total PR alkaloids 1.41± 0.53 0.74± 0.33 1.51± 0.41 0.66± 0.06
Sanguinarine 3.52± 1.9 1.0± 0.53 4.45± 0.14 1.38± 0.11
Chelerythrine 2.02± 1.05 0.70± 0.36 2.57± 0.07 0.99± 0.05
Chelirubine 0.82± 0.35 0.41± 0.18 0.87± 0.03 0.37± 0.03
Chelilutine 1.57± 0.67 0.59± 0.24 1.83± 0.07 0.78± 0.05
Sanguilutine 0.96± 0.39 0.53± 0.21 1.03± 0.04 0.49± 0.03

Total BZ alkaloids 8.89± 4.36 2.59± 1.79 10.75± 0.63 4.01± 0.54

Note: Protopine, allocryptopine, chelirubine, chelilutine, and sanguilutine concentrations are cal-
culated as sanguinarine equivalents. Total PR: total protopine alkaloids; Total BZ: total ben-
zophenanthridine alkaloids.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] pp212-342729 July 25, 2001 16:50 Style file version Nov. 19th, 1999

TA
B

LE
2.

FA
C

T
O

R
S

T
H

A
T

SI
G

N
IF

IC
A

N
T

LY
IN

F
LU

E
N

C
E

A
LK

A
LO

ID
C

O
N

C
E

N
T

R
A

T
IO

N
IN

S
a

n
g

u
in

a
ri
a

ca
n

a
d

e
n

si
s:

S H
A

D
E

E
X

P
E

R
IM

E
N

T

d
f

P
T

A
C

To
ta

lP
R

S
N

C
Y

C
B

C
L

S
L

To
ta

lB
Z

M
o

d
e

li
n

cl
u

d
in

g
cl

o
n

e
e

ffe
ct

o
n

a
lk

a
lo

id
co

n
ce

n
tr

a
tio

n
C

lo
ne

60
63

.4
9

(.
02

87
)

70
.3

1
(.

01
2)

ns
11

4.
15

(.
00

01
)

11
7.

65
(.

00
01

)
ns

97
.4

2
(.

00
16

)
87

.8
7

(.
01

10
)

12
5.

25
(

<
.0

00
1)

S
ha

de
2

ns
ns

10
.2

4
(.

00
60

)
9.

13
(.

01
04

)
11

.3
(.

00
35

)
ns

ns
ns

10
.2

4
(.

00
60

)
%

W
at

er
in

1
ns

ns
ns

ns
ns

4.
35

(.
03

69
)

ns
ns

ns
rh

iz
om

e
R

hi
zo

m
e

1
5.

8
(.

01
60

)
ns

6.
48

(.
01

09
)

ns
ns

ns
5.

2
(.

02
24

)
ns

ns
w

id
th

R
hi

zo
m

e
1

ns
ns

ns
ns

ns
5.

36
(.

02
06

)
ns

ns
ns

le
ng

th

M
o

d
e

li
n

cl
u

d
in

g
fe

rt
ili

ze
r

e
ffe

ct
o

n
a

lk
a

lo
id

co
n

ce
n

tr
a

tio
n

F
er

til
iz

er
2

ns
ns

ns
ns

ns
11

.7
7

(.
00

28
)

8.
66

(.
01

31
)

13
.3

8
(.

00
12

)
7.

21
(.

02
72

)
S

ha
de

2
11

.0
1

(.
00

44
)

8.
64

(.
01

32
)

10
.2

4
(.

00
60

)
8.

37
(.

01
52

)
7.

6
(.

02
24

)
ns

2.
51

(.
02

85
)

ns
8.

92
(.

01
16

)
%

W
at

er
in

1
ns

ns
ns

6.
23

(.
01

25
)

ns
7.

5
(.

00
62

)
11

.0
1

(.
00

09
)

6.
14

(.
01

32
)

6.
14

(.
01

32
)

rh
iz

om
e

R
hi

zo
m

e
1

4.
03

(.
04

45
)

ns
6.

48
(.

01
09

)
ns

ns
ns

ns
ns

ns
w

id
th

R
hi

zo
m

e
1

ns
5.

11
(.

02
38

)
ns

ns
ns

ns
ns

ns
ns

le
ng

th
F

er
til

iz
er
×

ns
ns

ns
ns

ns
ns

8.
31

(.
04

01
)

ns
ns

sh
ad

e

N
o

te
:

F
or

al
la

na
ly

se
s,d

f=
2

fo
r

fe
rt

ili
ze

r
an

d
sh

ad
e;d

f=
1

fo
r

%
w

at
er

in
rh

iz
om

e,
rh

iz
om

e
w

id
th

,
rh

iz
om

e
le

ng
th

,
an

d
in

te
ra

ct
io

n
te

rm
s.

P
T

:
pr

ot
op

in
e,

A
C

:
al

lo
cr

yp
to

pi
ne

,
To

ta
lP

R
:

To
ta

lp
ro

to
pi

ne
al

ka
lo

id
s,

C
B

:
ch

el
iru

bi
ne

,
S

N
:

sa
ng

ui
na

rin
e,

C
Y

:
ch

el
er

yt
hr

in
e,

C
L:

ch
el

ilu
tin

e,
S

L:
sa

ng
ui

lu
tin

e,
To

ta
lB

Z
:

to
ta

lb
en

zo
ph

en
an

th
rid

in
e

al
ka

lo
id

s.
S

ta
tis

tic
s

gi
ve

n
as

X
2
(p

).

1735



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] pp212-342729 July 25, 2001 16:50 Style file version Nov. 19th, 1999

1736 SALMORE AND HUNTER

FIG. 2. Variation in total benzophene and protopine concentration among clones in
Sanguinaria canadensis, across all fertilizer and shade treatments. Error bars are standard
errors. For single clone samples (N = 1), data are without error bars.
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FIG. 3. The effect of shade on alkaloid concentrations inSanguinaria canadensis. Total
benzophenanthridine group concentration= •; total protopine group concentration= N.
Points are the means (±SE) of 5, 61, and 58 replicates per treatment for 0%, 50%, and 80%
shade, respectively. High mortality occurred in the 0% shade treatment.

This had the net effect of a weak increase in total protopine alkaloids with in-
creasing shade (Table 2). Protopine, allocryptopine, and chelilutine concentra-
tions increased with shade when modeled with fertilizer as a main effect, but this
relationship was not significant in the clone model (Table 2).

Total benzophenanthridine group concentration was influenced by previous
year fertilizer and increased with rhizome water content; neither influenced total
protopine group concentrations. Zero and medium fertilizer levels produced higher
mean alkaloid concentrations than plants that were provided with a high level of
fertilizer (Figure 4). Fertilizer levels explained most of the variance in chelirubine,
chelilutine, and sanguilutine concentrations along with rhizome water content.
Sanguinarine, chelirubine, chelilutine, and sanguilutine concentrations increased
with increasing rhizome water content in the model including fertilizer; however
when clone was included as a variable in the model, only chelirubine concentration
significantly increased with rhizome water content (Table 2).

Total protopine group alkaloid concentration, as well as individual protopine
and chelilutine concentrations decreased with increasing rhizome width, and
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FIG. 4. Alkaloid concentration response to different fertilizer levels inSanguinaria
canadensis: Shade experiment. Total benzophenanthridine group concentration= •;
total protopine group concentration= N. Points are the means (±SE) of 45, 43, 34 replicates
for no, low, and high fertilizer treatments, respectively.

allocryptopine and chelirubine concentrations decreased with increasing rhizome
length. Total benzophenanthridine concentration was unrelated to rhizome size.
The relationship between chelirubine and chelilutine and rhizome size was not
significant in the clone model (Table 2).

Induction Experiment. As in the shade experiment, not all clones were in-
cluded in all fertilizer pre-treatments, so clone and fertilizer effects were analyzed
in separate statistical models. All individual and total alkaloid group concentrations
varied significantly by clone in this experiment (Table 3) with alkaloid concentra-
tions varying up to 10-fold among clones (Figure 5).

Jasmonic acid applications did not increase the concentration of any of the
alkaloids, individually or as group totals, over the concentrations of the control
treatments (Figure 6, Table 3).

Individual and total benzophenanthridine alkaloid concentrations decreased
with increasing fertilizer levels (Figure 7, Table 3), although fertilizer did not influ-
ence total protopine group concentration over all. The interaction between fertilizer
and rhizome width significantly influenced protopine, allocryptopine, chelirubine,
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FIG. 5. Variation in total benzophene and protopine concentration among clones in
Sanguinaria canadensis, across all fertilizer and induction treatments. Error bars are stan-
dard errors. For single clone samples (N = 1), data are without error bars.
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FIG. 6. The effect of foliar application of jasmonic acid on alkaloid concentrations in
Sanguinaria canadensis. Total benzophenanthridine group concentration= •; total pro-
topine group concentration= N. Points are the means (±SE) of 30 replicates per treatment.

and sanguilutine (Table 3); these alkaloids increased weakly with increasing rhi-
zome width under medium fertilizer levels, but decreased weakly with increasing
rhizome width under high fertilizer levels. No relationship between alkaloid con-
centration and rhizome width was apparent in the non-fertilized treatment.

The interaction between clone and rhizome length significantly influenced
protopine, allocryptopine, and chelirubine levels, although total protopine and
benzophenanthridine group concentrations were not influenced by rhizome size
in this experiment (Table 3). The change in individual protopine, allocryptopine,
and chelirubine concentrations with rhizome length varied among clones in no
predictable manner.

Total benzophenanthridine concentrations increased weakly with rhizome
water content, but no significant relationship between total protopine levels and
rhizome water content was found. Chelilutine concentration increased and san-
guilutine concentration decreased with increasing rhizome water content in the
clone model (Table 3). An interaction between clone and rhizome water content
explained a minor part of the variance in chelilutine and sanguilutine concen-
trations (Table 3). The change in chelilutine and sanguilutine concentration with
increasing rhizome water content varied unpredictably among clones.
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FIG. 7. Alkaloid concentration in response to fertilizer levels inSanguinaria canadensis:
Jasmonic acid experiment. Total benzophenanthridine group concentration= •; total pro-
topine group concentration= N. Points are the means (±SE) of 30 replicates per treatment.
For single clone samples (n= 1), data are without error bars.

DISCUSSION

Shade Experiment. Total benzophenanthridine alkaloid concentrations,
mainly sanguinarine and chelerytherine, decreased with increasing sunlight while
the protopine alkaloids only weakly reflected this trend. Benzophenanthridine al-
kaloids are highly photoreactive toxins and may cause increasing autotoxicity with
increasing light levels (Arnason et al., 1992). One target of photosensitized alka-
loids is cell membranes (Downum, 1992). When benzophenanthridine alkaloids
are sensitized by light, an oxygen singlet is released by each alkaloid molecule,
which can oxidize unsaturated fatty acids, cholesterol, and membrane-associated
proteins (review by Downum, 1992). Degradation of vacuole membranes that se-
quester alkaloids could lead to an autotoxic event. If photosensitive alkaloids cause
intercellular damage at high light levels, then plants under higher light conditions
may maintain lower concentrations of alkaloids in their tissues to avoid autotoxic-
ity. However, since high mortality occurred in the 0% shade treatment, the plants in
that treatment may have produced lower alkaloid concentrations due to poor vigor
from abiotic stress rather than due to a down-regulation response to high light. The
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contribution of autotoxicity to the decline in vigor could not be determined from
the data collected.

The shade experiment also showed that different alkaloids varied in their re-
sponse to ambient light levels inS. canadensis. In contrast to sanguinarine and
chelerythrine, concentrations of chelirubine, chelilutine, sanguilutine, and total
protopine alkaloid concentrations varied weakly or were unaffected by light level.
The parallel patterns seen between more similar alkaloids (e.g., sanguinarine and
chelerythrine; chelirubine, chelilutine, and sanguilutine; protopine and allocryp-
topine) reflect the common metabolic pathways that produce these compounds.
Protopine serves as a precursor for several more highly oxidized alkaloids, such
as sanguinarine and chelirubine (Roberts, 1998), and all the isoquinoline alkaloids
found in bloodroot are biosynthetically closely related (Roberts, 1998). The alka-
loids in bloodroot may be produced in parallel, compete for substrate or common
enzymes, or provide substrate for the formation of other alkaloids.

Induction Experiment. In our experiments, bloodroot alkaloids were not in-
duced by jasmonic acid. Although jasmonate-induced alkaloid production has
been demonstrated in bloodroot cell culture (Ignatov, 1996), no whole-plant ben-
zophenanthridine alkaloid induction has been recorded for this or any other plant
species. It may, therefore, be misleading to extrapolate results from cell culture
experiments to whole-plant induction, or from one biosynthetic pathway to others.
It may be possible that the lack of induction by jasmonic acid in our experi-
ments may have been due to inappropriate application techniques and not lack
of inducibility. The amount of jasmonic acid sprayed per application in this ex-
periment was equivalent to the amount used as a high but non-toxic level known
to result in significant induction responses in tomato plants (Thaler et al., 1996,
1999). However, foliar application of jasmonic acid to the waxy leaves of blood-
root may not have effectively introduced the jasmonic acid to plant tissues. A
more appropriate application method could be to add the solution directly into the
roots, as was successful with nicotine induction inNicotiana attenuata(Baldwin,
1998).

Additionally, the time lag between jasmonic acid application and rhizome
tissue collection may have been sufficiently long that any temporary response to
the jasmonic acid applications was missed.Nicotianaspp. respond in a few hours
to a few days to methyl jasmonate exposure (Baldwin et al., 1998), and tomatoes
show elevated levels of the defensive enzyme polyphenol oxidase between eight
days to five weeks following application of jasmonic acid (Thaler, 1999).

Patterns Across Experiments. Alkaloid concentrations varied among blood-
root clones across all treatments in both experiments (e.g., Figures 2 and 5). While
this variation likely results from genetic effects, we cannot discount the unknown
effects of the abiotic conditions under which seedlings developed. An experimental
design that includes all clones in all treatments and establishes relatedness among
different clones would offer greater insight into the genetic component of alkaloid
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production in bloodroot. We were able to demonstrate, however, that alkaloid con-
centrations exhibit some plasticity in response to abiotic factors inS. canadensis.

Over the course of the experimental period, concentrations of alkaloids de-
clined across all treatments for both shade and induction experiments (Table 1).
Since plants were maintained without fertilizer for an entire growing season, nu-
trient scarcity most probably limited their metabolism and, subsequently, alkaloid
production.

In both experiments, plants that received high fertilizer levels in the previous
year had lower alkaloid concentrations than those that received low or moderate
fertilizer levels. Supplemental nutrients in the fertilizer treatments may have caused
a shift in allocation from storage and defense to growth (Tuomi et al., 1984; Herms
and Mattson, 1992; Marino et al., 1997), resulting in a dilution of alkaloid content
(Figure 7) due to increased biomass. Some evidence to support this theory may
be found in the decrease in a subset of individual alkaloid concentraitons with an
increase in rhizome size in both the induction and shade experiments (Tables 2
and 3). Much of the alkaloid-bearing latex stored in the rhizome of bloodroot is
found in a thick layer of vacuolar cells just below the epidermis (Wink and Roberts,
1998). There are vacuolar cells present throughout the interior of the rhizome, but
the density is much lower. If bloodroot alkaloids are synthesized and/or stored
mostly in the vacuolar cell layer, then an increase in rhizome diameter would
appear to cause a decline in alkaloids stored there due to a shift in the diameter
to volume ratio. As rhizome length and width were not correlated, the decrease in
some of the alkaloid concentrations with increasing rhizome length may be related
to the number of leaves present on longer rhizomes. Alternatively, high (400 ppm)
fertilizer levels may have injured fine roots due to nutrient burn, leaving those
plants less vigorous.

CONCLUSION

Light intensity and mineral nutrition influence alkaloid concentration inSan-
guinaria canadensis. Whole-plant response of bloodroot to a jasmonic acid elicitor
was not observed. Phototoxicity may explain increased alkaloid production and
plant vigor under higher shade. Since concentrations of individual alkaloids var-
ied differentially in experimental treatments, there may exist direct or sequen-
tial competition for substrate or enzymes during alkaloid biosynthesis. Or, if
no association exists, alkaloids may be functionally uncoupled to some extent.
Genetic influences represented by clone effects may be indicated by variation
in alkaloid concentration by clone, but this experimental design did not allow
us to distinguish genetic from pre-experiment environmental influences on the
rhizomes.
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Abstract—In plant growth room (PGR) and open-air pot (OAP) experiments,
potato cvs King Edward and Maris Piper were grown under two nitrogen levels
or two different nitrogen release patterns. Plants were subjected to infestation by
peach potato aphidsMyzus persicae(Homoptera: Aphididae). Total glycoalka-
loid (GA) levels were measured in the foliage of both infested and non-infested
plants, before, during and after aphid infestation. In the PGR experiment, aphid
infestation reduced the amounts of total GAs in both cultivars. This reduction is
attributed to the sugar deficiency induced in the plants owing to the dense aphid
colonization. Results from the OAP experiment showed a temporal increase of
GAs produced by potato cv. King Edward plants subjected to aphid infestation.
Elevated amounts of nitrogen in the nutrient solutions (PGR experiment) reduced
total GAs, while no differences were observed between manure and fertilizer
treated plants (OAP experiment). It is concluded that the source of available
nitrogen does not affect foliar GA synthesis in potatoes, and as a consequence,
does not affect its endogenous chemical defense against insect herbivory. The
case for insect-induced chemical defense mechanisms as triggered by low rates
of aphid infestation is discussed.

Key Words—Aphid, Aphididae,Myzus persicae, potato,Solanum tuberosum,
glycoalkaloids, solanine, chaconine, insect herbivory, nitrogen, chemical defense.
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INTRODUCTION

Part of the defensive mechanisms of plants against pathogens or herbivorous in-
sects is related to the synthesis of secondary plant metabolites or allelochemicals.
In many cases, the increased allelochemical content of damaged plant tissue is
considered to be the reaction of plants to stress induced by fungi or phytophagous
insects. Phytochemical responses to insect herbivory have been reported for al-
kaloids in wild tobacco (Baldwin, 1989; Baldwin et al., 1990), furanocoumarins
in wild parsnip (Zangerl, 1990; Zangerl and Berenbaum, 1995) glucosinolates in
swede, kale and oilseed rape (Birch et al., 1992) and most recently hydroxamic
acids in wheat (Gianoli and Niemeyer, 1997a,b).

The main products of secondary metabolism in potatoSolanum tuberosum
(L.) are glycoalkaloids (GAs). GAs are steroid glycosides formed when the alkaloid
solanidine is attached to carbohydrate moieties. Depending on cultivar, 95% or
more of the total glycoalkaloid (GA) fraction in tubers and vegetative parts, consists
of theα-forms of solanine and chaconine (Jadhav et al., 1981).

The inhibitory effects of GAs on both fungal and insect pests of potato suggest
their significance as natural pesticides (Jadhav et al., 1981). There are a limited
number of studies investigating the effects of insect herbivory on the GA content
of Solanaceae. In particular, Hlywka et al. (1994) suggested that insect herbivory,
either increases (Colorado potato beetle,Leptinotarsa decemlineata) or has no
effect (potato leafhopper,Empoasca fabae) on the total GA content of potato
tubers, depending on the type of damage. By contrast Zullo et al. (1984) reported
that infestation ofS. americanumplants by the aphidAphis fabaessp.solanella
reduced total GAs in stems, leaves, and fruits.

The objective of this work was to examine the effects of aphid infestation on
the GA content in the foliage of potato plants during their early stages of growth. As
nitrogen availability has been shown to affect GA concentration in potato foliage
(Fragoyiannis, 1999), the foliar GA content of potato plants subjected to extensive
damage by the aphidMyzus persicaewas examined. Plants were fertilized with
two different levels and sources of nitrogen.

METHODS AND MATERIALS

In plant growth room (PGR) and open-air pot (OAP) experiments, the potato
Solanum tuberosumL. cultivars King Edward (KE) and Maris Piper (MP) were
infested by the aphidMyzus persicae. In the PGR experiment, a semi-hydroponic
set-up was established involving two different nitrogen regimes - low and high.
In the OAP experiment, the same amount of nitrogen was available to potato
plants in the form of fertilizer and manure. In both experiments, GAs produced by
aphid-infested plants were compared to those produced by aphid-free plants.
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Plant Growth Room Experiment. Small tuber pieces of approximately similar
size developing one sprout per piece (surplus sprouts were excised) were cut from
mother tubers of clonal origin. Each growing sprout was planted in one plastic
pot (diameter: 15 cm; depth: 14 cm) using perlite (1:1 mix of horticultural to
seed grade) as growing substrate. The pots stood on plastic rectangular trays (22×
16.5× 4.5 cm), were placed in a plant growth room (20◦C, 50% R.H., and long day
16:8 conditions) and watered with nutrient solutions. Two nutrient solutions, NLow,
NHigh, representing nitrogen concentrations of 100 and 300 mg total N/l, respec-
tively applied. The total amounts of N added per pot were 200 and 600 mg for NLow

and NHigh, respectively. Phosphorus and potassium applications remained constant
at 40 mg/l and 300 mg/l, respectively, for both N treatments. Equal amounts of
distilled water were added to all replicates to compensate water evaporation. In all
solutions, the NO−3 to NH+4 ratio was the same at 4:1. This proportion ensured the
tendency for slight acidification of the growing media. The insignificant buffering
capacity of perlite (Hall and Smith, 1994) was counterbalanced by adding ground
magnesian limestone (1.5 g/l perlite). Trace element availability was supported by
adding fritted trace elements (WM 253A, 0.5 g/l perlite). Pots were randomly relo-
cated every second day. Growing one or, at most, two sprouts per pot allowed ease
of watering and random plant relocation without damaging plants in the restricted
space of the plant growth room. Two different fertilization treatments (NLow and
NHigh) were combined with aphid-infested and non-infested plants harvested 15,
45, or 60 days after planting.

Open-Air Pot Experiment. Potato tubers (S. tuberosumL. cvs. King Edward
and Maris Piper) were planted in pots (diameter: 23 cm; depth: 23 cm) under open
field conditions. The pots contained topsoil, classified as poorly drained clay soil of
Stirling Series (SG), randomly sampled from two neighboring farms one of which
practiced organic agriculture, the other conventional agriculture. Semi-composted
sheep manure was obtained from the Scottish Agricultural College farm at Bush
Estate, Lothian Region. Soil samples and sheep manure were analyzed for pH,
extractable ammonium N, nitrate N and total N after sieving and mixing. Soil
analyses revealed that the soil derived from the conventional farm had higher N
content owing to previously applied ammonium nitrate. The N content of the soil
derived from the organic farm was amended by adding a small amount (approx.
13 g/pot) of sheep manure, thus ensuring that the total available N in both soil
samples was the same at 415 mg total N/pot. The two different fertilization treat-
ments (fertilizer and manure) were combined with aphid-infested and non-infested
plants harvested 20, 40 or 60 days after planting.

Aphid Infestation. Thirty standardized adults (approximately five/leaf) de-
rived from a clone lineage culture of the aphidM. persicaewere transferred to
the treatments subjected to infestation in the PGR and OAP experiments, once the
second true leaf had fully expanded. Due to differences in N fertilization, NHigh

plants reached this stage faster compared to NLow, hence they were infested first
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FIG. 1. Schematic representation of theMyzus persicaeinfestation groups (G1, G2, G3,
G4, and G5) applied to the potato plants in plant growth room (PGR) and open-air pot
(OAP) experiments, plotted against times of harvesting;+A: aphid-infested period,−A:
aphid-free period.

with the aphids. In the OAP experiment, part of the aphid infestation (five aphids
on the first true leaf) were protected from aphid predators using a nylon mesh
pocket. The rest were set free to colonize the plant. Removal of aphids from the
aphid-infested G2 and G4 plants was achieved by spraying the plants with a 0.5%
soft soap solution. A schematic representation of the aphid infestation treatments
applied to the potato plants and times of harvesting is given in Figure 1.

Sample Preparation and Analysis. Potato leaves, petioles and growing tops
were excised, weighed, packed in muslin sachets and immersed in liquid nitrogen.
The tissues remained in the freezer (−40◦C) prior to lyophilisation for approx-
imately 72 hr/sample. Each sample was ground using a water cooled mill and
stored in the freezer. The extraction and analytical techniques used for the quan-
tification ofα-solanine andα-chaconine were based on those of Hellen¨as (1986).
Total GAs were the sum ofα-solanine andα-chaconine in each sample. High
performance liquid chromatography (HPLC) analysis equipment consisted of a
high pressure isocratic pump (Spectra Physics Analytical P1000), programmable
wavelength detector (Spectra 200), sample injector (Gilson 232 BIO) combined
with a dilutor (Gilson 401) fitted with a 20µl loop, and a datajet integrator (Spectra
Physics SP4270). A stainless steel column (Phase Separations model Spherisorb),
packed with ODS2-hypersil (Shandon, 3µm) was used for analysis. The mobile
phase was acetonitrile/water: 34:66 (v/v) and 0.5 ml/l ethanolamine adjusted to
pH 4.55–4.56 with orthophosphoric acid (12% solution). The chromatograph was
set to deliver solvent at 1 ml/min at 0.002 absorbance units full scale (AUFS)
output. Peaks were detected by UV absorbance at 202 nm. All chemicals used
were ‘pure UV grade’ (Fisons Ltd. UK). Both experiments were replicated three
factor with N applied at 2 levels (NLow/NHigh in the PGR and manure/fertilizer
in the OAP) to 5 levels of aphid/harvest plants (G1, G2, G3, G4 and G5) to
potato cultivars King Edward and Maris Piper. Treatment combinations were re-
peated four times. In total, 80 pots were placed in the plant growth room in two
cages (4.5 m× 1 m× 1 m) made of nylon mesh isolating the infested from the
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non-infested plants and another 80 pots in open-air conditions. Pots were randomly
relocated every second day. PGR experimental data were analysed using the Anal-
ysis of Variance procedure for factorial design of MINITAB

©R (vs. 11.1). OAP
experimental data were analyzed using the General Linear Model procedures of
MINITAB

©R (vs. 11.1), in order to deal with a few missing values derived from hail-
damaged plots. Significant differences between treatment means were identified
using t-tests.

RESULTS

In the PGR experiment, elevated amounts of N in the nutrient solution re-
duced GA levels in both cultivars (Table 1). By contrast, the main effect of N
source in the OAP experiment was not significant. As a result, the type of N
(e.g., manure or fertilizer), did not affect foliar GA synthesis (Table 2). In both

TABLE 1. EFFECTS OFNITROGENFERTILIZATION, CULTIVAR ,
AND APHID INFESTATION ONPOTATO LEAF GLYCOALKALOID

(GA) CONTENT IN THE PLANT GROWTH ROOM EXPERIMENT

Glycoalkaloid content (mg/100 g fresh weight)

Nitrogen fertilization Cultivar Aphid infestation

NLow 140.9 KE 139.7 G1− A 75.9
NHigh 58.0 MP 59.3 G2+ A 49.9

G3− A 128.6
SED 4.83 SED 4.83 G4+ A 57.3

G5− A 185.8
SED 5.4

Analysis of variance

Source df Mean square F ratio

Nitrogen fertilization (N) 1 137540 295.41∗∗∗
Cultivar (cv.) 1 129442 278.02∗∗∗
Aphid infestation (A) 4 52341 112.42∗∗∗
N × cv. 1 23227 49.89∗∗∗
N × A 4 13693 29.41∗∗∗
cv.× A 4 5478 11.77∗∗∗
N × cv.× A 4 3612 7.76∗∗∗
Error 60 466

NLow: 100 mg N/liter; NHigh: 300 mg N/liter; KE: potato cv. King
Edward; MP: potato cv. Maris Piper; SED: standard error of difference
between means for 60 degrees of freedom.
∗∗∗P< 0.001.
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TABLE 2. EFFECTS OFNITROGENFERTILIZATION, CULTIVAR, AND

APHID INFESTATION ONPOTATO LEAF GLYCOALKALOID (GA)
CONTENT IN THE OPEN-AIR POT EXPERIMENT

Glycoalkaloid content (mg/100 g fresh weight)

Nitrogen source Cultivar Aphid infestation

Manure 53.8 KE 91.0 G1− A 55.5
Fertilizer 56.6 MP 19.4 G2+ A 56.3

G3− A 43.6
SED 2.95 SED 2.95 G4+ A 60.4

G5− A 60.1
SED 4.67

General linear model

Source df Adj. mean square F ratio P

Nitrogen source (N) 1 134 0.77 NS
Cultivar (cv.) 1 89278.2 512 <0.001
Aphid infestation (A) 4 683.7 3.92 <0.01
N × cv. 1 518.1 2.97 NS
N × A 4 1148.1 6.58 <0.001
cv.× A 4 728.7 4.18 <0.01
N × cv.× A 4 365.2 2.09 NS
Error 53 174.4

KE: potato cv. King Edward; MP: potato cv. Maris Piper; SED: standard error
of difference between means for 53 degrees of freedom; NS: not significant.

experiments, cv. King Edward produced elevated amounts of foliar GAs com-
pared to those produced by cv. Maris Piper. In the PGR experiment, aphid-infested
plants had reduced amounts of total foliar GAs compared to non-infested (G2
vs. G3) (Table 1). This lasted even after the extermination and removal of aphids
from the plants (G4 vs. G5). Although aphid infestation induced an increase in
GAs in the OAP experiment (G2 vs G3), this increase was temporary because
differences were not observed between G4 and G5 plants (Table 2). An analy-
sis of the interactions between the main effects is presented separately for each
experiment.

Plant Growth Room Experiment

Analysis of variance indicated that all three 2-way interactions (N fertiliza-
tion× cultivar, N fertilization× aphid infestation and cultivar× aphid infestation)
and one 3-way interaction (N fertilization× cultivar× aphid infestation) were sig-
nificant (Table 1).
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FIG. 2. Total foliar fresh weight glycoalkaloid (GA) content (mean± SE, four replicates
of potato cvs. King Edward (KE) and Maris Piper (MP) grown in low (100 mg N/liter) and
high (300 mg N/liter) nitrogen fertilization levels harvested 15 days after planting (G1, plant
growth room experiment). Means in columns of the same potato cv. followed by different
letters are significantly different (t-test following balanced ANOVA).

Plants from both cultivars grown in low N nutrient solution harvested 15 days
after planting (G1) had higher levels of GAs than those grown in high N solution
(Figure 2).

Similar differences were observed between high and low N treatments in
non-infested plants (G3 and G5) harvested at the next two time points (30 and
45 days after infestation, Figures 3a, 3b). Aphid infestation reduced GA levels
in either low or high N treated plants of both cultivars that were harvested 30
days after infestation (G2 vs G3, Figure 3a). An exception was observed on potato
cv. Maris Piper; a significant difference was not observed between aphid-infested
and non-infested plants grown in high N solution. The effects of aphid infestation
lasted even after aphid extermination. The differences between aphid-infested and
non-infested plants were significant for both N levels and both cultivars (G4 vs
G5, Figure 3b).

Open-Air Pot Experiment

Significant effects were observed in the interactions N source× aphid infes-
tation, and potato cultivar× aphid infestation. The N source× cultivar and the N
source× cultivar× aphid infestation interactins were not significant (Table 2).
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FIG. 3. Total foliar fresh weight glycoalkaloid (GA) content (mean±SE, four replicates)
of aphid-infested (G2+A and G4+A) and non-infested (G3−A and G5−A) potato cvs.
King Edward (KE) and Maris Piper (MP) grown in low (100 mg N/liter) and high (300 mg
N/liter) nitrogen fertilization levels and harvested 30 (Figure 3a) and 45 (Figure 3b) days
after aphid infestation (plant growth room experiment). Means in columns of the same
potato cv. followed by different letters are significantly different (t-test following balanced
ANOVA).
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FIG. 4. Total foliar fresh weight glycoalkaloid (GA) content (mean± SE, four replicates)
of potato cvs. King Edward (KE) and Maris Piper (MP) grown with manure and fertilizer
harvested 20 days after planting (G1, open-air pot experiment). Means is columns of the
same potato cv. followed by different letters are significantly different (t-test following
linear model).

Manure-treated potato cv. King Edward plants, harvested 20 days after plant-
ing (G1) produced less GAs compared to those treated with fertilizer (Figure 4).
A difference also was observed between manure- and fertilizer-treated potato cv.
Maris Piper plants.

Manure-treated plants of both cultivars harvested 20 days after infestation
(G2 and G3), produced similar GA levels to fertilizer-treated plants (Figure 5a).
In addition, effects of N source on the foliar GA production were not observed
between manure- and fertilizer-treated plants of any cultivar harvested at the next
time point (G4 and G5 Figure 5b).

The effect of cultivar× aphid infestation interaction indicates that apart from
cutivar, aphid infestation affected foliar GA production. In particular, an increase
of foliar GAs was observed in both manure- and fertilizer-treated aphid-infested
cv. King Edward plants, compared to non-infested, harvested 20 days after infes-
tation (G2 and G3 Figure 5a). These differences ceased in cv. King Edward plants
harvested at the next time point (G4 and G5 Figure 5b). Aphid infestation did
not have any effect on cv. Maris Piper. Differences between aphid-infested and
non-infested cv. Maris Piper plants harvested at 20 (G2 and G3) and 40 (G4 and
G5) days after infestation were not significant.
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FIG. 5. Total foliar fresh weight glycoalkaloid (GA) content (mean±SE, four replicates)
of aphid-infested (G2+A and G4+A) and non-infested (G3−A and G5−A) potato cvs.
King Edward (KE) and Maris Piper (MP) grown with manure and fertilizer and harvested
20 (Figure 5a) and 40 (Figure 5b) days after aphid infestation (open-air pot experiment).
Means in columns of the same potato cv. followed by different letters are significantly
different (t-test following linear model).
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DISCUSSION

Mechanical damage has the potential to cause wound defensive reactions
by plants including the accumulation of secondary defensive substances. It has
been reported (Olsson, 1986) that GA synthesis in potato tubers is increased as a
result of enhanced physiological activity of cells neighboring sites of mechanical
damage. During aphid stylet penetration, usually considered to be intercellular,
some cell walls are grazed, and/or ruptured (Spiller et al., 1985; Kimmins and
Tjallingii, 1985), and cells are destroyed (Pollard, 1973). Such reactions have
been documented in field and growth room studies, where defoliation damage by
Colorado potato beetlesLeptinotarsa decemlineataresulted in increased tuber GA
concentrations (Hlywka et al., 1994). Damage by potato leafhoppersEmpoasca
fabaedid not have any apparent effect on the tuber GA content (Hlywka et al.,
1994). The difference was attributed to the type of herbivory stress induced by
each of these species: Colorado potato beetles are very destructive chewing insect
pests, whereas potato leafhoppers are phloem feeders. Since aphids are phloem
feeders, it is possible that the mechanical damage associated with stylet penetration
of potato plants byM. persicaecould have altered GA concentration in the foliage.

The results obtained from the PGR experiment showed that GA levels of
aphid-infested plants were reduced in both potato cultivars and both N levels ap-
plied. This was not only an immediate and direct effect of the dense colonization of
the plants, but also an after-effect that followed elimination of aphids. It has been
suggested that synthesis of solanidine - the aglycon moiety of the GA molecule -
occurs in plastids (Ramaswamy et al., 1976). One response of plants to phloem-
feeding insects is the degeneration and disappearance of chloroplasts in the area
neighboring stylet punctures (Miles, 1989; Pollard, 1973). Aphid herbivory can
induce photosynthetic stress at the level of the chloroplast and limit the photo-
synthetic rate, while other cellular components like mitochondria and plasma or
vacuolar membranes are damaged. This damage leads to cell death and, therefore,
chloroplast death (Miles, 1989). The reduction observed in the foliar GA levels
could be a result of a reduction in solanidine biosynthesis, following a decrease in
the number of undamaged plastids occurring in potato leaf cells.

Structural differences between solanine and chaconine and between theirα-,
β-, andγ - forms are related to carbohydrate moiety composition (Nair et al., 1981).
Synthesis of theγ -, β-, andα- forms of solanine and chaconine occurs when the
aglycon steroid solanidine molecule is glucosylated in a stepwise synthesis with
one, two or three sugars (Osman and Zacharius, 1979). The presence of soluble
sugars that exist in the GA molecule in sufficient quantities during the final steps
of GA formation may play a crucial role in the amount of GAs that will finally
be synthesized and expressed. Aphids interfere with photosynthetic efficiency in
the infested plant and provide a rich medium for fungal growth through their ex-
cretion products (Schepers, 1989). Due to the normally low nitrogen/carbon ratio
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of phloem sap, aphids also have to adapt to a nutrient source with a suboptimal
supply of nitrogen during much of the growing season. To extract enough nitrogen
and acquire sufficient protein, aphids eliminate large quantities of phloem sap and
excrete carbohydrate-rich honeydew (Llewellyn et al., 1974). Hence, it is possible
that lack of glucose, rhamnose and galactose - which make up the sugar part of
the GA molecule - resulting from both photosynthesis rate reduction and carbo-
hydrate absorption by the aphids, led to a reduction in the amount of GAs foliage.

The results from the PGR experiment suggest that heavy aphid infestation
negatively affects the defensive system of potato plants, and that this is related to
secondary metabolism. This effect was obvious for both low and high levels of
available nitrogen. However, it appears that reduction of GA synthesis was greater
when nitrogen was applied at high or excessive quantities. Nitrogen availability
appears to play a crucial role related to the general health status of the potato crop.
In the OAP experiment, manure-treated potato cv. King Edward plants, harvested
early in G1 treatment, had decreased amounts of GAs compared to fertilizer-
treated plants (Figure 4). This was observed as well for the cultivar Maris Piper.
The amount of green matter harvested in G1 treatment was almost the same for both
manure and fertilizer treatments for each cultivar (data not shown). This suggests
that the increase of GA production in G1 treatment observed in fertilizer grown
plants could not be related to differences in the amount of green matter produced by
manure and fertilizer treatments. A possible explanation may be attributed to the
different rates of N release and plant uptake between plants treated with manure and
with fertilizer, at the early stages of plant growth. No differences were observed in
foliar GA production between manure-treated and fertilizer-treated, aphid-infested
and non-infested plants during and after the period of aphid infestation. Hence,
the source of available N does not play any role in GA synthesis in the subsequent
stages of plant growth.

The PGR experimental results are in agreement with those obtained by Zullo
et al. (1984) who reported decreased GA levels in stem, leaf and fruits ofSolanum
americanumplants infested by the aphidAphis fabaessp.solanella. The OAP
experiment showed that the two cultivars reacted in a different way during aphid
infestation. An increase in the amounts of GAs was observed in the aphid-infested,
manure- or fertilizer-treated King Edward plants; such an increase was not ob-
served in Maris Piper. In addition, no after-effects of aphid infestation were ob-
served in either of the cultivars examined in the OAP experiment. The discrepancy
between the PGR and OAP experiments may be attributed to the restricted aphid
infestation that took place in the field; the presence of aphid predators and par-
asitoids combined with the average low summer temperatures did not allow the
expected dense aphid colonization to occur. No decrease, in foliar GA production
was observed as a result of low aphid infestation in either potato cultivar.

When damage is caused by arthropod herbivore feeding, leaves distant from
the site of injury often accumulate compounds toxic or distasteful to the arthropod
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(Tallamy and Raupp, 1991). It is possible that such systemic ‘induced resistance’
to aphids may have occurred for potato cv. King Edward in the OAP experiment.
A signal internal to the plant may have induced the increase of the foliar GAs in
both manure- and fertilizer-treated plants of potato cv. King Edward. In addition,
removal of the aphids from the plants brought GAs back to the levels prior to aphid
infestation. However, it seems that for some reason such a signal was not detected
in the cultivar Maris Piper. A similar signal possibly was generated during the early
stages of aphid infestation in the PGR experiment. The subsequent dense aphid
colonization of plants presumably concealed expression and resulted in a decrease
of the foliar GAs owing to a reduced solanidine and/or carbohydrate synthesis.

The results suggest that low densities of aphid infestation stimulate a tem-
porary increase of potato foliar GAs, and the existence of an induced defensive
allelochemical response in potato. Further studies are required to examine the
mechanisms and characteristics of this response. An implication of these results is
that in organic farming where nitrogen availability is restricted, plants may be ef-
fectively protected from pests owing to the presence of the natural defense system.
In conventional farming systems where nitrogen availability is high, plants may
be more susceptible to pest infestation because of a reduction of natural defensive
toxins.

Acknowledgments—This research was funded by a grant from the Commission of the European
Communities, Directorate General for Agriculture (Contract No. AIR-3-BM93-2418). We wish to
thank Dr G. Percival of the Scottish Agricultural College Auchincruive, for his technical advice on GA
analyses and Mr E.A. Hunter of Biomathematics and Statistics, Scotland, The University of Edinburgh,
James Clerk Maxwell Building, Edinburgh, for statistical advice.

REFERENCES

BALDWIN , I. T. 1989. The mechanism of damage-induced alkaloids in wild tobacco.J. Chem. Ecol.
15:1661–1680.

BALDWIN , I. T., SIMS C. L., and KEAN S. E. 1990. The reproductive consequences associated with
inducible alkaloidal responses in wild tobacco.Ecology71:252–262.

BIRCH, A. N. E., GRIFFITHS, D. W., HOPKINS, R. J., SMITH, W. H. M., and MCKINLAY , R. G. 1992.
Glucosinolate responses of swede, kale, forage and oilseed rape to root damage by turnip root fly
(Delia floralis) larvae.J. Sci. Food Agric.60:1–9.

FRAGOYIANNIS, D. A. 1999. Interaction effects between the peach potato aphidMyzus persicaeand sec-
ondary plant metabolites occurring in potatoSolanum tuberosumL. Ph.D. Thesis. The University
of Edinburgh.

GIANOLI , E., and NIEMEYER, H. M. 1997a. Characteristics of hydroxamic acid induction in wheat
triggered by aphid infestation.J. Chem. Ecol. 23:2695–2705.

GIANOLI , E., and NIEMEYER, H. M. 1997b. Lack of costs of herbivory-induced defenses in a wild
wheat: Integration of physiological and ecological approaches.Oikos80:269– 275.

HALL , D. A., and SMITH, C. A. 1994. An evaluation of perlite-based substrates for ornamental pot plant
production.Acta Horticulturae361:486–490.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342730 July 25, 2001 21:11 Style file version Nov. 19th, 1999

1762 FRAGOYIANNIS, MCKINLAY, AND D’M ELLO
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Abstract—Phytic acid is abundant in the fruits and seeds of many plants and
is found in foliage to a lesser extent. Among its several properties, phytic
acid is a potent chelator of essential minerals and proteins; thus, the possi-
bility exists that heme-based enzymes such as cytochrome P450 monooxygen-
ases in herbivores are detrimentally affected by phytic acid via chelation of
dietary iron. Mortality, growth performance, and P450-mediated metabolism of
xanthotoxin, a plant allelochemical, were examined in the presence of phytic
acid in three lepidopteran species: a polyphagous seed-feeding species (Helio-
this virescens), a polyphagous foliage-feeding species (Trichoplusia ni), and
a species oligophagous on immature reproductive structures of two genera of
Apiaceae (Depressaria pastinacella). While first instarH. virescensexperienced
no increase in mortality after 120 hours on a diet containing 1% phytic acid
compared to a control diet, bothT. ni andD. pastinacellaexperienced virtu-
ally complete mortality over the same time period. Ultimate instars of all three
species experienced reductions in relative growth rates (RGR) and relative con-
sumption rates (RCR) in the presence of phytic acid, although the only species
to experience reduced digestive efficiency (ECI) wasH. virescens.Cytochrome
P450-mediated metabolism of xanthotoxin was reduced 60% in the presence
of phytic acid inD. pastinacella, although metabolism remained unaffected in
the two noctuids. These studies suggest a defensive function of phytic acid in
addition to its primary functions of phosphorus storage, energy storage, and cell
wall precursor source.

Key Words—phytic acid, herbivory, cytochrome P450, mineral bioavailability,
plant resistance, primary metabolite, secondary metabolite.
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INTRODUCTION

Phytic acid (myo-inositol-1,2,3,4,5,6-hexakis-dihydrogenphosphate) is a common
constituent of oilseeds, legumes, and cereals. In germinating seedlings, phytate,
the salt form of phytic acid, serves as the major storage form of phosphorus, often
accounting for more than 85% of the total phosphorus in legumes and grains upon
seed ripening (Reddy et al., 1989). Phytic acid is a potent chelator of essential
minerals, including iron, calcium, magnesium, and zinc, as well as a chelator of
positively charged proteins. Once bound to phytic acid, minerals and proteins form
insoluble complexes that are unavailable for absorption under normal physiological
conditions. Thus, the bioavailability of minerals and protein in an animal’s diet
may be reduced by the concomitant consumption of phytic acid.

Although the antinutritive effects of phytic acid on vertebrates are well-
documented (Zhou and Erdman, 1995; Pillauf and Rimbach, 1997), the effects
of this ubiquitous plant constituent on insects are less well-known. Studies of
seeds in storage indicate that phytic acid may be an insect antifeedant; increased
phytic acid content, for example, is associated with reduced risk of infestation by
Bruchus pisorumin peas (Marzo et al., 1997). Apparent increases in phytic acid
content of infested legume and cereal seeds in storage may be due to selective
removal of seed parts free of phytic acid by insects (mung bean, chickpea, pigeon
pea, Modgil and Mehta, 1997; wheat and sorghum, Jood et al., 1995).

Effects of phytic acid on insect infestation of plants in field situations are
less well-documented. In addition to acting as an antifeedant, phytic acid may act
to reduce digestibility of foliage and fruits by forming complexes with dietary
proteins. As a mineral chelator, phytic acid is known to reduce bioavailability of
such minerals as calcium, magnesium, zinc, and iron (Reddy et al., 1989). Of par-
ticular importance to insect herbivores, and potentially vulnerable to the action of
phytic acid, are the cytochrome P450 iron-based heme proteins. Cytochrome P450
monooxygenases (P450) constitute an iron-based enzyme system that both detox-
ifies hostplant allelochemicals and other xenobiotics and synthesizes endogenous
hormones (Berenbaum, 1991). Because phytic acid is an iron chelator, the possi-
bility exists that phytic acid may interfere with cytochrome P450 function. It is
conceivable that iron deficiency could result in a reduction of cytochrome P450
activity and an overall decrease in allelochemical metabolism.

To determine whether phytic acid may serve as a defense against consumers
of foliage and fruits, survivorship and growth parameters were measured for three
lepidopteran larvae that vary in the frequency with which they encounter phytic
acid. The tobacco budworm,Heliothis virescens(Noctuidae), is a fruit feeder that
attacks tobacco, tomatoes, and other solanaceous plants as well as cotton and
some legumes (Metcalf and Metcalf, 1993). As a consumer of legume fruits, then,
H. virescenslikely frequently encounters high levels of phytic acid in its diet.
Phytic acid is present in several of its hosts, including legumes, at levels ranging
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from 0.28–1.26% in chickpeas to 1.00–2.22% in soybeans (Reddy et al., 1989). The
cabbage looper,Trichoplusia ni(Noctuidae), is a generalist folivore on herbaceous
plants of over 80 known species (Tietz, 1972; Eichlin and Cunningham, 1978).
Although phytic acid can be found in foliage of a range of plants, it generally
occurs at levels considerably lower than those found in seeds (e.g., 0.002% in
fluted pumpkin, Ladeji et al., 1995; 0.009% inLaunaea taxaracifoliato 0.655%
in Euphorbia hirta, Wallace et al., 1998). The parsnip webworm,Depressaria
pastinacella(Oecophoridae), feeds on buds, flowers, and immature fruits of two
genera of Apiaceae,PastinacaandHeracleum. Although mature fruits ofP. sativa
vary in phytic acid content, often exceeding 0.5% fresh weight, levels of phytic
acid are low to undetectable in buds, flowers, and immature fruits, the principal
food of this specialist (A. Zangerl and M. Berenbaum, unpublished).

Despite differences in diet breadth, all three of these species rely on cy-
tochrome P450 monooxygenases for detoxification of furanocoumarins, secondary
metabolites found in several (H. virescens, T. ni) or all (D. pastinacella) of their
hostplants (Berenbaum, 1995). Thus, we measured rates of metabolism of xan-
thotoxin, a furanocoumarin, in the presence and absence of phytic acid in these
species in order to determine whether it can act as an inhibitor of detoxification
enzymes.

MATERIALS AND METHODS

All three lepidopterans can be reared on the same artificial diet (Nitao and
Berenbaum, 1988), which can easily be modified to reflect various degrees of
nutritional quality. Three different experiments were conducted with artificial diets
in order to assess impacts of phytic acid on mortality rates, growth performance,
and xenobiotic metabolism.

First Instar Survivorship.To determine if phytic acid affects mortality rates
during early development, a first instar survivorship experiment was performed.
For all three species, neonates were allowed to feed on an artificial diet containing
1% fresh weight phytic acid (Sigma, St. Louis, MO) or on an artificial diet with
no additives as a control. Sample size for each diet type was 20 forD. pastinacella
andH. virescens, and 25 forT. ni. Mortality was assessed every 24 hours up to
120 hr. All larvae developed at approximately the same rate. A two-dimensioned
contingency table with Yates continuity correction was analyzed by chi square to
determine if mortality differed between control and phytic acid treatments for all
three species.

Gravimetric Estimates of Performance. To assess the effects of phytic acid
on growth and feeding efficiency, gravimetric estimates of performance were de-
termined for all three caterpillar species. Ultimate instars (fifth instar forT. ni and
H. virescens, sixth instar forD. pastinacella) were fed an artificial diet containing
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either 1% phytic acid or no additives as a control and were allowed to feed for
72 hr. After three days of feeding, the uneaten portions of diet were oven-dried and
weighed. For sixth instarD. pastinacella, sample size for each diet type was 20;
for fifth instarT. ni, sample size for each diet type was 10, and for fifth (ultimate)
instarH. virescens, sample size for each diet type was 28. Sample size differed
among species due to differences in availability at the time of experimental set-up
and differences in synchrony of the colonies.

For all three species, gravimetric estimates of caterpillar performance were
calculated by using parameters from Waldbauer (1968). One-way analyses of vari-
ance for relative growth rates (RGR), relative consumption rates (RCR), and effi-
ciency of conversion of ingested material (ECI) were performed with phytic acid
as the main effect. Use of this approach allows for comparisons with a vast litera-
ture of performance data on lepidopterans (Scriber and Slansky, 1981). However,
Raubenheimer and Simpson (1992) have suggested that analysis of covariance
is a more appropriate way to analyze growth and feeding measures as a result
of difficulties in interpreting ratios used in conventional gravimetric indices of
performance. The numerator and denominator of these ratios are not independent
variables because elements of the numerator are included in the denominator. Ac-
cordingly, analysis of covariance was also performed for final larval mass and
consumption with initial larval mass as the covariate; biomass gained (growth)
was evaluated with amount of food consumed as the covariate. The analyses were
first performed with a model statement including an interaction effect between the
covariate and treatment to test for homogeneity of slopes. Homogeneity of slopes
was confirmed (P > 0.10) in all analyses.

Xanthotoxin Metabolism.To determine if phytic acid interferes with cy-
tochrome P450 function, xanthotoxin metabolism assays were performed for each
species. For this assay, ultimate instars were raised on one of four artificial diets for
72 hours: control diet (lacking any additives), diet containing added phytic acid,
diet containing added xanthotoxin, and diet containing both phytic acid and xantho-
toxin. For all three species, the amount of phytic acid added, 1% fresh weight, was
identical. The amount of xanthotoxin added to the experimental diets varied accord-
ing to the known level of tolerance; whereasT. ni andH. virescens, polyphagous
species that rarely encounter furanocoumarins, received diets amended with 0.05%
xanthotoxin, commensurate with their sensitivity to this allelochemical,D. pasti-
nacellareceived diet amended with 0.2% xanthotoxin, consistent with its level of
resistance (Berenbaum, 1995). After 72 hours, the entire midgut of each caterpil-
lar was removed and homogenized in cold phosphate buffer. These homogenates
were incubated with a known concentration of xanthotoxin in a buffer containing
a NADPH-generating system in order to measure cytochrome P450 activity. The
disappearance of xanthotoxin over a 30-min period was measured by quantifica-
tion of remaining xanthotoxin by HPLC. Details of the metabolism assay protocol
are described in Zangerl and Berenbaum (1993). ForT. ni andH. virescens, four
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midguts were pooled for each replicate because cytochrome P450 activity in these
insects is sufficiently low as to be undetectable with a single midgut. In the parsnip
webworm, which specializes on furanocoumarin-containing plants, cytochrome
P450 activity is measurable in a single midgut (Berenbaum and Zangerl, 1992).
To prevent the total loss of xanthotoxin due to high metabolism rates in this insect,
the reaction was allowed to run for 15 min instead of the standard 30 min. The
rate of xanthotoxin metabolism was calculated as nanomoles per min per gram of
fresh caterpillar mass. Differences between treatments were analyzed by two-way
analysis of variance.

RESULTS

First Instar Survivorship.For the seed-feeding generalist,H. virescens, mor-
tality after 120 hr was 0% and 10% on control and phytic acid diets, respectively
(Table 1); no effect on survival could be discerned over this time interval. For
the folivorous generalistT. ni, however, mortality was significantly higher on diet
containing phytic acid for all time periods tested (Table 1). By 120 hours, all
caterpillars in the phytic acid treatment had died, whereas mortality on control
diet for this same time interval was 16% (P < 0.0005). For the oligophagousD.
pastinacella, mortality was significantly greater after 120 hr on the diet contain-
ing phytic acid (P < 0.0005). By the end of one week, all webworms had died

TABLE 1. PERCENTMORTALITY OF NEONATE Heliothis virescens, Trichoplusia ni, AND

Depressaria pastinacellaFED AN ARTIFICIAL DIET WITH OR WITHOUT 1% FW PHYTIC

ACID

Control Phytic acid χ2 P

48 Hours
H. virescens 0% 5% 1.026 0.4> P > 0.3
T. ni 8% 40% 5.373 0.025> P > 0.01
D. pastinacella 5% 30% 2.771 0.1> P > 0.05

72 Hours
H. virescens 0% 5% 1.026 0.4> P > 0.3
T. ni 16% 92% 26.087 P < 0.0005
D. pastinacella 5% 75% 17.604 P < 0.0005

96 Hours
H. virescens 0% 10% 2.105 0.2> P > 0.1
T. ni 16% 96% 29.302 P < 0.0005
D. pastinacella 5% 80% 20.051 P < 0.0005

120 Hours
H. virescens 0% 10% 2.105 0.2> P > 0.1
T. ni 16% 100% 32.841 P < 0.0005
D. pastinacella 15% 95% 22.727 P < 0.0005
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TABLE 2. GRAVIMETRIC ESTIMATES OFPERFORMANCE(TREATMENT MEANS) OF

ULTIMATE INSTAR T. ni, H. virescens,AND D. pastinacellaFED AN ARTIFICIAL DIET

WITH OR WITHOUT 1% PHYTIC ACID

−Phytic acid +Phytic acid Fa P <

Trichoplusia ni
RGR (mg/mg/day) 0.870 0.437 7.44 0.01
RCR (mg/mg/day) 3.536 1.739 9.62 0.01
ECI (%) 12.78 20.64 0.41 0.53

Heliothis virescens
RGR (mg/mg/day) 0.619 0.291 56.02 0.01
RCR (mg/mg/day) 2.858 1.542 69.55 0.01
ECI (%) 21.49 18.56 5.35 0.02

Depressaria pastinacella
RGR (mg/mg/day) 0.752 0.066 45.36 0.01
RCR (mg/mg/day) 4.058 0.808 81.57 0.01
ECI (%) 17.17 12.86 0.54 0.47

aANOVA

on the diet containing phytic acid, as compared to 15% mortality in the control
treatment.

Gravimetric Estimates of Performance.In all three species, phytic acid signif-
icantly reduced relative growth rates (RGR) and relative consumption rates (RCR)
(Table 2). For bothT. ni andH. virescens, relative growth rate was reduced by

TABLE 3. COMPARISION OFGROWTH AND FEEDING MEASURES BYANALYSIS OF

COVERIANCE OFULTIMATE INSTAR Trichoplusia ni, Heliothis virescensAND Depressaria
pastinacellaFED ARTIFICIAL DIETS WITH AND WITHOUT 1% PHYTIC ACID

Treatment least square means

−Phytic acid +Phytic acid Covariate F P<

T. ni
Final larval mass 53.56 35.62 Initial larval mass 8.25 0.009
Consumption (mg) 157.97 86.22 Initial larval mass 11.06 0.003
Growth (mg) 29.86 29.77 Consumption 0.00 0.974

H. virescens
Final larval mass 63.86 45.43 Initial larval mass 111.28 0.001
Consumption (mg) 191.22 111.83 Initial larval mass 86.02 0.001
Growth (mg) 36.21 24.45 Consumption 25.24 0.001

D. pastinacella
Final larval mass 19.66 6.29 Initial larval mass 47.20 0.001
Consumption (mg) 78.82 16.66 Initial larval mass 81.27 0.001
Growth (mg) 8.52 9.35 Consumption 0.16 0.693



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342731 July 25, 2001 17:39 Style file version Nov. 19th, 1999

EFFECTS OF PHYTIC ACID AND XANTHOTOXIN ON GROWTH AND DETOXIFICATION 1769

approximately 50%; relative growth rate reduction inD. pastinacellaexceeded
90%. Relative consumption rates for the two noctuid species were reduced by
approximately 50% as well, and inD. pastinacella, relative consumption rate
was reduced by approximately 80%. InH. virescens, phytic acid also reduced the
efficiency of conversion of ingested food (ECI) (Table 2) (Figure 2). ANCOVA
results are in agreement with conventional gravimetric estimates of performance
(Table 3).

Xanthotoxin metabolism.In T. ni andH. virescens, phytic acid did not affect
xanthotoxin metabolism (Table 4). InD. pastinacella, xanthotoxin metabolism
was reduced by 60% in the presence of phytic acid (Table 4) (Figure 1).

FIG. 1. Xanthotoxin metabolism in ultimate instarD. pastinacellain the presence and
absence of pyhtic acid.
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TABLE 4. XANTHOTOXIN METABOLISM (nmoles XAN/g CATERPILLAR/min) IN ULTIMATE

INSTAR Trichoplusia ni, Heliothis virescens,AND Depressaria pastinacellaFED

ARTIFICIAL DIETS VARYING IN CONTENT OFPHYTIC ACID AND XANTHOTOXIN (SEE

TEXT)

Treatment LS means–metabolism
(mg xan/mg caterpillar/min)

−P−X −P+X +P−X +P+X p(X) p(P) p(X×P)

H. virescens 0.12a n.d.b 0.12a 0.26a 0.3032 0.0128 0.0134
T. ni 13.40a 10.83a 14.15a 10.89a 0.3340 0.8920 0.9074
D. pastinacella 12.75a 25.37b 18.99ab 10.32a 0.6064 0.2574 0.0124

Note. Means with the same letter are not significantly different byt-test,p < 0.05; P: phytic acid,
X: xanthotoxin.

FIG. 2. Utilization plot of growth vs. consumption of ultimate instarHeliothis virescens
fed artificial diet with or without phytic acid.
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DISCUSSION

While there is a substantial amount of information regarding the effects of
phytic acid on vertebrate nutrition (Reddy et al., 1989), literature regarding the
influence of phytic acid on insect growth and detoxification enzymes is more
limited. There is some correlative evidence of antifeedant effects in stored product
insects (Jood et al., 1995; Marzo et al., 1997; Modgil and Mehta, 1997). We
present here evidence for antifeedant effects of phytic acid on both folivorous
and frugivorous insects that consume fresh tissues. Levels of 1% phytic acid,
which are within the range encountered by fruit-feeding lepidopterans, can reduce
consumption rates by 50% or greater. In the case ofH. virescens, phytic acid
slightly reduced the ability of this insect to convert ingested food into body mass.
Moreover, we present evidence of outright toxicity of phytic acid to early stage
caterpillars.

In vertebrates, phytic acid reacts with enzymes such as pepsin,α-amylase,
β-galactosidase, and lipase, resulting in a decrease in their activities and concomi-
tant reduction in digestive efficiency (Vaintraub and Bulmaga, 1991; Knuckles,
1998); it can also interfere with the activation of trypsinogen to trypsin and, thus,
reduce the efficiency of protein utilization (Caldwell, 1992). Mechanisms thought
to underlie these antinutritive activities include chelating essential minerals nec-
essary for proper enzyme function and/or direct binding to enzymes, possibly at
an allosteric site. Reduction in digestive efficiency inH. virescensmay be the
result of this form of interaction with digestive enzymes. In addition to possible
effects on digestive enzymes, phytic acid had a demonstrable effect on the ability
of D. pastinacellato metabolize xanthotoxin via cytochrome P450 monooxyge-
nases (Table 4). This reduction in P450-mediated metabolism by phytic acid is
most likely not due to reduced iron availability. In other studies (Green, 2000),
P450-mediated metabolism of xanthotoxin in this species was not signficantly re-
duced when iron was omitted from the diet. In the case ofD. pastinacella, which
depends on cytochrome P450 monooxygenases to metabolize hostplant allelo-
chemicals, phytic acid clearly inhibits P450-mediated metabolism of xanthotoxin
(Table 4). Such P450 inhibition could contribute to reduced survival by exposing
insects to the toxic effects of their hostplant allelochemicals. Indeed, survival of
D. pastinacellaon hostplants with above-average furanocoumarin concentrations
is correlated with P450-mediated furanocoumarin metabolism rates (Berenbaum
and Zangerl, 1998).

It is evident from these studies that phytic acid can interfere with growth and
survival of caterpillars. In all three species examined, phytic acid reduced growth
rates as compared to controls, and in two species caused significant mortality during
the first five days of life. The general pattern of susceptibility is consistent with
the ecological probability of exposure to phytic acid; the seed-feeding generalist,
H. virescens, was largely unaffected, consistent with the widespread distribution
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of phytic acid in seeds, whereas the foliage-feeding generalist,T. ni, and the bud-,
flower-, and immature seed-feeding Apiaceae specialist,D. pastinacella, displayed
substantial sensitivity to phytic acid, consistent with the fact that this compound
is encountered rarely and at low concentrations. In its principal hostplant wild
parsnip,Pastinaca sativa(A. Zangerl and M. Berenbaum, unpublished), as well
as in other species in the family Apiaceae (Gupta et al., 1991) and other unrelated
plants (Raboy and Dickinson, 1987), phytic acid does not appear in reproductive
structures until 3–4 weeks after anthesis. Thus, the relative unsuitability of mature
parsnip fruits for webworm growth (Zangerl et al., 1993) may be due in part
to the accumulation of phytic acid with ripening. Date of first flowering in the
field is negatively correlated with resistance to webworms (i.e., plants that flower
early experience lower levels of herbivory) (Berenbaum et al., 1986); phytic acid
accumulation in ripe seeds may contribute to this correlation.

Collectively, these experiments suggest that phytic acid in plant tissues may
play a defensive function over and above its primary functions of phosphorus stor-
age, energy storage, and cell wall precursor source (Reddy et al., 1989). In several
crop species, phytic acid content varies among genotypes (Mebrahtu et al., 1997)
and can be altered by artificial selection (Raboy et al., 1989). If this phytochemi-
cal trait is under genetic control under natural conditions, it may be available for
selection by herbivorous insects such that the natural variation observed in nature
may reflect past interactions with these herbivores.
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Abstract—Brook charr (Salvelinus fontinalis) lay their eggs in gravel nests
called redds. The nests are not defended for extended periods and the eggs
and young may be subject to predation from predators that travel through the
substrate into the redd. In this study we tested whether long-term exposure of
brook charr eggs to chemical cues from predatory sculpins (Cottus cognatus)
resulted in an adaptive shift in the timing of emergence of charr alevins from
artificial redds. We reared brook charr eggs in the presence of chemical cues from
sculpins fed brook charr eggs, sculpins fed brine shrimp, and a well water control.
Significantly more alevins emerged during the first week of the emergence period
when exposed to chemical cues from sculpins fed eggs than from cues from
sculpins fed brine shrimp or from well water. Alevins that emerged sooner
were smaller and possessed larger yolk sacs than alevins that emerged later in
the emergence period. Our results suggest that alevins that emerge sooner may
escape predation in the redd, but may pay a cost in being under-developed upon
emergence into the open water of the stream or lake.

Key Words—Alevin, redd, brook charr, slimy sculpin, emergence, predation,
egg yolk.
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INTRODUCTION

Salmonid fishes (salmon, charr, and trout) lay their eggs within the substrate of
streams and lakes by hollowing out spaces in the gravel and burying their eggs
or by depositing their eggs into interstitial spaces between rocky cobble (Greely,
1932; Scott and Crossman, 1973). These ‘nests’ are termed redds. Eggs and newly-
hatched young (alevins) remain in the redds for varying periods, where they develop
by utilizing nutrients and energy from their yolk sacs. After a certain period alevins
will begin to emerge from the gravel into the open-water habitats.

The mechanism that induces the migration of alevins out from the gravel is
unclear but we do know that alevins possess the ability to alter their emergence
behavior (Godin, 1982). Migration out of the gravel may be the result of envi-
ronmental cues such as dropping dissolved oxygen levels in the gravel, changes
in temperature, and/or the presence of predators. Moreover, emergence can be
influenced by gravel size and sedimentation (Witzel and MacCrimmon, 1981).

Although burying eggs in the gravel affords some measure of protection
from predation for the developing embryos, certain predators may still be able
to enter the redd and prey upon developing embryos and newly-hatched alevins.
For example, sculpins are small benthic fishes found in freshwater streams and
lakes throughout North America (Van Vliet, 1964; Scott and Crossman, 1973).
Sculpins typically reach lengths of 70–90 mm as adults and possess large flattened,
shovel-shaped heads and large pectoral fins that may assist them in burrowing
into the substrate. Several researchers have documented the presence of salmonid
eggs in the stomachs of sculpins (e.g., Greely, 1932; Moyle, 1977; Hudson et al.,
1995). Until recently, it was generally accepted that these were eggs that had been
dislodged from redds and were consumed after they floated away from the redd.
However, Dittman et al. (1998) have reported that sculpin enter redds and prey
upon salmonid eggs.

Defenses of salmonid eggs and alevins towards in-gravel predators are
presently unknown. However, we can predict that eggs may be able to hatch sooner
and that alevins may leave the redd sooner in response to nest predators, thereby
potentially avoiding predators within the redd. A few studies have documented
that amphibians can alter hatching in response to predators. Sih and Moore (1993)
report that amphibians can delay hatching in response to predators that forage on
tadpoles. By delaying hatching the tadpoles reach a developmental stage where
they are less vunerable to predators preying on larvae. Alternatively, Warkentin
(1995, 1999) and Chivers et al. (2001) demonstrate that amphibians can hatch ear-
lier in response to egg predators. It is not known whether charr possess the ability
to alter their timing of hatching in response to predation risk, but even without this
ability they may be able to alter their emergence behavior in response to perceived
ambient risk of predation.
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Aquatic animals can assess local predation risk by detecting chemical alarm
cues released by nearby conspecifics (reviewed in Chivers and Smith, 1998), or
by detecting chemical cues emanating from predators (reviewed in Kats and Dill,
1998). In many cases, prey animals need to be feeding on conspecifics of the
prey in order for the latter to respond to the predator (reviewed in Chivers and
Mirza, 2001). For example, Mathis and Smith (1993) found that fathead minnows
(Pimephales promelas) responded to chemical cues from pike (Esox lucius) fed a
diet of minnows, but not to cues from pike fed a diet of a different fish allopatric
to minnows.

A common predator on brook charr,Salvelinus fontinalis, eggs is the slimy
sculpin,Cottus cognatus(Greely, 1932). We (Mirza and Chivers unpubl. data)
have recently observed that slimy sculpins are attracted to chemical cues of charr
eggs emanating from the gravel. In the present study, we tested whether exposure
to predator cues would cause brook charr alevins to alter their emergence patterns
from artificial nests so as to reduce the risk of mortality within the redd. We predict
that exposure to chemical cues from sculpins feeding on eggs would cause alevins
to emerge earlier from the gravel. Furthermore, the individuals that emerge earlier
should also be less well-developed (i.e., have larger yolk sacs at emergence).
Individuals that emerge earlier may pay a fitness cost by emerging into an open
water habitat in a less developed state (Gustafson-Greenwood and Moring, 1990).

MATERIALS AND METHODS

Our study was approved by the Institutional Animal Care and Use Committee
of the University of Maine (Animal Research Protocol No. A98-10-03). Fertilized
brook charr eggs (Maine wild strain) were supplied by the Enfield state hatchery
in Enfield, ME in December of 1998. They were produced by mixing gametes
from 1 large adult female and 5 large adult males. We obtained eggs immediately
after fertilization. They were held in trays in flowing well water (9.5◦C, 5 l/min)
in the dark, in our lab at the University of Maine. Slimy sculpin were captured
from Spruce Mountain Brook in central Maine using a backpack electroshocker
and transported to our lab. Prior to the experimental trials sculpin were held in our
lab in a 350-l artificial stream tank at 12◦C under a 14:L 10:D photoperiod and fed
frozen brine shrimp (Artemiaspp.) ad libitum.

The experiment was conducted in a modified gravitational flow-through ap-
paratus under a 12 L:12 D illumination regime. Well water was pumped into a
large 890 l tank, chilled to 7.5◦C, and then pumped into three separate header
tanks at a rate of∼5 l/min. The header tanks contained either i) 10 sculpins (mean
±SD = 68.2 ± 3.4 mm standard length) fedad libitum brook charr eggs, ii)
10 sculpins (67.4± 2.1 mm standard length) fedad libitum with brine shrimp



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342732 July 25, 2001 22:51 Style file version Nov. 19th, 1999

1778 MIRZA, CHIVERS, AND GODIN

FIG. 1. Diagrammatic representation of an artificial redd.

or iii) well water only. Each header tank (76× 38× 36 cm) had nine outflows to
artificial redd boxes, plus an overflow. Each outflow had a control valve for setting
the flow rate to an artificial redd. Water flowed through each redd box and then
was recaptured in catch basins which overflowed down the drain.

The type of artificial redd boxes we used (Figure 1) were modified from
those used by Godin (1980). Each redd box consisted of a rectangular plastic box
(20× 15× 14 cm) into which we placed a perforated Plexiglas sheet 3 cm above
the bottom of the box. On top of this sheet we placed 5 cm of gravel (2.48± 0.63 cm
diam.). The perforated plate allowed for water to flow up through the redd box
without the inflow from the header tank being plugged by the gravel. A second
Plexiglas sheet was placed on top of the gravel to stop alevins from re-entering
the gravel once they emerged. Six holes (4.4 cm diam.) were cut into the sheet
and each fitted with a 4-cm long piece of PVC pipe to allow alevins to swim up
after emergence. Water flowed out the top of the redd box (Figure 1). This set-up
allowed us to mimic the upwelling effect which occurs in natural brook charr redds
(Greely, 1932). The sides of the redd boxes were wrapped in black plastic which
would allow entry of light from the tops of the redd boxes only.

Charr eggs were placed within the gravel layer and covered the same day they
were fertilized. We placed 150 eggs in each redd box. Redd boxes were randomly
assigned one of the three treatments (9 redd boxes/treatment). Water flow and
temperature were monitored daily in each individual redd box and the header
tanks. The mean temperature (±SD) was 9.4± 0.19◦C, and the mean flow-rate
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(±SD) was 344± 37 ml/min. There were no differences in temperature (ANOVA,
F2,14 = 2.37,P = 0.13) or flow rate (ANOVA,F2,14 = 0.06 P = 0.94) among
treatments.

Fresh eggs to be used for food were placed on a flat screen mesh tray (50×
30 cm) in the catch basins. Because egg mortality was high due to fungal growth,
eggs were frozen 14 days into the experiment. For the duration of the experiment,
sculpins were fed previously frozen charr eggsad libitum. Uneaten eggs were
removed daily.

Redd boxes were monitored twice a day (05:00 hr and 17:00 hr) for emerging
alevins. Early morning emergence checks corresponded with our simulated sunrise
and the late afternoon check corresponded with sunset. By checking the redd boxes
for emergence at sunrise and sunset we were able to determine whether the alevins
emerged at night or during the day. Emergence from gravel nests in salmonids is
largely nocturnal (Dill and Northcote, 1970; Godin, 1980;1982; Carey and Noakes,
1981). In the present study, the first alevin emergence was recorded 75 days after
fertilization of eggs. This was designated as the first day of emergence. Emergence
was recorded for five weeks after this date. Alevins were collected from the redd
boxes using pasteur pipettes and euthanized with an overdose of methyl tricane
sulphonate (MS-222). Alevins were then preserved in 5% buffered formalin, for
at least 90 days, for morphometric analysis.

All emergent alevins were enumerated. For each redd box, in each of the three
treatments, we calculated the percentage of alevins that emerged during each week.
We compared the percentage of alevin emergence among the three treatments,
using Kruskal-Wallis one-way ANOVAs for each week. This was followed by
post-hoc non-parametric pair-wise comparisons where appropriate; comparing the
sculpin-fed egg treatment to the other two treatments (Siegel and Castellan, 1988).

For the morphometric analysis we measured standard length and then weighed
each specimen (after towel drying), removed the yolk plug, and re-weighed the
specimen to determine the mass of the yolk plug. Preservation of the yolk plug in
formalin caused it to harden and be easily removed from the yolk sac (Godin et al.,
1977). We then conducted two-way ANOVAs on the standard length, yolk plug
mass, and ratio of yolk plug mass to standard length, testing for treatment effects,
time effects, and treatment× time interactions (Zar, 1996).

RESULTS

Exposure to chemical cues originating from sculpins had a marked effect on
the pattern of emergence of brook charr alevins (Figure 2). For both the sculpin-fed
brine shrimp treatment and the blank control treatment there was a steady increase
in emergence that peaked in week 3, and then a steady decrease. In contrast, an
initial pulse of emergence occurred in week 1 in the sculpin-fed egg treatment.
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FIG. 2. Mean (+SE) percent emergence of alevins exposed to chemical cues from either
sculpins fed charr eggs, sculpins fed brine shrimp or well water. Percent emergence was
calculated as the number of alevins that emerged each week over the total number emerged
after 5 weeks. All tests were conducted using non-parametric statistics (see text for details).
∗Denotes a significant difference atP< 0.05.

There was a general decline in emergence from week 1 through week 5. There
was a difference in alevin emergence among the treatments during the first week
(X2 = 7.85,df= 2,P= 0.01, 1-tailed). Significantly more alevins emerged during
week 1 in the sculpin-fed egg treatment than either of the other two treatments (non-
parametric pair-wise comparison,P< 0.05). There was also a difference in alevin
emergence among the treatments during week 3(X2 = 7.39,df = 2, P = 0.013,
1-tailed) as more alevins emerged from the blank control treatment than the sculpin-
fed egg treatment (non-parametric pair-wise comparison,P< 0.05). There were
no differences in the percentage of emergence among the treatments in weeks 2,
4, and 5 (X2 = 0.72,df = 2, P = 0.70;X2 = 0.62,df = 2, P = 0.74;X2 = 3.8,
df = 2, P = 0.15, respectively; Fig 2). Overall, we found that 61% of alevins
emerged at night. However, there was no significant treatment difference in the
overall numbers of alevins that emerged at night (X2 = 1.78,df = 2, P = 0.41,
2-tailed).

There were effects of time since deposition into the redd on alevin length, yolk
plug mass, and ratio of yolk plug mass to length (Table 1; Figure 3A). However,
there were no treatment effects on length, yolk plug mass, or ratio of yolk plug
mass to length; nor were there any interaction effects between treatment and time
(Table 1). For both mass of yolk plug and mass to length ratio, individuals that
emerged early had a larger yolk plug and larger mass to length ratio than those
individuals that emerged later (Figure 3B,C). A comparison of the results of the
morphometric analysis with the emergence data reveals that those individuals that
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FIG. 3. Mean (±SE) of A) yolk plug mass (mg), B) standard length (mm) and C) ratio of
yolk plug mass/length of alevins exposed to chemical cues from either sculpins fed charr
eggs, sculpins fed brine shrimp or well water. Numbers above bars represent the number of
redds in which emergences were recorded for that particular week (see text for details).
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TABLE 1. RESULTS OFTWO-WAY ANOVAS TESTING FOREFFECTS OF

TREATMENT AND TIME (WEEK), AND THEIR INTERACTIONS ONALEVIN

LENGTH, YOLK PLUG MASS, AND RATIO OF YOLK PLUG MASS TOLENGTH

F df P

Length
Treatment 2.37 2, 36 0.108
Week 7.75 4, 36 <0.001
Treatment×Week 0.33 7, 36 0.938

Yolk Plug Mass
Treatment 0.01 2, 36 0.996
Week 34.92 4, 36 <0.001
Treatment×Week 0.69 7, 36 0.697

Ratio of Yolk Plug Mass/Length
Treatment 0.03 2, 36 0.998
Week 40.33 4, 36 <0.001
Treatment×Week 0.06 7, 36 0.753

emerged earlier had larger yolk sacs and that a larger proportion of those individuals
emerged from the sculpin-fed egg treatment during the first week.

DISCUSSION

Our results demonstrate that brook charr alevins alter their pattern of emer-
gence from the redd when exposed to chemical cues from sculpins fed brook
charr eggs. By leaving the nest sooner, alevins may evade predation within the
redd. However, escaping predation in the redd may have a cost associated with it,
since individuals that emerged sooner were smaller and possessed larger yolk sacs
than individuals that emerged later. Typically, alevins emerge from the redd after
absorbing most of their yolk sac and then rest on the substrate outside the redd
reabsorbing the remainder of the yolk sac before dispersing in the stream or lake
(Godin, 1982). However, alevins may be vulnerable to predators outside the redd
during this period. If alevins are emerging with large yolk sacs, it may hamper
swimming ability making it harder to evade predators (Gustafson-Greenwood and
Moring, 1990). Thus, individuals which emerge earlier may be more at risk to
predation in the open-water habitat (Godin, 1982; Huntingford et al., 1988).

We also found that the pattern of alevin emergence differed between the
sculpin-fed egg treatment and the other two treatments. In the sculpin-fed egg
treatment, most of the emergence occurred in the first week and then slowly trailed
off. By comparison, in the other two treatments there was a steady increase in
emergence that peaked at week 3 and then steadily declined. Altering the natural
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pattern of emergence may also increase susceptibility of emerging alevins to preda-
tors outside the redd (Godin 1980, 1982). Alevins that synchronize emergence may
gain antipredator benefits from being in larger numbers through the predation risk
dilution and confusion effects (Godin, 1982,1986).

Alevins exhibit a trade-off in predation risk. If they were to stay within the
redd predation risk would be high. However, since alevins do not disperse right
away after emergence the risk of predation outside the redd may also be high
because other predators may be in the vicinity. Typically, most streams offer little
shelter since the substrate consists mainly of cobble and gravel. Benthic predators,
such as sculpins, would most likely be proficient in searching for prey in these
habitats. Thus, it may be difficult for alevins which emerged with larger yolk sacs
to hide and compensate for lost developmental time in the nest.

In addition to increased predation risk, there may be other costs associated
with early emergence. Impaired swimming ability due to possessing a larger yolk
sac may render alevins more prone to being displaced by water currents (Gustafson-
Greenwood and Moring, 1990). Similarily, presence of predators outside the
redd may induce downstream displacement which may be energetically costly
(Bardonnet and Heland, 1994).

Our study is the first to demonstrate experimentally a shift in the timing of nest
emergence behavior by alevins in response to chemical cues from predators. The
response we observed was not a general response to sculpin chemicals, but rather
was a response to cues of sculpins feeding on brook charr eggs. Cues from sculpins
feeding on brine shrimp were not sufficient to elicit this change in emergence
pattern. We do not know whether the observed shift in emergence would also
occur in response to injured eggs alone. Is the response we observed a response to
injured eggs or a response to injured eggs combined with predator odor? In either
case, predation is the causal factor changing the emergence pattern.

We observed that brook charr alevins altered their nest emergence patterns in
response to chemical cues associated with predation risk. The most likely expla-
nation for the observed pattern is that alevins made behavioral decisions regarding
when to emerge. However, it is possible that eggs detect chemical cues from
predators and hence alter their development, which in turn influences timing of
emergence. Blaustein (1997) hypothesizes that cladocerans and copepods were
less abundant in the presence of fire salamander larvae (Salamandra infraimmacu-
lata) because they exhibited hatching inhibition. Chivers et al. (2001) showed that
both Pacific tree frog (Hyla regilla) and Cascades frog (Rana cascadae) eggs hatch
faster in the presence of chemical cues from predatory leeches (families Glossi-
phonidae and Erpobdellidae), but not chemicals from non-predatory earthworms
(Lumbricus terrestris). It is not known whether fish eggs detect chemical cues from
predators and facultatively adjust timing of hatching in a similar manner. Further
research should address this question.
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Abstract—Queens of the slave-maker ant,Polyergus breviceps,take over nests
of theirFormicahost species by fatally attacking the resident queen. As workers
only begin grooming theP. brevicepsqueen once she has ceased her attack,
we investigated whether a change in parasite queen chemistry may account for
the change in worker behavior. Cuticular hydrocarbon profiles of newly mated
P. brevicepsqueens and of queens of their twoFormicahost species were found
to be species-specific. Profiles of newly matedP. brevicepsqueens that had
attacked aFormicaqueen, however, were virtually identical to the queen profile
of the species killed. Mass spectral analysis revealed that the hydrocarbons on
the cuticles of newly matedP. brevicepschanged from primarily normal alkanes
to methyl and di-methyl branched alkanes after attacks. The results suggest that
cuticular compounds from the host queen were transferred to the parasite queen
during their aggressive interaction.
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viceps, Formica gnava, Formica occulta,colony takeover, queen killing, chem-
ical camouflage.
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INTRODUCTION

Species of the ant genus,Polyergus, are all obligate social parasites, unable to
survive without the foraging, feeding, and brood care behaviors of theirFormica
hosts.Polyergusworkers acquire host workers (“slaves”) by robbing host species
nests of their pupae during summer months. TheFormicapupae mature in the slave-
maker’s nest and become full-functioning colony members. Queens ofPolyergus
also depend on the behaviors of their slaves, and new queens require a slave supply
to establish their colonies. However, rather than raiding a host nest for brood, a
new queen secures her initial slave supply by taking over a host species nest.
Frequently, an alatePolyergusgyne will mate while running alongside nestmates
that are advancing towards aFormicanest to raid. By the time the newly mated
queen reaches the targetedFormicanest, the inhabitants have already abandoned it
(temporarily) and the raiders have all but completed their pillaging and are making
their way back to their natal nest. The newly matedPolyergusgyne enters the
nest, as do theFormicasoon thereafter, and locates and fatally attacks the resident
queen (Wheeler, 1906; Topoff et al., 1988; Mori et al., 1995). In laboratory nests,
Formicaworkers at first will attack the invading queen, but attacks diminish once
thePolyergusqueen has begun her attack on theFormicaqueen.Formicaworkers
during this time seem to be either appeased (Topoff et al., 1988; Mori et al.,
2000a,b) or repelled (D’Ettorre et al., 2000) by a secretion from the Dufour’s
gland of thePolyergusqueen. Immediately after thePolyergusqueen ceases her
attack on the host queen, approximately 25 min after attack onset, workers begin
grooming the slave-maker queen. Results of laboratory experiments indicate that
the aggressive interaction between thePolyergusand Formica queens is a key
component in the ultimate acceptance of thePolyergusqueen (Zaayer, 1967; Topoff
et al., 1988, 1990; Topoff and Zimmerli, 1993; Mori et al., 1995). First,Polyergus
queens are more successful in their attempts to take over a nest when aFormica
queen is present (and thePolyergusqueen kills her) than when theFormicanest is
queenless. Worker attacks on an invadingPolyergusqueen in queenless colonies
tend to be relentless and almost always result in her death (Zaayer, 1967; Topoff
et al., 1988, 1990; Topoff and Zimmerli, 1993). Second, the associated change in
worker behavior takes place immediately after attacks on the host queen cease,
even if theFormica queen is still alive (although maimed, person. obs.). This is
unlike the delayed and gradual decrease in worker aggression that is sometimes
observed in other species when the resident queen is removed experimentally.

The prevailing hypothesis is thatFormicaworkers adopt aPolyergusqueen
because she is “camouflaged” with the host queen cuticular chemicals, chem-
icals familiar to the workers (Topoff et al., 1988, 1990; Topoff and Zimmerli,
1993; Zimmerli and Topoff, 1994). The lipid layer of the insect cuticle is capable
of absorbing other lipid soluble compounds (Soroker et al., 1994, 1995; Vienne
et al., 1995), and it has been demonstrated that chemicals can be transferred among
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individuals, even across higher level taxa, through social contact (see Vander Meer
and Wojcik, 1982). Thus, while attacking aFormicaqueen,Polyergusqueens may
be absorbing chemicals involved in nestmate/queen recognition from theFormica
queen. The recent results of Errard and D’Ettorre (1998) support this contention;
after aPolyergus rufescensLatreille queen kills aFormica cuniculariaLatreille
queen, her cuticular hydrocarbon profile resembles the hydrocarbon profiles of
F. cuniculariaqueens.

In this study, we examined whether a newly matedPolyergus brevicepsEmery
queen also undergoes changes in hydrocarbon profile after killing a queen of
her host species, and whether the resulting profile is then similar to the queen
profile of the host species. By comparing profiles ofP. brevicepsqueens that
had killed either aFormica gnavaBuckley or Formica occultaFrancoeur host
queen, we were further able to ascertain whether the changes in hydrocarbon
profiles were specific to the species ofFormicaqueen killed. Of the lipids found
on the cuticle, a significant percentage tends to be hydrocarbons (Jackson and
Blomquist, 1976). Numerous studies have demonstrated a correlation between
hydrocarbon patterns and nestmate recognition (e.g., Bonavita-Cougourdan et al.,
1987; Vander Meer and Morel, 1998). Recently, the importance of hydrocarbons
in nestmate recognition has been confirmed for some ant species (e.g., Lahav
et al., 1999), although other classes of compounds are undoubtedly also involved
(Obin, 1986). The particular pattern of hydrocarbons, frequently characteristic of
a species (nest [Nowbahari et al., 1990] or caste [Wagner et al., 1998]), is likely
to reflect similarities or differences in other non-polar and polar cuticular lipids
among species. Hydrocarbon profiles can, therefore, be used to investigate the
transfer of cuticular lipids, which are likely to contain nestmate recognition cues.
Certainly, the strong correlation between hydrocarbon profiles shared by other
parasites and predator myrmecophiles and their hosts and adoption by the host
colony is suggestive of this (e.g., Vander Meer and Wojcik, 1982; Franks et al.,
1990; Vander Meer et al., 1989).

METHODS AND MATERIALS

Ant Collections and Housing.Ant colonies were collected during June and
July of 1997 and 1998 from the Chiricahua Mountains of southeastern Arizona,
U.S.A.. Fifteen queenright colonies ofF. gnavawere collected from the Arizona
oak-alligator juniper woodlands of the Southwestern Research Station (SWRS)
of the American Museum of Natural History (el. 1646 m). Thirteen queenright
colonies ofF. occultawere collected from an area just east of the Barfoot Peak
trailhead (el. 2750 m) in Coronado National Forest populated with ponderosa pine.
Colonies were brought into the laboratory at SWRS and kept in large Tupperware©R

boxes lined with Fluon©R (Northern Products, Woonsocket, RI) to prevent escape.
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Newly matedP. brevicepsqueens from three nests withF. gnavaslaves (N= 49)
and from two nests withF. occultaslaves (N = 13) were collected as they ap-
proached theFormicanest being raided by their non-reproductive nestmates and
placed in individual 4 dram vials that contained a cotton ball moistened with water.

Solvent Extraction of Queens.Twelve established (with colony)F. gnava
queens and ten establishedF. occultaqueens were removed from their nests and
placed in individual Tupperware boxes (20.5× 45× 3.5 cm) lined with a thin layer
of soil. A single newly matedP. brevicepsqueen was introduced into the box and
allowed to attack theFormicaqueen. Immediately after attacks ceased,P. breviceps
andFormicaqueens were placed in individual 7 ml scintillation vials and a quantity
of high purity hexane (GC2 Grade [B & J, Muskegon, MI]) sufficient to cover the en-
tire body (approximately 0.3− 0.5 ml) was added to extract cuticular components
(see Table 1). After 10 min, the solvent extract was transferred from the sample with
a Pasteur pipette to a 2 ml scintillation vial and allowed to evaporate. In addition,
cuticular chemicals from newly matedP. brevicepsqueens (that had not attacked
a host queen) from nests containingF. gnavaslaves and from nests containing
F. occultaslaves, and from establishedF. gnavaandF. occultaqueens that had
not been presented toP. brevicepsqueens for attack were extracted using the same
protocol presented above (see Table 1). All specimens were preserved for voucher
in 70% ethyl alcohol (maintained in personal collection—CAJ).

Chemical Analysis.The evaporated extracts were transported to the United
States Department of Agriculture, Agricultural Research Service, Center for Med-
ical, Agricultural, and Veterinary Entomology in Gainesville, Florida where they
were reconstituted in 0.2 ml hexane, vortexed for 2–3 sec, and applied to a small
silicic acid (70–230 mesh 60̊A, [Aldrich Chemical Co., Inc.]) Pasteur pipette

TABLE 1. SPECIES ANDCONDITIONS OFQUEENS FROMWHICH CUTICULAR

HYDROCARBONSWEREANALYZED

Host species Number of
Species Condition in nest individuals

F. gnava 42
Newly mated

F. occulta 5
Polyergus breviceps

F. gnava 6
Killed Formicaqueen

F. occulta 6

Killed by Polyergus — 12
Formica gnava

No interactions withPolyergus — 3

Killed by Polyergus — 10
Formica occulta

No interactions withPolyergus — 3
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column. Hydrocarbons were isolated from other lipids by eluting the column with
hexane. The eluent, containing purified hydrocarbons (ca. 6–7 ml, which from
previous experience eluted all hydrocarbons), was concentrated to ca. 10µl un-
der a stream of N2. Samples were analyzed by gas chromatography (Varian 3700
[Varian Associates, Walnut Creek, CA] equipped with a split-splitless injector
[Agilent Technologies, Palo Alto, CA], a capillary column [DB – 1, 30 m, 0.32 mm
i.d., 0.25µm film thickness; J & W Scientific, Inc., Folsom, CA] and flame ioniza-
tion detector). The injector and detector were set at 300◦C; the oven temperature
was programmed from 190◦C to 290◦C at 5◦C/min, and then held at 290◦C for
5 min. Hydrogen was used as the carrier gas and nitrogen was used as the makeup
gas. Data were analyzed using PE Nelson Turbochrom Navigator 6.1.0.1FO4
(Perkin Elmer Corp., Norwalk, CT). Hydrocarbon standards (C24, C26, C28, C30,
C32, #NP-MIX-H [Alltech Associates, Inc., Deerfield, IL]) were injected at reg-
ular intervals during sample analysis. The standards were used to calculate Kovat
Indices (KI).

Mass Spectrometry.Representative samples of (a) newly matedP. breviceps
queens from nests containingF. gnavaslaves, (b) newly matedP. brevicepsqueens
that had killed aF. gnavaqueen, (c)F. gnavaqueens, (d) newly matedP. breviceps
queens from nests containingF. occultaslaves, (e) newly matedP. brevicepsqueens
that had killed anF. occultaqueen, and (f)F. occultaqueens were analyzed by
gas chromatography/mass spectroscopy. Electron impact-mass spectra (EI-MS)
were obtained with an HP 5890 Series II GC (Agilent Technologies, Palo Alto,
CA) connected to an HP 5988A MS instrument (Agilent Technologies, Palo Alto,
CA) operated at 70 eV and tuned to accentuate the high mass fragments. The
GC, equipped with an on-column injector and a SPB1 capillary column (0.25µm
film; 30 m× 0.32 mm i.d. [Supelco, Inc., Bellefonte, PA]), was held at 60◦C for
2 min and then increased to 200◦C at 30◦C/min, and then to 280◦C at 2◦C/min.
The MS was controlled and the data analyzed using Vector/Two software (ProLab
Resources, Inc., Madison, WI).

Data Analysis.Data were analyzed as two separate groups on the basis of
the host species present in the nests of newly matedP. brevicepsqueens. Group 1
compared: (a) newly matedP. brevicepsqueens from nests containingF. gnava
slaves, (b) newly matedP. brevicepsqueens that had killed aF. gnavaqueen,
(c) F. gnavaqueens, (d) andF. occultaqueens. Group 2 compared: (a) newly
matedP. brevicepsqueens from nests containingF. occulta slaves,(b) newly mated
P. brevicepsqueens that had killed anF. occultaqueen, (c)F. occultaqueens, and
(d) F. gnavaqueens. For multivariate analysis, it was necessary to preprocess
the data. The relative proportions of cuticular hydrocarbons were computed by
dividing the area given for each cuticular hydrocarbon by the total integrated peak
area of the profile, and then autoscaling each peak to ensure that it had equal
weight in the analysis. Principal component analysis (Jolliffe, 1986) was then
conducted on 45 normalized variables from Group 1, or on 48 normalized variables
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from Group 2. Invariant features were excluded from the principal component
analysis, therefore some GC peaks were excluded from the analysis of data sets
1 and 2. In data set 1, one newly matedP. brevicepssample and oneF. occulta
sample were deleted because the generalized distance test (Schwager and Margolin,
1982) determined them to be outliers at the 0.01 probability level. In data set 2,
one newly matedP. brevicepssample, oneF. occultasample, and oneF. gnava
sample were also determined to be outliers and were subsequently deleted from
the analysis. The multivariate analyses described here were performed by using
Pirouette (Infometrix, Woodinville, WA).

RESULTS

Five of the six significant hydrocarbon peaks isolated from the cuticle of
newly matedP. brevicepsqueens from nests containingF. gnavaslaves were de-
termined to be normal alkanes from C25 to C29 (trace of n-C24). The sixth peak
was identified as 2-methyl hexacosane. KI data indicate that other 2-methyl even
carbon backboned homologues may be present, however, their concentration was
inadequate for mass spectral verification. In contrast to the predominance of normal
alkanes on the cuticle of newly matedP. brevicepsqueens, the hydrocarbon com-
ponents ofF. gnavaqueens were all methyl or di-methyl branched hydrocarbons
(see Table 2). No normal alkanes were detected. Soon after attacking aF. gnava
queen, the hydrocarbon profile of the newly matedP. brevicepsqueen changed
dramatically to one that approximated the profile of aF. gnavaqueen (Figure 1).
Mass spectral analysis indicates that the hydrocarbon peaks found on the cuticle
of aP. brevicepsqueen that had attacked aF. gnavaqueen contained hydrocarbon
components that were identical to those found on hostF. gnavaqueens (Table 2,
Figure 1).

A plot of the two largest principal components, which account for 58% of
the total cumulative variance, for Group 1 (P. brevicepsassociated withF. gnava,
see Figure 3a) shows that newly matedP. brevicepsqueens were clearly separated
from P. brevicepsqueens that had attacked aF. gnavaqueen,F. gnavaqueens, and
F. occultaqueens.Polyergus brevicepsqueens that had attacked aF. gnavaqueen,
however, clustered withF. gnavaqueens, indicating hydrocarbon profiles of newly
matedP. brevicepsqueens changed after attacks.Formica gnavaqueens killed
by P. brevicepshad variable amounts of the saturated hydrocarbons associated
specifically withP. brevicepsnewly mated queens, an indication that there was
some reciprocal transfer of cuticular compounds during the interactions between
parasite and host queens.Formica occultaqueens were distinctly separated from
the three groups defined above on the second principal component.

The chromatograms of newly matedP. brevicepsqueens reared in nests with
F. occultahost workers are qualitatively similar to those of queens reared in nests
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TABLE 2. COMPOUNDSTRUCTURES OFPEAKS IN HYDROCARBONPROFILES OFP.
brevicepsQUEENSFROM NESTSWITH F. gnavaHOSTWORKERSTHAT EITHER WERE

NEWLY MATED OR KILLED A F. gnavaQUEEN, AND OF F. gnavaQUEENS

Queens

Peak Carbon Kovat Newly matedP. brevicepsthat
number number Structures index P. breviceps killed F. gnava F. gnava

1 25 11-;12-MeC24 2425 +a +
2 25 2-MeC24 2462 + +
3 26 2,10-; 2,12-;2,14- 2492 + +

DiMeC24

4 25 n-C25:0 2500 +
5 26 9-;11-;13-MeC25 2528 + +
6 27 9,13-;11,15- 2561 + +

DiMeC25

7 27 5,11-;5,13-;5,15- 2580 + +
DiMeC25

8 27 2,10-;2,12-;2,14- 2595 + +
DiMeC25

9 26 n-C26:0 2600 +
10 27 10-;11-;12-;13- 2625 + +

MeC26

11 27 2-MeC26 2669 + + +
12 28 2,12-;2,14-;2,16- 2697 + +

DiMeC26

13 27 n-C27:0 2700 +
14 28 9-;11-;13-MeC27 2734 + +
15 28 n-C28:0 2800 + +
16 29 n-C29:0 2900 +
aIndicates peak presence.

with F. gnavahost workers, but the peaks differ in relative amounts (compare
Figure 1a with Figure 2a). The cuticular hydrocarbons are composed primarily of
normal hydrocarbons (C24 through C29). Minor components, 2-methyl branched
hydrocarbons associated with even carbon backbones (C24, C26, C28), are also
sometimes present in detectable amounts. The cuticular hydrocarbon profiles of
F. occultaqueens (Figure 2c) are more complex than those ofF. gnavaqueens
(Figure 1c). LikeF. gnavaqueens, however, the cuticular hydrocarbons ofF.
occultaqueens are composed exclusively of methyl and di-methyl branched com-
pounds (Table 3). No normal alkanes were detected. Similar toP. brevicepsqueens
that attacked aF. gnavaqueen, soon after attacking aF. occultaqueen, the hy-
drocarbon profiles of theP. brevicepsqueens changed, mimicking the profile of
F. occultaqueens (Figure 2). Mass spectra of cuticular hydrocarbon peaks of the
parasiteP. brevicepsqueen after attacking aF. occultaqueen were identical to
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FIG. 1. Representative gas chromatographic profiles of cuticular hydrocarbons fromP.
brevicepsandF. gnavaqueens.(a) Newly matedP. brevicepsqueen from nest containing
F. gnavaslaves.(b) Polyergus brevicepsqueen after attacking aF. gnavaqueen. Note the
presence of chemical peaks that correspond to peaks in the profile of aF. gnavaqueen(c).
Compare with Figure 2.
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FIG. 2. Representative gas chromatographic profiles of cuticular hydrocarbons fromP.
brevicepsandF. occultaqueens.(a) Newly matedP. brevicepsqueen from nest containing
F. occultaslaves.(b) Polyergus brevicepsqueen after attacking aF. occultaqueen. Note the
presence of chemical peaks that correspond to peaks in the profile of aF. occultaqueen(c).
Compare with Figure 1.
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TABLE 3. COMPOUNDSTRUCTURES OFPEAKS IN HYDROCARBONPROFILES OF

P. brevicepsQUEENSFROM NESTSWITH F. occultaHOSTWORKERSTHAT EITHER WERE

NEWLY MATED OR KILLED A F. occultaQUEEN, AND OF F. occultaQUEENS

Queens

P. breviceps
Peak Carbon Kovat Newly mated that killed
number number Structures index P. breviceps F. occulta F. occulta

1 25 5,13-;5,15-; 2380–2404 +a +
5,17-DiMeC23;
2,6-DiMeC23

2 24 n-C24:0 2400 +
3 25 6-;8-;10-;12-MeC24 2425 + +
4 25 4-;2-MeC24 2462 + +
5 26 2,10-; 2,12-;2,14-; 2492 + +

2,16-DiMeC24

6 25 n-C25:0 2500 +
7 26 9-;11-;13-MeC25 2528 + +
8 26 7-MeC25 2545 + +
9 27 7,11-;9,13-;11,15- 2561 + +

DiMeC25

10 27 5,11-;5,13-;5,15-;5, 2580 +
17-;5,19-DiMeC25

11 27 3,9-;3,11-;3,13- 2595–2604 + +
DiMeC25

12 26 n-C26:0 2600 +
13 27 6-;8-;10-; 2625–2631 + +

12-;14-MeC26

14 27 2-MeC26:0 2669 + + +
15 28 8,12-;10,14-DiMeC26 2657–2676 + +
16 28 2,6-;2,8-;2,10-;2,12-; 2690–2697 + +

2,14-DiMeC26

17 27 n-C27:0 2700 +
18 28 9-;11-;13-MeC27 2734 + +
19 29 7,11-;9,13-;11,15- 2768–2776 + +

DiMeC27

20 29 5,12-;5,15-;5,17-; 2785 + +
5,19-DiMeC27

21 28 n-C28:0 2800 +
22 29 3,11-;3,13-;3,15- 2802–2810 + +

DiMeC27

23 29 6-;10-;12-;14-MeC28 2825 + +
24 29 n-C29:0 2900 +
25 30 11-;13-;15-MeC29 2930 + +
aIndicates peak presence.
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FIG. 3. Principal component maps of cuticular hydrocarbons fromP. breviceps, F. gnava,
andF. occultaqueens.(a) 0 = newly matedP. brevicepsqueens from nests containingF.
gnavaslaves, 1= killer newly matedP. brevicepsqueens from nests containingF. gnava
slaves, 2= F. gnavaqueens, 3= F. occultaqueens.(b) 0 = newly matedP. breviceps
queens from nests containingF. occultaslaves, 1= killer newly matedP. brevicepsqueens
from nests containingF. occultaslaves, 2= F. occultaqueens, 3= F. gnavaqueens.

those found on hostF. occultaqueens (Table 3, Figure 2).Formica occultaqueens
killed by P. breviceps queens seemed to acquire certain specific hydrocarbons
associated withP. brevicepsqueens during the conflict, thus confirming again that
there was some mutual transference of cuticular compounds.

A plot of the two largest principal components, which account for 61% of the
total cumulative variance, for Group 2 (P. brevicepsassociated withF. occulta,see
Figure 3b), shows that newly matedP. brevicepsqueens are well separated from
newly matedP. brevicepsqueens that had just killed anF. occultaqueen,F. occulta
queens, andF. gnavaqueens.Polyergus brevicepsqueens that killed aF. occulta
queen clustered amongF. occultaqueens.Formica gnavaqueens were distinctly
separated from these groups.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342733 July 25, 2001 17:46 Style file version Nov. 19th, 1999

1798 JOHNSON, VANDER MEER, AND LAVINE

DISCUSSION

Chemical Camouflage and Adoption of the Polyergus Queen. Polyergus bre-
vicepsqueens, in taking over aFormicacolony, must be accepted by adults that
have not been exposed previously to her odor. It is clear from initialFormica
worker aggression directed atP. brevicepsqueens invading a nest, thatP. brevi-
cepsqueens are not naturally candidates for adoption. The qualitative differences
that we found in hydrocarbons between newly matedP. brevicepsqueens and host
Formicaqueens was, therefore, none too surprising and indicate thatP. breviceps
and its host species have not co-evolved such that queen cuticular hydrocarbon
profiles, and probably other relevant chemical profiles, are inherently similar. In-
stead, integration of parasite queen among host workers seems to require several
diverse tactics, one of which is chemical camouflage.Polyergusqueens first ward
off attackers with secretions from the Dufour’s gland while attacking the resident
queen (Topoff et al., 1988; D’Ettorre et al., 2000; Mori et al., 2000 a,b). However,
soon after the attack on the host queen ceases, host workers aggregate around the
parasite queen and begin grooming her. Sampling of the cuticular hydrocarbons
from newly mated queens and from attackers, just as attacks were completed, in-
dicated that the newly mated queen profiles transformed dramatically, containing
at first simple hydrocarbons and then harboring complex methyl and di-methyl
branched hydrocarbons. These new profiles were virtually identical both in peak
quality and relative proportion to the queen profiles of the species of queen at-
tacked, a result similar to that discovered by Errard and D’Ettorre (1998) for
P. rufescens.This, concomitant with the rapidity of the chemical change and mod-
ification in host worker behavior, suggests that the emergence of new chemical
components (adoptive properties?) is not due to a biosynthetic change triggered by
the aggressive interaction, at least initially, as has been proposed for other social
parasites (Bagn`eres et al. 1996). Of course, only tracing the movement of labeled
hydrocarbons could demonstrate chemicals were indeed transferred. It should be
furthermore noted that, if this is a system of chemical transfer, it is not perfect. In
two instances, profiles ofP. brevicepsqueens that had killed aFormicaqueen (one
F. gnavaand oneF. occulta) did not cluster with the respectiveFormicaspecies,
but clustered with newly matedP. breviceps(Figures 3a and b).

In the socially parasitic wasp,Polistes atrimandibularisZimmermann, the
profile change does undoubtedly seem to be the result of a change in metabolic
pathway in addition to adsorption of host chemicals (Bagn`eres et al., 1996).
Over a period of several months, unsaturated hydrocarbons ofP. atrimandibu-
laris queens that have invaded a nest ofPolistes biglumis bimaculatusGeoffroy
disappear from the parasite cuticle and are replaced with the saturated products of
the host species. Generally, the invasion byP. atrimandibularisis a passive one
and seems to be restricted to usurping incipient nests of its host. This is unlike
the strategic invasion by queens of the socially parasitic waspPolistes sulcifer
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Zimmermann, which take over nests by expelling or killing the dominant queen
of its host species,Polistes dominulus(Christ) (Turillazzi et al., 1990). Recently,
it was demonstrated thatP. sulciferqueens also change their chemical profile, re-
sembling the host queen almost completely within 3 days (Turillazzi et al., 2000).
The stroking and prolonged licking of host individuals suggest, furthermore, that
P. sulciferachieves host chemical similarity by obtaining chemicals directly from
the host.

While the acquisition of new cuticular components by newly matedP. brevi-
cepsqueens that have attacked aFormicaqueen is readily explainable, the apparent
rapid loss of the n-alkanes in such a short time period is not. Most likely, the abun-
dance of newly acquired material has overwhelmed the original components. Our
data, however, were insufficient to determine if this indeed is the case. In the above
mentioned species that undergo similar profile changes, pre-invasion or pre-attack
profile components are also lost. Although the loss of particular components in
these instances takes admittedly longer, one peak in the profile ofP. sulciferdoes
show substantial decrease after only 90 min (Turillazzi et al., 2000).

Integration by Other Slave-Maker Species.Queens of other socially parasitic
ant species also appear to infiltrate their host species colony by camouflaging them-
selves with host chemicals. For example, the slave-maker queen,Leptothorax kut-
teri Buschinger, aggressively grooms the hostLeptothorax acervorum(Fabricius)
queen and workers upon invading their nest, resulting in a chemical profile very
similar to that ofL. acervorum.Experimentally preventing aL. kutteriqueen from
grooming host individuals results in aggressive attacks, suggesting that a chem-
ical transfer takes place and that this allows invading queens to become adopted
by host workers (Franks et al., 1990). Some dependent colony founding queens,
however, do not need to be adopted by adult host workers in order to establish a
new colony. The facultative slave-maker,Formica wheeleriCreighton, usurps a
F. occultanest by invading a nest, inducing the adult inhabitants to flee, and appro-
priating the brood left behind (Topoff et al., 1990). The workers that emerge from
the orphaned brood adopt the slave-maker queen and eventually rear her offspring.
Presumably, these newly emerged workers, having been exposed to theF. wheeleri
queen during early periods of development (Morel, 1983; Errard, 1984, Morel
et al., 1988) or soon after eclosion (see Vander Meer and Morel, 1998), incorpo-
rate her odor into their nestmate recognition odor template and, thereby, accept her.
A preliminary examination of cuticular hydrocarbon data revealed that the queen
profiles ofF. wheeleriandF. occultawere not similar, even after a new queen had
been residing withF. occultaworkers for one year (Johnson, 2000). These results
promote the contention that the chemical change inP. brevicepsis not fortuitous.

Newly Mated Queen Profiles.Acquisition of chemicals from a host species
queen could facilitate integration of theP. brevicepsqueens among host work-
ers, as well as allow the parasite queen to solicit the particular attention work-
ers often display towards reproductive individuals. Nonetheless, the newly mated
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P. brevicepsprofile should not be dismissed as inconsequential. The cuticular hy-
drocarbon profiles ofP. brevicepsqueens here were clearly simple relative to the
profiles of the host species queens. However, the parasite queen profiles were
also qualitatively identical to the pupae hydrocarbon profiles of bothF. gnavaand
F. occulta(Johnson, 2000; Johnson & Vander Meer unpublished data), but dif-
fered from pupae profiles ofP. breviceps! The peaks in profiles of newly mated
P. brevicepsassociated withF. gnavawere, furthermore, of similar relative propor-
tions. Others have noted previously that newly matedPolyergus rufescensqueens
(D’Ettorre et al., 2000) and callows belonging to other species (Lenoir et al.,
1999) lack a chemical profile. This “chemical insignificance” is suggested to fa-
cilitate integration by minimizing aggression and allowing individuals to acquire
the appropriate chemical suit (Lenoir et al., 2001). In the case of newly mated
P. brevicepsgynes, however, it seems that rather than being chemically insignif-
icant, their pupa-like profile may be significant, having similar consequences as
those gained by chemically insignificant profiles, such as diminishing aggressive
reactions upon invading a nest and facilitating movement towards the host queen.

Visual inspection of hydrocarbon patterns of newly matedP. brevicepsqueens
has revealed an additional interesting result. Hydrocarbon components of newly
matedP. brevicepsqueens from nests withF. gnavaslaves differed consistently
in relative proportions from newly matedP. brevicepsqueens collected from nests
with F. occultaslaves (compare Figure 1a with Figure 2a). BecauseP. breviceps
are obligatorily dependent on their host species for survival, rearingP. brevi-
cepswithout some chemical influence from theirFormica host species seems
unlikely. However, the clear differences in hydrocarbon profiles ofP. breviceps
female alates and their adult hosts are indicative of minimal chemical interaction.
Thus, the consistent differences in cuticular hydrocarbon profiles of newly mated
P. brevicepsqueens associated with the two host species could reflect (a) different
environmental conditions in each host nest or (b) the emergence of two host races
or species. It would be unduly worthwhile to clarify the relationship between these
two populations ofP. breviceps.

Previous Studies on Polyergus Worker Profiles.Not surprisingly, there are
some similarities and differences in what we and Errard and D’Ettorre (1998)
found withPolyergusqueen profiles (and the respective changes) and what others
have found examining worker profiles ofPolyergusand other slave-makers and
their hosts. The profile from workers of the Japanese slave-maker ant,Polyergus
samuraiYano, was found to be qualitatively and quantitatively identical to the
profile of their host species,Formica japonicaMotschulsky (Yamaoko, 1990).
Differences among colonies and sites for both parasite and host suggested that
P. samuraisynthesize very little of their own cuticular hydrocarbons, receiving the
majority from the host species. Habersetzer and Bonavita-Cougourdan (1993)
and Habersetzer (1993), on the other hand, found the European slave-maker,
Polyergus rufescens,to maintain some species specificity in their cuticular
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hydrocarbon profiles by retaining five major peaks not found in the profiles of
their Formica cuniculariahost. They also found that theFormica lost some of
their colony characteristics, although this may be a confounding result of sampling
workers from a mixed species nest. Bonavita-Cougourdan et al. (1996, 1997) also
found P. rufescensto maintain some semblance of specificity by retaining com-
pounds that were not on either of their two potential host species,F. cunicularia
andFormica rufibarbisFabricius. Their results, however, indicate a complex sys-
tem of profile convergence that does not involve the transfer of chemicals across
species. Instead, the proportions of cuticular hydrocarbons that are shared and nor-
mally synthesized by each species are adapted such that the other species profiles
are rivaled.Polyergus, in the forefront, adjusted its profile the most, but the profile
modification by bothFormicaspecies made them distinct from other monospecific,
conspecific colonies.

One might expect similar results from another prominent slave-maker,
Harpagoxenus sublaevisNylander. However,H. sublaevis,which sometimes main-
tains two species ofLeptothoraxsimultaneously, does not produce their own spe-
cific hydrocarbons (Kaib et al.,1993) but acquires constituents through allogroom-
ing. Hence, they contribute nothing to the profiles of their host species. The two
Leptothoraxspecies, however, modify each other’s signatures when both are in a
singleH. sublaevisnest (Kaib et al., 1993).

Differences in integration mechanisms of workers and slave-maker queens
that usurp nests of worker adults are not surprising. Typically, both parasite and
host workers in slave-maker nests are exposed to the nestmate recognition cues of
the other species as immatures or callows, when much of the nestmate recognition
template is being formed (see Jaisson 1975a,b; Le Moli and Passetti, 1977, 1978;
Le Moli, 1980; Le Moli and Mori, 1982, 1987; Morel et al., 1988). They, therefore,
need not rely on camouflage to be accepted by the other species.Polyergusqueens
as dependent colony founders, on the other hand, need an immediate chemical
armor.
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1997. Plasticity of the cuticular hydrocarbon profile of the slave-making antPolyergus rufescens
depending on the social environment.Comp. Biochem. Physiol. B116:287–302.
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Abstract—Within a colony of harvester ants (Pogonomyrmex barbatus), work-
ers in different task groups differ in the hydrocarbon composition of the cuticle.
Foragers and patrollers, which spend extended periods of time outside the nest,
have a higher proportion of saturated, unbranched hydrocarbons (n-alkanes)
on the cuticle than nest maintenance workers, which spend only short periods
of time outside the nest. We tested whether these task-related differences in
ant cuticular chemistry arise from exposure to conditions outside the nest. Nest
maintenance workers experiencing daily, short-term outside exposure developed
a higher proportion ofn-alkanes on the cuticle than workers kept inside the lab.
Independent manipulations of ultraviolet radiation, relative humidity, and tem-
perature revealed that only the combination of high temperature (ca. 38◦C) and
low relative humidity (ca. 8%) increased the proportion of cuticularn-alkanes.
The results indicate that warm dry conditions, such as those encountered when
an ant leaves the nest, trigger changes in cuticular chemistry.

Key Words—Cuticular hydrocarbons, Formicidae,Pogonomyrmex barbatus,
n-alkanes, task.

INTRODUCTION

A social insect colony performs many tasks, including foraging, nest construction,
and feeding the young. In many social insect species, workers are not specialized
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to perform a particular task but change tasks throughout their lifetimes (Gordon,
1996; Franks et al., 1997). Typically, the tasks performed early in life take place
entirely inside the nest, such as care of the queen and brood, while tasks that require
leaving the nest are performed later in life (Wilson, 1971).

Workers of the harvester ant,Pogonomyrmex barbatus(F. Smith), perform
four tasks outside the nest: nest maintenance, midden work, patrolling, and foraging
(Gordon, 1986). Nest maintenance workers work mostly inside the nest, leaving the
nest on brief trips lasting less than a minute (personal observation) to remove bits
of soil and rock from the nest. Midden workers arrange organic debris on the nest
mound. Patrollers choose the day’s foraging location and respond to disturbances.
Foragers find and retrieve food items. In contrast to nest maintenance, foraging
and patrolling require a considerable amount of time outside the nest. A single
trip by a forager averages 23 min, with a range of 2–165 min (Gordon and Kulig,
1996). It appears that a worker progresses from nest maintenance to foraging. Nest
maintenance workers will switch to foraging when new food sources become avail-
able (Gordon, 1989). This transition occurs in one direction only: once a worker
switches to foraging, it does not switch back to nest maintenance. New nest main-
tenance workers, if needed, are recruited from among the pool of interior workers
(Gordon, 1989).

The transition to exterior work introduces harvester ants to new and ex-
treme physiological challenges.Pogonomyrmex barbatusoccupies arid regions
of North America. Colonies are active during the warm months of the
year, from March to November. Work outside the nest occurs in the
daylight hours (Gordon, 1986), and soil temperatures during periods of activ-
ity are often very high (Whitford, 1976). In comparison to interior workers, ex-
terior workers experience higher temperature, lower humidity, and direct solar
radiation.

Caste differences in cuticular hydrocarbon composition have been reported
for several social insect species (Howard et al., 1982; Smith and Taylor, 1990;
Bonavita-Cougourdan et al., 1993; Haverty et al., 1996; Kaib et al., 2000). Pre-
vious work onP. barbatusdemonstrated that foragers and patrollers have higher
proportions ofn-alkanes, relative to branched alkanes and alkenes, than nest main-
tenance workers (Wagner et al., 1998). Because harvester ant foragers and pa-
trollers spend more time outside the nest than nest maintenance workers, the
higher proportion of saturated, unbranched hydrocarbons on the cuticle might
be a response to the warmer, drier conditions they face. Another possibility is
that both task and cuticular composition change independently with age. The
purpose of this study was to test the hypothesis that exposure to external con-
ditions (ultraviolet light, warm temperature, low humidity, or some combina-
tion of these factors) causes an increase in the percentage ofn-alkanes on the
cuticle.
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METHODS

Experiments were conducted at the Southwestern Research Station of the
American Museum of Natural History in Portal, AZ, USA. In each experiment
we exposedP. barbatusnest maintenance workers from 3 colonies to various
combinations of the environmental conditions they would be likely to encounter
outside the nest. Nest maintenance workers were collected as they left the nest
carrying soil in their mandibles. The colonies from which we collected workers
were large and appeared mature (5 years or older, Gordon, 1995); the nest mound
of each was>1 m in diameter. In the laboratory, the workers from each colony
were placed into a plastic box and provided with an aluminum foil shelter, a
source of moisture, and an unlimited supply of 20% sucrose solution. On the day
an experiment was to begin, a random sample of workers from each colony was
killed by placing them in a freezer at−80◦C. These ants were used to determine
the initial cuticular hydrocarbon composition of the nest maintenance workers.

Exposure to Outside Conditions.Ants in this experiment were subjected to
one of two treatments: (1) 50 min periods of exposure to outdoor conditions or
(2) no exposure to outdoor conditions. Nest maintenance workers were collected
from colonies S1, S6, and S7. Workers were randomly assigned to treatment and
holding container. Holding containers were polystyrene dishes with plaster floors
and gently sloping sides to prevent shadows on the floor of the dish when placed in
the sunlight. The sides of the holding containers were coated with Fluon (Northern
Products Inc., Woonsocket, RI) to prevent ants from escaping. There were 3 holding
containers per treatment-colony combination, and 1–4 ants per holding container.
The plaster was moistened daily with approximately 3–5 ml of water. Except dur-
ing periods of active exposure, ants were provided with sucrose solution and each
holding container was kept covered with a individual plastic plate.

Each morning thereafter between 1000 and 1130, food and shelters were
removed from all containers. The lids were then replaced on the containers holding
the indoor control ants. Ants to be exposed were carried outside in their open
containers and placed on a level surface in direct sunlight for 50 min. The duration
of exposure was chosen to be similar to that of two average foraging trips (about
23 min each, Gordon and Kulig, 1996). The positions of containers were rotated
from day to day to prevent positional effects. After exposure, ants were returned
to the lab and food and shelters were restored to all containers. Ants of the indoor
control group were never put outside. Twenty days from the beginning of the
experiment, all treatment and control ants were killed, by placing them into a
−80◦C freezer, and stored for later chemical analysis.

To measure the environmental conditions experienced by ants in the two
treatments, we monitored temperature and relative humidity (RH) in holding con-
tainers that lacked ants, but that were treated in the same way as containers that
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did hold ants (plaster was watered, food changed, and dishes covered as usual).
We had to monitor empty containers because ants could escape by climbing onto
the temperature probe. We placed two empty containers outdoors during each ex-
posure trial and monitored temperature and humidity in them every few minutes.
Temperature was measured on the surface of the plaster using a thermocouple
thermometer equipped with a surface probe (Hanna Instruments, Woonsocket,
RI). Temperature and RH 1 cm above the plaster surface were measured using
a thermohygrometer (Oakton, Forestry Suppliers, Jackson MS #76001). Two ad-
ditional empty containers were maintained inside the laboratory with the control
ants. Once each day, we measured surface temperature, air temperature, and hu-
midity inside the closed containers by inserting probes through doors in the plastic
lids.

Ultraviolet Light Manipulation.We manipulated the level of exposure to
ultraviolet (UV) light by placing ants outside under canopies constructed of filters
that transmitted either low or high levels of UV, while monitoring temperature and
humidity to assure that they did not vary among UV treatments. Low-UV canopies
were constructed from plastic sheets with transmission of 0% at wavelengths less
380 nm (Lee Filters, Hampshire, UK #226). High-UV canopies were constructed
of sheets with 90% transmission at 380 nm, 85% transmission at 350 nm, and
0% transmission at wavelengths less than 310 nm (Lee Filters #226). Canopies
were constructed on 50× 50× 50 cm frames made of dowels. The filter material
was secured across the top and extended out 25 cm to each side. During exposure
periods (1030 to 1200), the sun was high overhead and no direct sunlight reached
the floor of the canopy without first passing through the filter. Reflected UV light
from indirect sources could enter from the sides.

Nest maintenance workers from colonies I, K, and M were randomly assigned
to high or low UV exposure, and to one of two holding containers per colony-
treatment combination (1–4 ants per holding container). Each morning thereafter,
ants were placed under the appropriate canopy for 50 min. All ants experienced a
brief period of exposure to UV light, lasting approximately 5–10 sec, as they were
carried from the laboratory to the canopies. When not underneath the canopies,
ants were kept covered in the laboratory. After 11 days of daily treatments, ants
were killed and stored at−80◦C.

Temperature and humidity measurements were taken from two containers
per treatment that lacked ants, as described above. These containers were moved
outside and inside along with the ant containers. We took multiple measurements
of temperature and RH from each dish while the ants were outside, and one mea-
surement per day of conditions inside closed containers in the laboratory.

Temperature and Humidity Manipulations.We manipulated temperature and
humidity in a 2× 2 factorial experiment conducted in the laboratory. Each exper-
imental treatment combination was administered in a plastic chamber, 50× 35×
20 cm (length× width × depth) in size. Two chambers, one maintained at high
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humidity and one at low, sat on a silicone rubber-laminated heating mat attached to
a temperature controller (Thermolyne, Dubuque, IO), and two chambers sat on the
desktop at room temperature. We defined high temperature as 35–40◦C, moderate
temperature as room temperature (25–30◦C), high humidity as 95–100% RH, and
low humidity as 10–30% RH. We created high RH in two chambers by sprinkling
approximately 100 ml of water onto the chamber floors, and created low RH by
sprinkling approximately 100 ml of desiccant crystals (Drierite, Fisher #07–577)
on the floors in a similar manner. Desiccant crystals were regenerated and replaced
daily. Chambers were cleaned and dried daily. We rotated chambers through treat-
ments to prevent confounding chamber with treatment effects.

Ants from colonies I, J, and K were assigned randomly to treatment and
holding containers. There were 1–5 ants per holding container and 2 holding
containers for each treatment-colony combination. Chambers were prepared each
morning and were considered ready to use when the temperature in the “warm”
chambers was approximately 40◦C, the relative humidity in the “dry” chambers was
10–20%, and the RH in the “moist” chambers was 90–100%. Containers holding
ants were placed into the chambers between 1000 and 1130 hours. There was
an equilibration period, lasting 5–10 min, during which chambers were returned
to the target temperature and humidity. Ants were then kept in the chambers for
another 50 min. Air temperature and RH inside the chambers were measured by
inserting probes into small holes in the chamber walls. Whenever the probe was
withdrawn, rubber stoppers were quickly inserted into the holes. The experiment
continued for 11 days, after which all ants were killed and stored at−80◦C.

Chemical Analysis.Chemical analyses were conducted at Stanford University.
Frozen ants were transported to Stanford University on dry ice and stored at−80◦C.
Methods of extraction and analysis are described in detail in Wagner et al. (1998).
We extracted the cuticular lipids from each ant separately by immersion in 1 ml of
pentane. The mixture was gently shaken during the first minute of soaking. After
10 min soaking, the fluid was transferred to a clean vial and dried under a stream
of N2. The residue was dissolved in 50µl of chloroform. Aliquots of 1µl were
introduced by splitless injection onto a SPB-1 fused silica capillary column (30 m,
0.25 mm ID, 0.5µm film thickness; Supelco, Bellefonte, Pennsylvania); samples
were purged after 1 min. The carrier gas was He, flowing at 1 ml/min. The injector
was maintained at 300◦C. The oven was set at 170◦C during injection, raised
quickly to 220◦C at 25◦C/min, then more slowly to 300◦C at 3◦C/min. Samples
of a standardized mixture of hydrocarbons were interspersed among ant samples
to confirm the consistency of elution times.

We identified unknown compounds, and confirmed the identity of peaks with
retention times and relative positions known from previous work, by analyzing the
mass spectra of peaks from a small sample of ants frozen at the time of collection.
Lipids were extracted from 3–5 ants from each experiment and the extracts treated
as described above. Approximately 2–4µl were injected onto a capillary column
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(DB-1, J&W Scientific, Folsom, CA, USA) and analyzed on an HP 5890/5970
GC/MS. Instrument temperatures and run times were the same as above, except
the oven was raised to a final temperature of 310◦C. We used Nelson et al. (1980
andin press) as references when identifying compounds. For each experiment, we
used only those compounds that composed at least 0.5% of the total ion abundance
in the data analysis.

Data Analysis.The dependent variable for all statistical analyses was the
proportion ofn-alkanes in the total ion abundance for each ant. Data were arc-
sine square root-transformed when necessary to meet the assumption of normality.
For each experiment, we tested the effect of treatment and colony on proportional
abundance ofn-alkanes using a two-way factorial analysis of variance. For the out-
side exposure and UV manipulation experiments, we compared the average daily
temperature and RH experienced by ants in the two treatments of each experiment
using pairedt-tests.

RESULTS

Chemical Analysis.We found between 21 and 30 cuticular lipid compounds
on individual ants in the three experiments. All but two of these compounds had
been identified in previous studies (Wagner et al., 1998; Wagner et al., 2000). Com-
pounds included normal alkanes, mono- and di-methylbranched alkanes, alkenes,
and esters. We were unable to identify two novel compounds found in trace amounts
(each constituted<1% on average) on ants in the UV exposure experiment. The
mass spectra of these unknown compounds indicated that they were notn-alkanes.
No novel compounds were produced in response to experimental manipulation;
rather, changes inn-alkane abundance reflected changes in the relative abundance
of common compounds.

Exposure to Outside Conditions.During periods of exposure, ants placed
outside experienced significantly higher temperatures and lower RH than those
kept inside. The mean (range) conditions in containers during exposure and inside
containers within the laboratory were as follows: air temperature 34.3◦C (25.0–
41.0) outside and 25.1◦C (21.1–28.5) inside (t19, paired by day,= −11.6,P <

0.0001); surface temperature 27.0◦C (21.0–30.2) outside and 24.6◦C (21.0–26.9)
inside (pairedt19=−6.2,P< 0.0001); RH 42.4% (16.2–78.1) outside and 87.4%
(75.4–97.0) inside (pairedt19 = 12.3, P < 0.0001). The sun was obscured by
clouds during 7 of the 20 days of exposure.

Mean percentages of cuticular hydrocarbon compounds in this experiment
are listed in Table 1 (see Figure 1 for a representative chromatogram). Outside
exposure led to an increase in the proportion ofn-alkanes on the harvester ant cu-
ticle (Figure 2, Table 1). The cuticular lipids of ants that were exposed to outside
conditions for 50 min/day contained a significantly higher percentage ofn-alkanes
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TABLE 1. AVERAGE PERCENTCOMPOSITION OFCUTICULAR HYDROCARBONS FROM

EXPOSED ANDCONTROL P. barbatusWORKERS

Colony S1 Colony S6 Colony S7

Compound
TIC

Peak no.a Control Exposed Control Exposed Control Exposed

Alkanes
n-Tricosane 1 6.9 9.1 5.7 6.7 4.2 7.2
n-Tetracosane 2 1.5 1.6 1.5 1.5 1.0 1.4
n-Pentacosane 3 30.7 33.5 24.2 26.9 20.6 27.9
n-Hexacosane 5 1.6 1.5 1.6 1.7 1.2 1.6
n-Heptacosane 7 5.0 5.1 4.2 3.8 3.7 4.5
n-Nonacosane 12 2.1 2.4 2.4 2.1 2.1 2.3
n-Hentriacontane 18 3.0 3.4 3.4 2.7 2.8 2.8
Total alkanes 50.8 56.6 43.0 45.5 35.7 47.6

Alkenes
Heptacosene 6 2.2 1.8 2.2 2.0 3.4 2.6
Nonacosene 11 2.0 1.7 2.1 1.9 3.3 2.7
Hentriacontene 18 3.8 3.3 4.6 2.9 6.6 5.2
Total alkenes 8.1 6.8 9.0 6.8 13.3 10.5

Monomethylalkanes
13-Methylpentacosane 4 2.7 2.3 2.9 3.3 4.3 3.0
13-Methylheptacosane 8 4.5 3.8 4.2 4.3 5.4 4.5
7-Methylheptacosane 9 4.2 3.9 3.4 3.2 4.5 4.3
15-Methylnonacosane 13 4.1 3.7 5.0 4.1 4.4 4.2
9-Methylnonacosane 14 1.5 1.4 2.8 1.8 1.8 1.8
7-Methylnonacosane 15 1.9 2.0 1.8 1.6 2.1 2.5
15-, 13-, 11-, 9- 19 5.8 5.5 6.8 6.0 6.1 5.1

Methylhentriacontanes
7-Methylhentriacontane 20 1.6 1.2 2.0 1.8 1.9 0.2
17-, 15-, 13-, 11-, 9-, 7- 21 2.1 1.9 2.5 2.1 2.0 2.0

Methyltritriacontanes

Total monomethylalkanes 28.3 25.7 31.3 28.2 32.5 27.6

Dimethylalkanes
7,13-Dimethylheptacosane 10 2.2 1.9 1.9 2.0 3.1 2.0
7,13-Dimethylnonacosane 16 1.0 0.9 1.0 1.1 1.4 1.0
Total dimethylalkanes 3.3 2.7 2.9 3.0 4.5 3.0

Note: “Exposed” workers were placed outside daily; “control” workers were not placed outside.
aTotal ion chromatograph (TIC) peak numbers correspond to those in Figure 1.

than those of ants kept indoors in covered containers (F1,38 = 7.7, P < 0.01).
Colonies differed in the percentage ofn-alkanes on the cuticle (F2,38 = 9.9, P <

0.001). There was no significant interaction between treatment and colony (F2,38 =
0.7, P = 0.5). There was a tendency for ants in both treatments to increase in the
proportion ofn-alkanes from the beginning of the experiment to the end. Ants
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FIG. 1. Representative chromatogram of an ant in the exposure experiment. The large peak
at 2 minutes is the solvent, chloroform. Numbers over peaks refer to the compounds listed
in Table 1.

FIG. 2. Percentage ofP. barbatuscuticular lipids composed ofn-alkanes on ants exposed
to outside conditions for 50 min/d and ants not exposed to outside conditions. Error bars
show one mean standard error.
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exposed to external conditions increased about 32% inn-alkanes over the initial
state (overall mean initial %n-alkanes= 37.8, SE= 2.1, N = 18), while those
kept indoors increased by about 16%.

Ultraviolet Light Manipulation.Temperature and humidity did not differ un-
der canopies composed of UV-transmitting and UV-blocking material. Air tem-
perature averaged 36.5◦C (range 29.2–41.7) in high UV treatment containers and
37.6◦C (30.5–41.7) in low UV treatment containers (t10 = −0.7, P = 0.5); sur-
face temperature averaged 28.9◦C (26.2–32.4) in high UV treatment containers
and 28.7◦C (26.3–32.8) in low - UV treatment containers (t10 = 1.1, P = 0.3);
and RH averaged 37.7% (28.4–51.2) in high UV treatment containers and 36.6%
(23.3–53.5) in low-UV treatment containers (t10= 1.1,P= 0.3). Canopies trapped
heat, so ants in this experiment experienced warmer conditions during periods
outside than ants in the general exposure experiment. While inside the laboratory,
within-container air temperature averaged 24.7◦C (22.3– 26.5), surface tempera-
ture averaged 24.6◦C (21.9–26.8), and RH averaged 88.6% (83.0–91.1).

Exposure to UV light had no effect onn-alkane abundance (F1,28 = 1.8,
P = 0.2; Figure 3). As in the previous experiment, colonies differed in percent
cuticularn-alkanes (F2,28 = 19.3, P < 0.001; Figure 3) and there was no signif-
icant interaction between treatment and colony (F2,28 = 0.7, P = 0.5). Cuticular
n-alkanes increased about 40% over the course of the experiment, from a mean
initial value of 29.8% alkanes (SE= 1.9,N= 17) to a final overall mean value of
41.6% (SE= 1.7,N= 32).

FIG. 3. Percentage of cuticularn-alkanes on harvester ants from different colonies exposed
to sunlight that had passed through ultraviolet-transmitting and ultraviolet-blocking filters.
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Temperature and Humidity Manipulation.The air temperatures and RH to
which ants were exposed in this experiment averaged 38.7◦C (range= 35.3–41.5)
and 8.3% (4.5–12.1) in the high temperature–low RH chamber, 38.8◦C (36.8–
42.7) and 94.9% (78.9–99.9) in the high temperature–high RH chamber, 26.6◦C
(20.9–30.3) and 7.8% (4.0–18.2) in the moderate temperature–low RH chamber,
and 26.2◦C (21.8–28.9) and 86.0% (79.8–90.6) in the moderate temperature–high
RH treatments.

The effects of temperature and humidity on cuticular composition were in-
terdependent; in general, warm dry conditions lead to highn-alkane abundance
(Figure 4). Humidity had a significant effect onn-alkane abundance, whereas
temperature did not; however, the main effects must be interpreted cautiously
because there was a significant interaction between temperature and humidity
(Table 2). Inspection of Figure 4 indicates that low humidity affected cuticular
composition only in combination with warm temperatures. Variation in humidity
had little effect onn-alkane abundance at moderate temperatures. Colonies did
not differ inn-alkane abundance, and there were no interactions involving colony
(Table 2).

There was no consistent increase inn-alkanes over time in this experiment;
rather, the magnitude and direction of change in percentn-alkanes depended on
treatment. The average cuticularn-alkane abundance of ants exposed to warm,
humid conditions was about 2% lower than that of the initial sample, whereas the

FIG. 4. Percentage ofn-alkanes in the cuticular lipids of harvester ants subjected to combi-
nations of temperature (warm and cool) and relative humidity (high and low). Colonies did
not differ significantly in percentn-alkanes in this experiment and data from all colonies
are combined for purposes of illustration.
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TABLE 2. RESULTS OFANALYSIS OF VARIANCE INVESTIGATING

THE EFFECT OFTEMPERATURE, HUMIDITY, AND COLONY

IDENTITY ON THE PERCENTn-ALKANES IN HARVESTERANT

CUTICULAR LIPID EXTRACTS

Source df F P

Temperature (T) 1 0.1 0.8
Humidity (H) 1 6.6 0.01
T ∗ H 1 12.6 <0.001
Colony (C) 2 1.6 0.2
C ∗ T 2 0.1 0.9
C ∗ H 2 0.6 0.6
C ∗ T ∗ H 2 1.9 0.2
Error 52

n-alkane abundance of ants exposed to other treatments was 3–22% higher than
the initial sample (initial averagen-alkanes= 49.9%, SE= 2.4,N= 25).

DISCUSSION

The results indicate that environmental conditions affect the hydrocarbon
composition of the harvester ant cuticle. Exposure to warm, dry conditions trig-
gered an increase in the proportional abundance of cuticularn-alkanes. Exposure to
UV radiation, in contrast, had little effect on cuticularn-alkane abundance. These
results support the hypothesis that differences in exposure among task groups
explains task-related differences in cuticular hydrocarbon composition. The total
increase inn-alkane proportional abundance in exposed ants over 20 days (2–12%)
was similar to differences between field-sampled nest maintenance workers and
foragers reported previously (5–8%, Wagner et al., 1998). Our results corroborate
those of previous studies investigating environmental effects on insect cuticular
chemistry. Low RH lead to a similar increase in the relative abundance ofn-alkanes
in weevil larvae (Oryzaephilus surinamensi), although not in adults (Howard
et al., 1995). Acclimation to warm temperatures increased the ratio of straight-
chain relative to branched alkanes in the grasshopperMelanoplus sanguinipes
(Gibbs and Mousseau, 1994).

The primary mechanism of water conservation in insects is a thin layer
of lipids on the cuticle that forms a passive barrier to water loss through the
integument (Hadley, 1994). In ants and many other arthropod taxa, cuticular
lipid composition is dominated by various forms of hydrocarbons. The effec-
tiveness of the cuticular lipid barrier at slowing water loss depends on its com-
position as well as its thickness. Hydrocarbon compounds differ in physical
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properties that influence their effectiveness as waterproofing agents. Permeability
to water increases sharply at compound-specific transition temperatures, probably
the melting temperatures (Gibbs, 1998; Rourke and Gibbs, 1999). Double
bonds and methylbranching dramatically reduce the melting point (Gibbs and
Pomonis, 1995), son-alkanes are thought to provide qualitatively better water-
proofing than alkenes and branched alkanes of similar size. Studies of water
loss in insects appear to support this hypothesis. Methylbranching and unsatu-
ration are positively associated with water loss rate within several insect species
(Hadley, 1978; Toolson, 1984). The proportional increase in cuticularn-alkanes
detected in this study might serve to reduce water loss by ants exposed to warm dry
conditions.

The transition from interior work to nest maintenance not only involves short
bursts of exterior work, but brings ants closer to the surface while inside the nest,
where they encounter warmer, drier internal conditions. Once a harvester ant begins
to work outside the nest, it tends to stay in the upper chambers of the nest near
the entrance (MacKay, 1983; Tschinkel, 1999). The entrance to aP. barbatusnest,
which can be 1–4 cm wide, is connected by wide tunnels into one or more chambers
just inside the nest entrance. Strong temperature and moisture gradients have been
found inPogonomyrmexnests during the summer months: areas near the surface
are drier and warmer than deeper areas (MacKay, 1981). After performing nest
maintenance work, ants move on to tasks that entail longer periods of external
exposure, such as patrolling and foraging.

In addition to treatment effects, there was a general increase in the proportion
of n-alkanes between the initial and final sampling times in both the outside ex-
posure experiment and the UV exposure experiment, and an increase in three out
of four treatments groups of the temperature and humidity experiment. There are
two plausible explanations for this trend toward increasingn-alkane abundance
over time. First, the conditions experienced by the ants in this study, including the
indoor controls, may have been drier and warmer than those they experienced in
the nest prior to collection, leading to the same sort of environmentally-triggered
increase inn-alkanes that we detected in our experiments. Second,n-alkane abun-
dance may increase as an ant ages, with environment acting to enhance or temper
a general increase over time. We cannot reject either of these possibilities at the
present time. Working with laboratory colonies of the antMyrmicaria eumenoides,
Kaib et al. (2000) found that the cuticular hydrocarbon composition of ants that
switched from nest work to foraging changed with age over a period of 30–40 days,
whereas the composition of workers that remained in the nest was unchanged over
the same period. This result suggests either that task-related changes in cuticular
chemistry are triggered by an ant’s environment and not its age, or that only partic-
ular task groups undergo endogenous age-related changes in cuticular chemistry.
Further work is underway to test the hypothesis that the relative abundance of
n-alkanes is related to age, as well as environment, inP. barbatus.
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We found that most colonies differed from one another in the proportion of
n-alkanes in the cuticular lipids of nest maintenance workers. Colony-level differ-
ences in ant cuticular lipid composition have been detected in many ant species
(Obin, 1986; Bonavita-Cougardan, 1987; Vander Meer et al., 1989; Nowbahari
et al., 1990; Wagner et al., 1998; Nielsen, 1999). These differences may be due in
part to genetic differences among colonies. There is some evidence of a heritable
component to the cuticular hydrocarbon composition of fire ants and honeybees
(Ross et al., 1987; Vander Meer et al., 1985; Page et al., 1991). Differences among
the colonies we measured may also reflect how recently new nest maintenance
workers were recruited from the younger workers inside the nest. For example, a
colony whose nest was recently trampled by a cow will have recruited nest mainte-
nance workers to repair the damage. Such a colony may have more new nest main-
tenance workers than one whose nest was undisturbed. Differences among colonies
in cuticularn-alkane composition of their nest maintenance workers may reflect, in
part, variation in the duration of the nest maintenance workers’ tenure in that task,
and thus, in how long the workers have been exposed to warm, dry conditions.

Rates of brief antennal contact, which involve the perception of odor, influence
task decisions inP. barbatus(Gordon and Mehdiabadi, 1999). An ant’s response
depends on the task of the ant it meets (Gordon and Mehdiabadi, 1999). Cuticular
hydrocarbons act as the cue for nestmate recognition inP. barbatus(Wagner et al.,
2000), as in other ant species (Lahav et al., 1999; Thomas et al., 1999). We infer that
task-specific differences in hydrocarbon profiles may also permit an ant to assess
the task of a nestmate it meets. Our results show that the environmental conditions
associated with a task, in particular exposure to warm temperature and low humid-
ity, can shape task-specific differences in the cuticular hydrocarbon profile. When
one ant contacts another, these task-related differences in hydrocarbon composition
might provide information about the other’s task. Similarly, we might recognize a
carpenter by the calluses on her hands, whether or not she holds a hammer.
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Abstract—Sexually mature virgin adult males of the green stink bug,Acroster-
num hilareattracted sexually mature virgin adult females in laboratory bioas-
says using a vertical Y-tube. There was no indication that males attracted
other males, or that females attracted either sex. These results suggested thatA.
hilare males produce a sex pheromone. Extracts of odors collected from sexu-
ally mature males contained compounds that were not present in extracts from
females or sexually immature males. (4S)-Cis-(Z )-bisabolene epoxide ((4S)-
cis-Z-BAE) was the major sex-specific component of the extract. The crude
extract was attractive to femaleA. hilare, but when separated into four frac-
tions, only the portion containing (4S)-cis-Z-BAE and the minor component
(4S)-trans-Z-BAE was attractive to females. This fraction was as attractive as
the crude extract, suggesting that the former contained all the pheromone com-
ponents. Neither synthetic (4S)-cis-Z-BAE nor (4S)-trans-Z-BAE alone was
attractive to females, but a 95:5cis:transblend, mimicing the ratio naturally
produced by males, was attractive to females in Y-tube bioassays. Bioassays in
a field cage showed that significantly moreA. hilare females were attracted to
cotton string lures treated with 1 mg of a 95:5 blend of (4S)-cis-Z-BAE and
(4S)-trans-Z-BAE placed inside a bouquet of alfalfa than to an alfalfa bouquet
containing a pentane-treated control. In field cage studies, attraction of females
was greatest during the late afternoon and evening hours, and femaleA. hilare
approached the synthetic pheromone source almost exclusively by walking.

*To whom correspondence should be sent. e-mail: jocelyn.millar@ucr.edu
†Current address: RAFAEL-Armament Developing Authority, Dep. M1, Haifa 31021, Israel.
‡
Current address: Department of Chemistry, University of North Carolina, Durham, North Carolina
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Key Words—Acrosternum hilare, sex pheromone, bisabolene epoxide,
(Z )-(1R,2S,4S)-4-(1′,5′-dimethyl-1′,4′-hexadienyl)-1,2-epoxy-1-methylcyclo-
hexane, (Z )-(1S,2R,4S)-4-(1′,5′-dimethyl-1′,4′-hexadienyl)-1,2-epoxy-1-me-
thylcyclohexane,Nezara viridula.

INTRODUCTION

The green stink bug,Acrosternum hilare(Say) (Hemiptera: Pentatomidae) is a
pest of a variety of crops in North America, including cotton, soybeans, pista-
chios, and pecans (Miner, 1966; Simmons and Yeargan, 1988; Rice et al., 1988; da
Silva et al., 1996; Greene et al., 1999; reviews by McPherson, 1982 and Panizzi,
1997). In addition to direct damage caused by feeding,A. hilare vectors plant
pathogens such as yeast-spot disease of soybeans (Daugherty, 1967; Clarke and
Wilde, 1970) and the fungusBotryosphaeria dothideain pistachios (Daane et al.,
2000). Crop damage by these and related species of stink bugs may be exacerbated
by recent fundamental changes in crop protection, especially the widespread de-
ployment of genetically modified crop plants that express gene products from
Bacillus thurengiensis(B.t.). Because theB.t. proteins expressed by a plant are
active against only a limited number of insect families or even genera (e.g., some
Lepidoptera and Coleoptera, depending on theB.t. strain), these plants are not
protected from attack by other insects. For example, the deployment of transgenic
cotton in the southeastern United States, and the consequent reduction in pesticide
applications has been correlated with increased feeding damage byA. hilareand
other species of pentatomid and mirid bugs (Turnipseed and Greene, 1996; Greene
et al., 1999).

Typical methods for monitoring heteropteran species such as stink bugs in-
clude sampling with sweep nets or beating trays, and visual inspection of the crop
for damage. These techniques are labor intensive and require multiple replication
to generate realistic population assessments. Furthermore, adult bugs fly, and can
rapidly migrate into a crop from surrounding fields as crops in those fields are har-
vested, or move into a crop from surrounding native vegetation as it dries during
the summer. Consequently, frequent sampling is required to detect immigration of
bug populations into crops, in order to apply control measures before significant
damage occurs. Pheromone-baited traps might mitigate some of these problems
(McBrien and Millar, 1999).

Previous studies have shown that sexually matureA. hilare males produce
sex-specific compounds, and it was suggested that these compounds were sex
or aggregation pheromones based on comparisons with the known pheromone
compounds produced by males of a related species, the southern green stink bug
Nezara viridula(L.) (Aldrich et al., 1987, 1989, 1993). In particular, the ma-
jor component emitted byN. viridula males,trans-Z-bisabolene epoxide (trans-
Z-BAE, Figure 1), is a minor component of the volatile chemicals produced
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FIG. 1. Structures of (4S)-cis-Z-bisabolene epoxide, (4S)-trans-Z-bisabolene epoxide, and
the products from their degradation by ozonolysis and deoxygenation, respectively.

by A. hilare males, whereas the major sex-specific component of extracts from
A. hilaremales,cis-Z-bisabolene epoxide (cis-Z-BAE, Figure 1), is a minor com-
ponent in volatiles fromN. viridula males. The absolute configurations of the
BAEs produced by either species have not been determined, although only the
(4S)-enantiomer oftrans-Z-BAE was attractive toN. viridula females in bioas-
says (Baker et al., 1987). Further laboratory bioassays showed that a blend of
(4S)-trans-Z-BAE and (4S)-cis-Z-BAE was more attractive toN. viridula females
than (4S)-trans-Z-BAE alone (Brézot et al., 1994), suggesting that theN. viridula
pheromone consists of at least two components. However, the possible function
of the male-specific compounds as pheromone components forA. hilare has not
been tested.

The objectives of the work described here were to:

1. Identify the sex-specific compounds produced by maleA. hilare.
2. Determine whether the male-produced compounds constituted a sex

pheromone only attractive to females, or an aggregation pheromone at-
tractive to both sexes.

3. Fully characterize the pheromone, including determination of the number
of components, and the complete identification of each component.

4. Synthesize and bioassay the pheromone components.
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METHODS AND MATERIALS

Insect Colonies. Adults and nymphs ofA. hilare were collected from an
almond orchard near Fresno, CA in 1997 and 1998. Adults and nymphs ofN.
viridula were collected from an alfalfa plot at University of California, Riverside,
Agricultural Operations. Rearing methods for both species are described inČokl
et al. (2001). Two days after the final moult, adults were separated by sex,
and placed in paper ice cream cartons (20× 18 cm) covered with cloth screen-
ing, with green beans and sunflower seeds supplied for food. These insects were
used for collection of insect-produced volatiles or for bioassays, after which they
were returned to the breeding colony.

Dissection of Adult Metathoracic Glands for Analysis of Defensive Com-
pounds. Metathoracic glands (MTG) of 5 sexually mature virgin adults of both
sexes were dissected following the method of Gilby and Waterhouse (1965), and
the contents of each gland were analyzed. A drawn-out glass capillary tube was in-
serted into the MTG of each bug to collect the fluid contents, the fluid was dissolved
in 200µl pentane, and the pentane solution was analyzed by gas chromatography-
mass spectrometry as described below.

Collection of Insect Volatiles. Volatile chemicals were collected from 5 sepa-
rate groups of virgin adult male and femaleA. hilare. Sexes were aerated separately,
and each cohort of bugs was aerated continuously for a period of 2–3 weeks to
follow changes in the profile of compounds produced by the bugs as they became
sexually mature. Analogous extracts were also prepared from sexually mature
adult maleN. viridula to provide authentic samples of the two BAE’s.

Cohorts of 12–20 virgin adults were carefully coaxed (to minimize dis-
charge of defensive secretions) into horizontal cylindrical glass aeration chambers
(28× 8.0 cm ID) as described in Millar and Sims (1998), with charcoal-filtered,
humidified air pulled through the system at a flow rate of 1 liter/min. Each chamber
was fitted with a cylinder of aluminum window screen for the bugs to walk and
perch on, and 3 green beans and 5 sunflower seeds were provided as food. The aer-
ation apparatus was set up next to a window, with additional light provided with
a fluorescent light fixture (2 Sylvania Octron 32W light tubes) mounted above
the aeration apparatus to provide a 16L:8D, long-day light cycle to ensure that
bugs did not go into reproductive diapause. Ambient temperature during aera-
tions was∼24◦C. Insect-produced volatiles were trapped with collectors made
from 0.4 cm ID glass tubes containing a 2 mmlong bed of activated charcoal
(50–200 mesh, stripped of volatiles by heating at 200◦C overnight while purg-
ing with activated charcoal-purified nitrogen) confined between two glass wool
plugs. Collectors were changed every second day, at which time fresh food was
also provided. Trapped volatiles were desorbed by rinsing the collectors with three
200µl aliquots of pentane, followed by three 200µl aliquots of ether. Extracts
of volatiles were stored at−20◦C in glass vials with Teflon cap-liners until used
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for bioassays or analyses. Cohorts were 8–9 d old when aerations were started,
except for one cohort in which aeration commenced with 0–2 d old bugs so that the
onset of production of male-specific compounds could be determined. To provide
sufficient materials for fractionation and bioassays, three larger cohorts of males
(28–49 bugs) were aerated in a larger glass chamber (35× 15 cm ID), with an air
flow of 5 liter/min, and a larger collector (0.6 mm ID, 3 mm long).

Collection of Defensive Compounds. Groups of virgin adult male (10) and
female bugs (25) were aerated separately in the glass aeration chamber for 1 hr
as described above, except that the glass chamber was shaken vigourously for
3 min immediately before the aeration began, to induce discharge of the defensive
compounds.

Analysis and Fractionation of Insect Extracts. Extracts were analyzed by
gas chromatography (GC) with a Hewlett-Packard 5890 instrument equipped with
DB-5 (30 m× 0.25 mm ID, J&W Scientific, Folsom CA) or DB-17 columns (30 m
× 0.25 mm). Helium carrier gas was used, with analyses run in splitless mode with
a temperature program of 50◦C/1 min, 10◦/min to 250◦C for both columns. Injector
and detector temperatures were 250 and 275◦C respectively. Extracts were also
analyzed by splitless coupled GC-mass spectrometry by using an HP 6890 GC
equipped with an HP-5MS column (30 m× 0.25 mm id) and interfaced to an
HP 5973 mass selective detector. All mass spectra were taken in electron impact
mode, ionizing voltage 70 eV. The temperature program was the same as above.

Crude aeration extract (15,869 bug-hour equivalents) from sexually mature
males was concentrated to 1.0 ml under a gentle stream of N2. A 200µl aliquot was
set aside, and the remainder was fractionated on a solid phase extraction cartridge
(Extract-Clean silica cartridge, 500 mg silica gel; Alltech #209250, Deerfield IL).
The cartridge was preconditioned with 5 ml of 25% ether in pentane, then 5 ml
of pentane, and the excess solvent was expressed from the cartridge with a pipette
bulb. The combined crudeA. hilareextract was loaded onto the cartridge, rinsing
the walls with a few drops of clean pentane. The cartridge was then eluted with
gravity flow with 3× 1 ml pentane, 3× 1 ml 10% ether in pentane, 3× 1 ml 25%
ether in pentane, and 2 ml ether, collecting each aliquot as a separate fraction.
The fractions were analyzed by GC. The first two pentane fractions containing
hydrocarbons were combined, the second two 10% ether fractions containing the
BAE’s were combined, and all the 25% ether in pentane and 100% ether fractions
containing traces of more polar compounds were combined. These fractions were
used for analyses and bioassays. The third pentane fraction and the first 10% ether
in pentane fraction contained no detectable compounds by GC and so they were
not combined with the other fractions to avoid unnecessary dilution.

Absolute Configuration ofA. hilare cis-BAE. The absolute configuration of
insect-producedcis-BAE was determined by oxidative degradation tocis-4-acetyl-
1,2-epoxy-1-methylcyclohexane, followed by analysis on a chiral GC column,
and comparison of retention times with those of standards of known absolute
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configuration. (4S)- and (4R)-cis-4-acetyl-1,2-epoxy-1-methylcyclohexane stan-
dards were obtained by phase transfer catalyzed oxidation of commercial (−)- or
(+)-limonene oxide with potassium permanganate (Chen et al., 2000). Separa-
tion of the resultingcis- andtrans-4-acetyl-1,2-epoxy-1-methylcyclohexanes by
flash chromatography on silica gel, eluting with 16% EtOAc in hexanes, yielded
the chemically and stereoisomerically purecis-(1R,2S,4S)- and cis-(1S,2R,4R)-
enantiomers, respectively.1HNMR (300 MHz):cis: δ = 1.34 (s, 3H), 1.40–1.78
(m, 3H), 2.03–2.12 (m, 3H), 2.13 (s, 3H), 2.24 (m, 1H), 3.05 (d, J= 4.9 Hz, 1H).
trans: δ = 1.30 (s, 3H), 1.32–1.46 (m, 2H), 1.64–2.12 (m, 4H), 2.14 (s, 3H), 2.57
(br. t, J∼ 10Hz, 1H), 3.08 (t, J∼ 2Hz, 1H). Spectroscopic data agreed with that
previously reported (Delay and Ohloff, 1979; Chen et al., 2000). The enantiomers
were resolved on a Cyclodex B GC column (20 m× 0.25 mm ID; J&W Scien-
tific), run isothermally at 90◦C in split injection mode with helium carrier gas and
an injector temp of 250◦C. The (1R,2S,4S)- and (1S,2R,4R)-enantiomers eluted at
20.79 and 21.03 min, respectively.

A total of 1,870 bug-hours of the BAE fraction of volatiles from mature males
was concentrated to a few microliters in a conical-bottomed vial under a gentle
stream of nitrogen, then taken up in∼25µl of CH2Cl2. The vial was chilled in
a dry ice-acetone bath, and the chilled solution was subjected to microozonol-
ysis for∼20 sec (Beroza and Bierl, 1969). The solution was then warmed to
room temperature and analyzed immediately on the Cyclodex B column, giv-
ing a single peak at 20.75 min. Aliquots of the ozonized extract also were coin-
jected with racemic and (1S,2R,4R)-cis-4-acetyl-1,2-epoxy-1-methylcyclohexane,
respectively. The first injection resulted in two peaks of unequal size (larger,
20.61 min, smaller 20.88 min), and the second injection gave two peaks (20.64
and 20.82 min), proving that the insect-producedcis-Z-BAE starting material has
the (4S)-configuration.

Absolute Configuration ofA. hilare trans-BAE. The enantiomers oftrans-
4-acetyl-1,2-epoxy-1-methylcyclohexane were not separable on the Cyclodex B
column, so a different method was used to determine the absolute configuration of
the insect-producedtrans-BAE. Both cis- and trans-BAE could be deoxygenated
to (Z)-α-bisabolene, and racemic (Z)-α-bisabolene was resolved on the Cyclodex
column at 90◦C (85.70 and 86.36 min). To determine which enantiomer corre-
sponded to which peak, a standard of (4S)-(+)-(Z)-α-bisabolene was isolated from
Opoponaxspp. oil (Umbelliferae) (Delay and Ohloff, 1979). Thus,Opoponaxoil
(820 mg; Berje Chemical Products, Bloomfield NJ) was Kugelrohr-distilled at
room temperature under vacuum (0.02–0.04 mm Hg) to produce a fraction en-
riched in sesquiterpenes (680 mg,<10% monoterpenes by GC). This fraction was
flash chromatographed on a column (∼25× 2.5 cm id) of 230–400 mesh silica gel
(Merck) that had been activated by heating overnight at 120◦C and cooled under
N2 to prevent rehydration. The column was eluted sequentially with 400 ml of hex-
ane, and 200 ml aliquots of 0.2, 0.4, 0.6, and 0.8% CH2Cl2 in hexane. A fraction
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containing 87% (4S)-(Z)-α-bisabolene was obtained (88 mg). Spectroscopic and
GC retention time data matched those of the racemic standard. On the chiral col-
umn, coinjection of this enantiomer with the racemic material determined that the
(4S)-enantiomer corresponded to the earlier-eluting peak.

To deoxygenate the insect-produced BAE’s to (Z)-α-bisabolene, an aliquot
of the BAE-containing fraction of an aeration extract (∼1500 bug-hours) was
concentrated to a fewµl under N2, then taken up in 2 ml of CH2Cl2 and added
to a mixture of Zn dust (200 mg), NaOAc (15 mg), and NaI (44 mg) in 0.5 ml
of AcOH. The mixture was stirred under Ar for 4.5 hr, then filtered. The filtrate
was diluted with water (1 ml) and extracted with CH2Cl2 (3× 2 ml). The CH2Cl2
extract was washed sequentially with 1M NaOH (2× 2 ml) and brine (2× 2 ml),
dried over Na2SO4, and concentrated by rotary evaporation at room temperature.
The residue was taken up in hexane and analyzed on the Cyclodex B column,
giving a single peak at 85.67 min. Coinjection of this material with the racemic
standard resulted in enlargement of the earlier eluting peak, confirming that the
insect-derived material was (4S)-(Z)-α-bisabolene.

Other Chemicals. (Z)-(1R,2S,4S)-4-(1′,5′-dimethyl 1′,4′-hexadienyl)-1,2-
epoxy-1-methylcyclohexane ((4S)-cis-Z-BAE), (Z)-(1S,2R,4S)-4-(1′,5′-dimethyl
1′,4′-hexadienyl)-1,2-epoxy-1-methylcyclohexane ((4S)-trans-Z-BAE), (E)-(1R,
2S,4S)-4-(1′,5′-dimethyl 1′,4′-hexadienyl)-1,2-epoxy-1-methylcyclohexane ((4S)-
cis-E-BAE), and (E)-(1S,2R,4S)-4-(1′,5′-dimethyl 1′,4′-hexadienyl)-1,2-epoxy-1-
methylcyclohexane ((4S)-trans-E-BAE) were synthesized by previously described
routes (Chen et al., 2000). (E )-2-Hexenal, (E)-2-hexenyl acetate, (E)-2-decenal,
and dodecane were obtained from Aldrich Chemical (Milwaukee WI). Tridecane
and pentadecane were obtained from ICN-K&K (Plainview, NY). Racemic (Z)-α-
bisabolene was synthesized as previously described (Buss et al., 1987).

A mixture of 4 bisabolene epoxide isomers was generated to provide stan-
dards, by modification of a previously reported method (Tomioka and Mori,
1992). Thus, a solution of 5-bromo-2-methyl-2-pentene (1 g, 6.12 mmol; Aldrich),
triphenylphosphine (1.61 g, 6.12 mmol) and diisopropylethylamine (53.3µL,
0.306 mmol) in acetonitrile (12.5 ml) was refluxed under Ar for 24 hr. After cool-
ing to room temperature and concentration, the residual viscous oil was heated
(80◦C) and stirred vigourously with benzene (10 ml) under argon. The mixture
was cooled to room temperature and the upper benzene layer was pipetted off.
After removal of residual benzene under vacuum, THF (22 ml) and DMPU (3 ml,
12.4 mmol) were added to the resulting gummy phosphonium bromide salt, and
the mixture was warmed gently until the salt dissolved. KN(TMS)2 (0.5M in
toluene, 11 ml, 5.5 mmol) was then added dropwise, and the mixture was heated
to 70◦C for 15 min, then stirred at room temperature for 1 hr. The resulting
deep red solution was cooled to−78◦C and a solution of (4S)-trans-4-acetyl-
1,2-epoxy-1-methylcyclohexane (702 mg, 4.56 mmol; Chen et al., 2000) in THF
(10 ml) was added dropwise. The mixture was stirred at−78◦C for 1 hr, then
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warmed to room temperature over 3 hr and quenched with brine (40 ml). The
THF was evaporatedin vacuo,and the residue was extracted with petroleum ether
(4× 50 ml). The combined organic extracts were washed with water (4× 50 ml)
and brine (4× 50 ml), dried over Na2SO4 and concentrated. Methanol (50 ml)
was then added, and the extract was again concentrated to remove the residual
toluene azeotropically. This procedure was repeated twice. The residue was dis-
tilled (Kugelrohr: room temperature to 100◦C/0.03 mm Hg) to give a mixture of 4
diasteromeric bisabolene epoxide isomers, unreacted (−)-(4S)-trans-epoxyketone,
and (4R)-cis-epoxyketone from epimerization of the (4S)-trans-isomer. The dis-
tillate was chromatographed (5% ether in hexane) to give 325 mg (35%) of a mix-
ture of diasteromeric bisabolene epoxides containing 5% (4S)-trans-Z-BAE, 70%
(4R)-cis-Z-BAE, 5% (4S)-trans-E-BAE, and 10% (4R)-cis-E-BAE. The trans-Z-
α-BAE isomer was isolated in pure form from the mixture by HPLC (200× 10 mm
Econosil column, 10µ irregular silica particles), eluting with 1% ether in hexane at
2 ml/min.

General Procedures for Y-tube Bioassays. Bioassays were conducted with
a vertical glass Y-tube (5 cm ID; bottom arm= 18 cm long, top arms= 15 cm
long, Y angle= 90◦) with female ground glass joints, each fitted with male joints
terminating in a hose nipple. The Y-tube was lit from above with a 1.2 m long light
bank containing a Sylvania Octron 3500K F032/735 32 W fluorescent light and
a GE F40PL/AQ Plant and Aquarium wide spectrum fluorescent light connected
to a high frequency electronic ballast, providing light intensities of 350 lux at the
bottom to 600 lux at the top of the Y-tube. Charcoal-purified air was pulled through
the apparatus (2.5 liter/min) with house vacuum.

Virgin, sexually mature adults (16 to 18 d old) were tested individually and
used only once. Each bug was gently placed inside the bottom male joint of the
Y-tube, which was then inserted into the female joint.A. hilare are positively
phototactic and walked up towards the light. A positive response was classified as
a bug crossing a line 12 cm up either arm from the junction within 10 min of the start
of the bioassay. Each Y-tube and joint was used once, then washed, acetone rinsed,
and oven-dried at 140◦C. Bioassays were conducted in a temperature (22–25◦C)
and humidity controlled room (50–60% RH) from≈1100 to 1800 hr, 5 to 12 hr
after the onset of photophase. Positions of treatments were alternated with each
replicate.

Experiment 1. Live Insects as a Pheromone Source. The top joints of the
Y-tube were connected to 125 ml sidearm flasks containing one sexually mature
virgin bug and a green bean, or a green bean alone. Flasks were positioned so that
their contents were not visible to a bug walking up the tube. Ten to 15 min after
the flasks were set up, a test bug was introduced into the bottom of the Y-tube and
its response was recorded. The flask and bug serving as a pheromone source was
replaced every 2–3 replicates to minimize disturbance and production of defensive
compounds, which may mask the effect of attractant pheromones. Four separate
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experiments were conducted to test attraction of females to males, females to fe-
males, males to females, and males to males. Because males were attractive to
females, and all other combinations of attractors and responders failed to demon-
strate attraction, females were used as responders in all further experiments.

Experiment 2. Extract of Male-Produced Odors as a Pheromone Source. The
numbers of virgin femaleA. hilare attracted to 10 bug-hour equivalents of crude
extract in pentane (1 bug-hour equivalent= the volatiles produced by 1 bug in 1 hr)
versusa pentane blank were compared. Extract or solvent controls were loaded on
circular filter papers (1.5 cm diam) mounted on wires in the top of each arm. Ten
bug-hours of extract contained∼4µg of (4S)-cis-Z-BAE, the major component in
the male extract, as determined by GC.

A portion of the male extract was separated into 4 fractions (see above), and
the attractiveness of 10 bug-hour equivalents of each fraction was compared to a
control consisting of the pentane: ether mixture in the fraction. Having determined
that only the fraction containing (4S)-cis-Z-BAE and (4S)-trans-Z- BAE was at-
tractive to females, this fraction was testedversusan equivalent amount of crude
extract.

Experiment 3. Synthetic Chemicals as a Pheromone Source. (4S)-Cis-Z-
BAE (chemical purity>92.6%; isomeric purity>97.8%, (4S)-trans-Z-BAE not
detectable) and (4S)-trans-Z-BAE (chemical purity>88.6%; isomeric purity
>97.8%;cis-(Z)-BAE not detectable) were synthesized as previously described
(Chen et al., 2000). Three Y-tube bioassays were conducted, comparing the at-
traction of females to: 1) 4µg of (4S)-cis-Z-BAE vsa hexane control; 2) 0.2µg
of (4S)-trans-Z-BAE vsa hexane control; and 3) a 95:5 blend (4µg : 0.2µg ) of
(4S)-cis-Z-BAE+ (4S)-trans-Z-BAE vsa hexane control. This ratio approximates
that in the natural extract (see below). Chemicals and solvent controls were loaded
onto filter paper discs as described above.

Experiment 4. Field Cage Study Using Synthetic Pheromone Components. A
1× 1× 1 m field cage, covered on the top and three sides by aluminum screen-
ing and on the front by non-reflective cloth screening was set up at Agricultural
Operations, University of California, Riverside. The cage was placed over a stiff
cardboard platform covered with brown butcher paper. Cardboard strips (35 cm×
1.75 cm), covered on one side by Scotch

©R tape coated with Fluon
©R , were taped

along the base of each cage wall to hinder bugs crawling up the walls of the cage.
Fifteen min before the start of each bioassay, two freshly-cut bouquets of alfalfa
(7 stalks each, 40–50 cm in height, stuck into a modeling clay base, also cov-
ered with alfalfa leaves and stalks), were placed 0.5 m apart, 0.25 m from two
opposite side walls, and 0.5 m from the front and back walls. A 1-m cotton string
was saturated with 3.5 ml of pentane containing 1.05 mg of a 95:5 blend of (4S)-
cis-Z-BAE (chem. purity>97%, isomeric purity>98%, 1.9% (4R)-trans-Z-BAE
present) and (4S)-trans-Z-BAE (chemical purity>98%, no isomeric impurities),
and strung from the base of one bouquet to the cage roof immediately above the



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342735 July 25, 2001 17:54 Style file version Nov. 19th, 1999

1830 MCBRIEN, MILLAR, GOTTLIEB, CHEN, AND RICE

bouquet. A string soaked in pentane was applied to the other bouquet. The po-
sitions of the pheromone-treated and control strings were interchanged for each
replicate.

Thirty min before being introduced into the cage, 32–54 (mean 41,N= 6
trials) sexually mature virgin femaleA. hilarewere placed with 2 green beans in
a 25× 15× 5 cm cardboard box with a paper-lined bottom and Fluon

©R -coated
walls. After 20 min, the beans were removed. Two to three min after position-
ing the pheromone lure, the paper lining with the bugs was lifted out of the box
and placed just inside the front wall of the cage, equidistant from each bouquet.
After 40 min, the number of females on each bouquet was counted. Trials were re-
peated on six separate evenings during August 1999, approximately 40 min before
sunset.

Statistical Analyses. Y-tube bioassay data were analyzed using chi-square
tests with one degree of freedom, using Yates’ correction factor (Steel et al.,
1997). Because different numbers of bugs were used for each replicate in the
field cage study, the proportion of bugs on each bouquet, as a percentage of the
total number of bugs on both bouquets, was calculated at the end of each trial.
After arcsine transformation (Steel et al., 1997), treatment means were compared
using a two-samplet-test. For all statistical tests,α = 0.05.

RESULTS

In Y-tube bioassays, sexually mature females were attracted to odors from live
males (Figure 2). Males were not attracted to odors from live males, nor were odors
from live females more attractive than controls to bugs of either sex (Figure 2).
Consequently, all subsequent bioassays used only female responders and extracts
of male odors, or fractions thereof.

A crude extract of male-produced odors collected on activated charcoal was
more attractive to femaleA. hilare than a solvent control (Figure 3). Bioassays
using fractions of the extract indicated that only one of the four fractions, the
fraction eluted from silica gel with 10% ether in pentane, was significantly attrac-
tive to females (Figure 3). In a two-choice assay, this fraction was as attractive
as the crude extract (20 insects tested, 10 walked to each treatment,χ2 = 0.025,
P> 0.05), suggesting that it contained all of the biologically active pheromone
components.

Comparison of gas chromatograms of extracts of volatiles collected from
sexually mature virgin males and females (>12 d old) revealed the presence of
several male-specific compounds (Figure 4). These compounds were not found in
aerations of sexually immature males, nor were they components of the defensive
emissions or the metathoracic gland (MTG) contents (see below). Analysis of the
biologically active fraction of the extract by GC and GC-MS determined that the



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342735 July 25, 2001 17:54 Style file version Nov. 19th, 1999

MALE-PRODUCED SEX ATTRACTANT PHEROMONE OF THE GREEN STINK BUG 1831

FIG. 2. Results of vertical Y-tube bioassays testing attraction of sexually mature virginA.
hilare to odors from sexually mature virgin conspecifics with a green beanversusa green
bean control. The number of responders in each experiment (N) is indicated above each set
of bars. For each experiment, results were analyzed with aχ2-test. *** = P < 0.001, ns=
not significant (P> 0.05).

FIG. 3. Results of vertical Y-tube bioassays testing attraction of sexually mature virginA.
hilare to an extract or fractions of an extract of odors ofA. hilare males,versusa solvent
control. Data were analyzed as described in Fig. 2.
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FIG. 4. Gas chromatograms of extracts of odors produced by sexually mature virgin male
(top trace) or female (bottom, inverted trace)A. hilare, analyzed on a DB-5 column. GC
conditions are described in Methods and Materials. Numbered peaks were identified as
1) (E)-2-hexenal, 2) (E)-2-hexenyl acetate, 3) undecane, 4) dodecane, 5) (E)-2-decenal,
6) tridecane, 7) (E)-2-decenyl acetate, 8)Z-α-bisabolene, 9)trans-Z-BAE, and 10)cis-Z-
BAE.

major constituents were the two male-specific components,cis-Z-BAE (major) and
trans-Z-BAE (minor), that had been identified previously by Aldrich et al. (1989).
The identifications were confirmed by comparison with the authentic compounds
in an extract from maleN. viridula and finally, by comparisons with synthesized
standards (GC retention time matches on DB-5, DB-17, Cyclodex B, and HP5-MS
columns; mass spectral matches; GC retention time and mass spectral matches of
the products of controlled degradation of the bug-produced BAEs with those of
authentic standards, see below). The mean ratio ofcis-(Z)-BAE to trans-(Z)-BAE
in extracts from five cohorts of sexually mature male bugs (mean number of bugs
per cohort± SD= 31± 14) was 95:5 (range= 93:7 to 96:4).

A third male-specific compound, which eluted in the pentane fraction of the
crude extract, was identified as (Z)-α-bisabolene, as reported previously by Aldrich
et al. (1989), by matchup of retention times and the mass spectrum with those of
the known compound in theN. viridula extract, and confirmed by comparison
with an authentic standard. The absolute configuration was determined to be (4S)
by comparison of its retention time on a chiral Cyclodex B GC column with that
of an authentic standard isolated fromOpoponaxoil (Delay and Ohloff, 1979).
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Racemic (Z)-α-bisabolene gave two distinct but incompletely resolved peaks on
this column, the earlier eluting of which was enlarged when the insect-derived and
racemic material were coinjected.

The absolute configurations of thecis- and trans-Z-BAE’s produced by
A. hilare were determined indirectly because the enantiomers ofcis- and trans-
Z-BAE’s were not resolved on the Cyclodex B column.cis-Z-BAE was cleaved
by ozonolysis, and the absolute configuration of the resultingcis-4-acetyl-1,2-
epoxy-1-methylcyclohexane product was determined to be (4S) by retention
time comparisons on the Cyclodex B column with those of standards of known
configuration.

Because the enantiomers oftrans-4-acetyl-1,2-epoxy-1-methylcyclohexane
were not resolved on the chiral column, a different strategy was used to deter-
mine the absolute configuration of the insect-producedtrans-Z-BAE. Thus, the
insect-produced BAEs were deoxygenated toZ-α-bisabolene by treatment with
a mixture of Zn/AcOH/AcONa/NaI (Knoll and Tamm, 1975). Analysis of the
products on the Cyclodex B column gave one symmetrical peak with no visible
shoulder and a retention time matching that of the (4S)-enantiomer obtained from
Opoponaxoil (see above). This reconfirmed that thecis-Z-BAE (the major compo-
nent in the fraction) had the (4S) configuration, and suggested a (4S) configuration
for the minortrans-Z-isomer. However, assignment of the absolute configuration
of the latter compound remains tentative because of the uncertainty of detect-
ing a small amount (∼5%) of the (4R)-enantiomer when the GC peaks from the
two enantiomers were not completely resolved. The available evidence suggests
that the insect-produced (Z)-α-bisabolene,cis-Z-BAE, andtrans-Z-BAE all have
the (4S) configuration, but the latter assignment should be confirmed by other
methods.

A number of other compounds were identified in aeration extracts from undis-
turbed or shaken male and femaleA. hilare, and in MTG extracts (Table 1). Neither
of the BAEs was detected in the defensive compounds released by disturbed bugs,
nor were the BAEs found in the MTG extracts, suggesting that the BAEs are pro-
duced from glands other than those used for production and release of the defensive
compounds.

Once the identities of the female-attracting male products were confirmed,
Y-tube bioassays were continued with synthesized compounds. Neither (4S)-cis-
Z-BAE nor (4S)-trans-Z-BAE alone were significantly more attractive than sol-
vent controls. However, a 95:5 blend of the two BAEs, similar to that found in
the extracts from males, was more attractive to females than controls (Figure 5),
demonstrating that a blend of the two BAEs was essential for attraction.

These observations were verified in replicated field cage trials, in which the
95:5 pheromone blend dispensed from cotton string was more attractive to females
than the control (treatment, mean± SE, 80.5± 2.5% of the responding bugs,
control 19.5± 2.5%,t = 14.8,df= 10,P< 0.0001). From all the bugs released,
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TABLE 1. COMPOUNDSIDENTIFIED IN COMPOSITEAERATION EXTRACTS FROM

SEXUALLY MATURE VIRGIN Acrosternum hilareADULTS OFBOTH SEXES, AND

METATHORACIC GLAND (MTG) EXTRACTS FROMINDIVIDUAL BUGS. AMOUNTS ARE

EXPRESSED AS APERCENTAGE OF THE MOSTABUNDANT COMPOUND, TRIDECANE

Extract from Extract from Metathoracic
undisturbed bugs shaken bugs gland extractsa

Compound Males Females Males Females Males Females

(E)-2-Hexenal 3.2 2.6 2.7 — 5.6± 2.8 7.8± 8.3
(E)-2-4-Oxo-hexenal — — — — 10.8± 4.5 26.6± 16.9
(E)-2-Hexenyl acetate 2.2 4.5 1.8 — 1.7± 2.6 0.1± 0.2
(E)-2-Octenal — — — — 0.2± 0.1 0.3± 0.3
Undecane 1.1 1.4 — — 0.3± 0.2 0.5± 0.6
Dodecane 3.7 5.7 2.1 2.7 2.1± 0.3 5.9± 6.8
(E)-2-Octenyl acetate — — — — 0.2± 0.2 0.4± 0.4
(E)-2-Decenal 3.4 2.9 4.7 31 9.9± 5.6 34.5± 27.7
Tridecane 100 100 100 100 100 100
(E)-2-Decenyl acetate 14.9 18.4 7.3 — 16.1± 3.4 43.4± 38.2
Pentadecane Trace 1 — — 0.2± 0.04 1.1± 2.1
Z-α-bisabolene 3.0 — — — — —
Trans-Z-BAE 1 — — — — —
Cis-Z-BAE 20.3 — — — — —

aMean (±SD) of five separate gland extracts from each sex.

an average of 39.3± 5.4% were scattered randomly on the floor, walls, or ceiling of
the cage at the end of the trial, and were classified as nonresponders. Bugs generally
did not fly except immediately after being introduced into the cage, when a few
females flew to the cage walls and ceiling. Most of the remaining females walked
to the alfalfa bouquets and climbed up the stalks, where many remained for the
duration of the trial.

DISCUSSION

In laboratory bioassays, only female bugs were attracted to odors from live
males, indicating that mature males produce a sex pheromone, as was observed for
the phytophagous stink bug speciesThyanta pallidovirens(Millar, 1997; McBrien
et al., 1998). In contrast, a number of other pentatomid species (Nezara viridula,
Harris and Todd, 1980; severalEuschistusspp., Aldrich et al., 1991;Biprorulus
bibax, James et al., 1994;Plautia stali, Moriya and Shiga, 1984 and Sugie et al.,
1996;Piezodorus hybneri, Leal et al., 1998) are reported to produce aggregation
pheromones attractive to both sexes.

We were able to confirm previous suggestions (Aldrich et al., 1989) that
the bisabolene epoxides produced by sexually mature maleA. hilarewere indeed
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FIG. 5. Results of vertical Y-tube bioassays testing attraction of sexually mature virgin
femaleA. hilare to the synthetic pheromone components, (4S)-cis-Z-BAE and (4S)-trans-
Z-BAE, or a 95:5 blend of the two components,versussolvent controls. Data were analyzed
as described in Fig. 2. **= P < 0.01.

the sex pheromone components. Neither (4S)-cis-Z-BAE nor (4S)-trans-Z-BAE
alone were attractive to femaleA. hilare, but when combined in the 95:5 ratio
naturally produced by males in our Californian population, the blend was at-
tractive to females in both laboratory and field bioassays, demonstrating that the
active pheromone consists of at least two components. However, the importance
of the specific blend ratio is not clear. The 95:5 ratio of (4S)-cis-Z-BAE to (4S)-
trans-Z-BAE produced by Californian males is similar to that reported for male
A. hilarefrom Georgia, USA, and also to the ratio produced by males ofA. aseadum
andA. marginatum(Aldrich et al., 1989, 1993). In contrast,A. pennsylvanicum
males produce the two components in an approximately 1:1 ratio (Aldrich et al.,
1989). Furthermore, these two components also constitute the sex pheromone of
Nezara viridula, but the effects of the ratio of the two components produced by
males from different populations remains controversial (Baker et al., 1987; Aldrich
et al., 1987, 1993; Br´ezot et al., 1994). To date, large variations in the ratio of the two
BAEs between individuals within single populations have confounded attempts to
determine the importance of the ratio toN. viridula adults (Brézot et al., 1994;
Ryan et al., 1995).

The major component produced byA. hilaremales,cis-Z-BAE, has the (4S)
configuration, with indications that the minortrans-Z-BAE also has the (4S) abso-
lute configuration. These compounds have been reported in extracts from several
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NezaraandAcrosternumspecies (Baker et al., 1987; Aldrich et al., 1989, 1993),
but no attempts to determine the absolute configurations of the insect-produced
compounds have been reported previously. There was no evidence to indicate that
the third male-produced compound, (4S)-(Z)-α-bisabolene, is a pheromone com-
ponent, and the fraction containing this compound was not attractive to female
bugs. In addition, the fraction containing the two BAE’s was as attractive as the
whole extract, indicating that the (4S)-(Z)-α-bisabolene (and any components in
other fractions) had no discernable role as attractant pheromone components. Be-
cause many species that produce (Z)-α-bisabolene also produce BAEs (Aldrich
et al., 1989, 1993), it is unlikely that (Z)-α-bisabolene has a role in inhibiting
cross-attraction of related species. The obvious structural resemblance between
(4S)-(Z)-α-bisabolene and the BAE’s, and the fact that they all have the same
configuration at the (4S) center suggests that the bisabolene may be a precursor to
the pheromone components.

Although the site of production of the BAEs has not been determined for
A. hilare, they are not produced in the metathoracic glands (MTG), the site of
production of the bugs’ defensive secretions. The BAEs also are clearly distinct in
structure and function from the defensive compounds. The MTG gland contents
were not sexually dimorphic, and the compounds were all well-known, common
components of hemipteran defensive secretions (Gilby and Waterhouse, 1965;
Staddon, 1979; Aldrich, 1988). Significant quantities of these compounds were
present in aeration extracts, indicating that they may be released sporadically or
continuously at low levels. Alternatively, the relatively crowded conditions of the
aeration chambers may have induced low levels of release.

Field cage bioassays using the synthetic pheromone demonstrated that fe-
maleA. hilare approached the pheromone source almost exclusively by walking
(McBrien and Millar, 1999). At the time of this study, in late summer, female
responses to pheromone were strongest in late afternoon or evening, as has been
noted for other pentatomid spp. (Harris and Todd, 1980; Moriya and Shiga, 1984).
A significant proportion of the females tested did not appear to respond to the
pheromone, but because of the small size of the cage, these females may have
already reached their distance of closest approach to the pheromone source. For
example, it has been demonstrated thatN. viridula uses attractant pheromones
to bring males and females together on the same plant or substrate. However,
once on the same plant, the insects initiate a dialog consisting of substrate-borne
vibrational signals, with the male tracking the female’s signal along the plant sur-
faces until he locates her. Periodic vibrational responses by the male while he is
searching for the female apparently induce her to continue signalling until she is
located by the male (Ota anďCokl, 1991; Miklas et al., 1999). A secondNezara
species,N. antennata, produces analogous signals (Kon et al., 1988), suggesting
that this form of short-range communication may be common in the Pentatomidae.
Thus, pentatomid sex pheromones may act to attract insects to the vicinity of a
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pheromone source, but in the absence of the secondary vibrational cues for short
range guidance, insects responding to the pheromone may not actually walk up to
and contact the pheromone source.

The presence of host plants or host plant mimics (e.g., vertical silhouettes)
also may be important both in attraction of females, and in inducing females that
have been attracted to remain near the pheromone source by providing food or
shelter. Further studies are needed to clarify possible interactions between host
plant cues and the pheromones, and to clarify the relative roles of pheromones and
shorter-range substrate-borne vibrational signals in the reproductive behavior of
A. hilare.
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BRÉZOT, P., MALOSSE, C., MORI, K., and RENOU, M. 1994. Bisabolene epoxides in sex pheromone in
Nezara viridula(L.) (Heteroptera: Pentatomidae): Role ofcis isomer and relation to specificity
of pheromone.J. Chem. Ecol.20:3133–3147.

BUSS, A. D., GREEVES, N., MASON, R., and WARREN, S. 1987. Applications of the stereochemically-
controlled Horner-Wittig reaction: Synthesis of feniculin, (E )-non-6-en-1-ol, a pheromone of the
Mediterranean fruit fly, (E )- and (Z )-dec-5-en-1-ol, trisubstituted alkenes, and (Z )-α-bisabolene.
J. Chem. Soc. Perkin Trans. I1987:2569–2577.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342735 July 25, 2001 17:54 Style file version Nov. 19th, 1999

1838 MCBRIEN, MILLAR, GOTTLIEB, CHEN, AND RICE

CHEN, X., GOTTLIEB, L., and MILLAR J. G. 2000. Highly stereoselective syntheses of the sex pheromone
components of the southern green stink bugNezara viridula(L.) and the green stink bugAcroster-
num hilareSay.Synthesis2000:269–272.

CLARKE, R. G., and WILDE, G. E. 1970. Association of the green stink bug and the yeast-spot disease
organism of soybeans. II. Frequency of transmission to soybeans, transmission from insect to
insect, isolation from field population.J. Econ. Entomol.63:355–357.
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Abstract—We identified (Z)-9-octadecen-4-olide as a female-specific, anten-
nally active compound from the currant stem girdlerJanus integerNorton. Fe-
male specificity was demonstrated by gas chromatographic comparison of liq-
uid chromatography fractions of male and female volatile emissions and whole
body extracts. Theγ -lactone was identified by coupled gas chromatographic-
electroantennographicdetection (GC-EAD), coupled gas chromatographic-mass
spectrometric (GC-MS) analysis, microchemical reactions, and GC and MS
comparison with authentic standards. GC-EAD analysis of female volatile emis-
sions and cuticular extracts showed a single peak of activity on male antennae,
which was not present in male-derived materials. Female antennae did not re-
spond to any of the tested materials. The hydrogenation product of the natural
EAD-active material was a known saturatedγ -lactone. The mass spectrum of
the dimethyl disulfide derivative of the naturalγ -lactone was consistent with a
double bond present in the 9 position. Comparison of the naturalγ -lactone and a
synthesized racemic mixture of (Z)-9-octadecen-4-olide on a chiral GC column
showed the presence of a single enantiomer in the natural material.

*Mention of trade names or commercial products in this article is solely for the purpose of providing
specific information and does not imply recommendation or endorsement by the U.S. Department of
Agriculture.
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INTRODUCTION

The currant stem girdler,Janus integerNorton (Hymenoptera: Cephidae), is an
occasional pest of red currant (Ribesspp.) in North America (Crassweller et al.,
1997). In spring, egg laying femaleJ. integercan make numerous punctures in
canes, resulting in drooping and wilting of new shoots. Further damage occurs
as emerging larvae tunnel within the canes. This insect also attacks poplar and
willow trees, and damage to currants usually is more severe near stands of these
trees (Crassweller et al., 1997).

Preliminary field observations indicated that caged virgin females attracted
maleJ. integer(D. G. James, unpublished data), thusJ. integercould utilize a
female-produced sex pheromone for mate location. Currently, the only studied
cephid pheromone is that of the wheat stem sawfly,Cephus cinctusNorton (Coss´e
et al., unpublished data). The pheromone may be beneficial to current pest control
practices, especially since insecticides are ineffective against larvae inside the
currant stems.

This paper describes the isolation, structure determination, and electroan-
tennographic activity of a female-specific volatile compound and compares this
with other sawfly pheromones.

MATERIALS AND METHODS

Insects.Overwintering currant stem girdler larvae present in dormant red cur-
rant stems were collected near Prosser, Washington, during January 2000. Larva-
containing stems were placed individually into glass vials, capped with a moist
piece of cloth-covered cotton, and sent to NCAUR. Upon arrival in Peoria, Illinois,
the vials were kept at 25◦C under a 16:8 (L:D) hour photoperiod regime. Adults
emerged about three weeks later. Adults used in this study were 1- to 4-days old.

Volatile Collections and Cuticular Extracts.One- to three-day volatile collec-
tions were made from individuals or groups of 4 male or female insects. Volatiles
were trapped on Super Q porous polymer (80–100 mesh, Alltech, Deerfield, IL) or
on solid-phase microextraction (SPME) fibers (100µm poly(dimethyl)siloxane,
Supelco, Bellefonte, PA). Volatile collections were made by methods and equip-
ment generally described by Coss´e and Bartelt (2000). Cuticular extracts were
obtained by a single rub of the abdomen of individual male or female insects
with a SPME fiber. In addition, individuals or groups of 8 male or female insects
were killed by freezing when 1–4 days old, and soaked overnight in 1 ml hexane.
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Hexane extracts were stored at−20◦C. Extracts were concentrated under a gentle
stream of nitrogen and fractionated on open columns of silica gel (0.5× 3 cm).
Two-milliliter fractions were collected for each of the following elution solvents:
hexane; 5%, 10%, and 25% ether in hexane (by volume); and ether. Fractions were
concentrated to a volume similar to the non-fractionated samples prior to any
further analysis.

Electrophysiology.Coupled gas chromatographic-electroantennographic
(GC-EAD) analyses were made by methods and equipment generally described by
Cossé and Bartelt (2000). GC-EAD connections were made by inserting a glass-
pipette Ag-AgCl-grounding electrode into the back of an excised sawfly head. A
second glass-pipette Ag-AgCl-recording probe was placed in contact with the dis-
tal end of one antenna. Both pipettes were filled with Beadle-Ephrussi (Ephrussi
and Beadle, 1936) saline.

Instrumentation.Volatile collections, extracts, and liquid chromatography
(LC) fractions were analyzed by gas chromatography with flame-ionization de-
tection (GC-FID) and coupled GC-mass spectrometry (GC-MS, electron impact
and chemical ionization). Samples were injected in splitless mode using Hewlett
Packard 6890 instruments fitted with 30 meter EC-1 capillary columns (0.25 mm
I.D., 0.25µm film thickness, Alltech, Deerfield, IL). Temperature programs were
from 50◦C to 275◦C at 10◦C per min (GC-MS) or at 15◦C per min (GC-EAD). Injec-
tor temperatures were maintained at 250◦C, and GC-EAD effluent interface from
post-column splitter was kept at 275◦C. Injectors were fitted with SPME injector
liners (Supelco, Bellefonte, PA) for SPME analysis. Mass spectrometry was per-
formed with a Hewlett Packard 5973 instrument (electron impact, 70 eV). Chemical
ionization spectra (isobutane) were obtained on a Thermo Quest Trace GC 2000
quadrupole mass spectrometer. The Wiley mass spectral library, with 275,821
spectra, was available on the MS data system (Wiley, 1995). Chiral resolution
was achieved on a capillary column having a diacetyl-derivatizedβ-cyclodextrin
phase,β-DEX 225 (30 m length, 0.25 mm ID, 0.25µm film thickness; Supelco,
Bellefonte, PA) operated at 200◦C.

Microchemical Reactions.Hydrogenation of GC-EAD-active LC fractions
was used to confirm the number of carbon-carbon double bonds. Samples (100µl)
were stripped to dryness under a stream of nitrogen and resuspended in 100µl
ethanol to which was added∼0.5 mg of 10% Pd on charcoal. Reduction was
accomplished by bubbling a gentle steam of hydrogen through the sample for
5 min at room temperature. The reduced sample was filtered and analyzed by
GC-MS and GC-EAD.

Dimethyl disulfide (DMDS) derivatives were prepared for determination of
double bond locations of EAD-active material (Carlson et al., 1989). Samples
(100µl) were stripped to dryness under a stream of nitrogen, and DMDS and
5% iodine in ether were added (equal volumes, about 25µl each). The samples
were heated at 45◦C for 1–2 hr, then diluted with hexane and worked up with
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aqueous sodium thiosulfate to destroy the iodine. The organic layer was dried over
sodium sulfate, evaporated under nitrogen, resuspended in about 10µl hexane,
and analyzed by GC-MS. Oven temperature was programmed up to 300◦C, and
MS scanning range was 40–600 amu.

The antenally active 10% ether/hexane LC fractions contained two major free
fatty acids, linoleic- and oleic acid, which were methylated to the corresponding
methyl esters with diazomethane. Approximately 5 mg ofN-methyl-N-nitroso-
p-toluenesulfonamide (Diazald, Aldrich, Milwaukee, WI) were added to a 1:1
mixture of ether and a mixture of 5% aqueous KOH and methanol (1:1). Ten
micro liters of the yellow ether layer were added to 100µl of the EAD-active
LC fraction. After 5 min, the mixture was evaporated and the residue dissolved in
hexane for GC-MS and GC-EAD analysis.

FIG. 1. Synthesis of (Z)-9-octadecen-4-olide (see text for abbreviations).
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Synthesis of (Z)-9-octadecen-4-olide.A preliminary synthesis to confirm
structure was conducted by one of us (RJP), based on well-known reactions
(Figure 1). One hydroxy group of 1,6-hexanediol (Aldrich, Milwaukee, WI) was
protected as a tetrahydropyranyl (THP) ether by using pyridiniump-toluenesulfo-
nate (PPTS) as catalyst (Miyashita et al., 1977). Monoprotection of the diol was
accomplished by modification of the published procedure (Miyashita et al., 1977).
In a biphasic mixture of acetonitrile and hexane, the reactants were primarily in the
more polar (acetonitrile) phase, but the mono ether migrated to the hexane phase,
reducing the chance of further derivatization to the diether. The free hydroxyl was
oxidized with pyridinium dichromate (PDC) in CH2Cl2 to give the aldehyde (Corey
and Schmidt, 1979). The aldehyde was reacted with nonyl(triphenyl)phosphonium
bromide to give, predominantly, theZ-olefin (Sonnet, 1974). The THP protective
group was easily removed by acid catalysis (Dowex 50 W× 8) in MeOH (Beier
and Mundy, 1979). The alcohol was oxidized to the aldehyde as described above.
Samarium iodide mediated the coupling of Br(CH2)2CO2Et with the aldehyde,
to form the 4-hydroxy ester. This cyclized to the desiredγ -lactone during the
acidic workup (Otsubo et al., 1987). The SmI2-induced coupling of an unactivated
organic halide with an aldehyde is promoted by hexamethylphosphoric triamide
(HMPA). Both enantiomers are formed.

RESULTS AND DISCUSSION

Cuticular Extracts and Volatile Collections.Comparisons of the GC pro-
files of extracted materials obtained by SPME rub and hexane soak showed a
high degree of similarity (Figure 2). GC-EAD analyses (N = 15) of cuticular
extracts (SPME rub and hexane soak) from individuals or groups of male or fe-
male insects were obtained by using male and female antennae. EAD activity
occurred consistently at one GC retention time (21.8 min) when cuticular extracts
from female insects (N = 6) (Figure 2) were tested on male antennae, but not on
female antennae. Male and female antennae showed no EAD activity with cuticu-
lar extracts derived from males (N = 9). Similarly, GC-EAD analyses (N = 10)
of volatiles collected (Super Q and SPME) from individuals or groups of female
insects (N = 5) consistently indicated the same GC retention time, with EAD ac-
tivity only on male antennae. Male and female antennae showed no EAD activity
with volatiles derived from males (N = 5).

Liquid Chromatography.The EAD-activity of female cuticular extracts eluted
from silica gel with 10% ether in hexane, suggested an oxygenated compound for
the EAD-active material. No other antennal activity was noted for any of the other
silica gel fractions (Figure 3).

Comparison of GC-MS analyses of 10% ether/hexane fractions of male versus
female cuticular extracts demonstrated a female specific compound, as shown in
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FIG. 2. Simultaneously recorded gas chromatographic (GC) and electroantennographic
detection (EAD) of typical male antennae to a hexane extract of femaleJ. integer(A)
and a SPME cuticular rub of femaleJ. integer(B). Insert shows the GC retention time of
EAD-activity.
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FIG. 3. Simultaneously recorded gas chromatographic (GC) and electroantennographic
detection (EAD) of typical male antennae to liquid chromatography fraction (10% ether in
hexane) of femaleJ. integerhexane extract (A), and synthetic (Z)-9-octadecen-4-olide (B).
Arrows denotes the GC retention times of EAD-activity.

Figure 4. This compound corresponded to the EAD-active material, based on
comparisons of GC-MS and GC-EAD elution profiles (same column, but different
temperature ramps).

The mass spectrum of the EAD-active compound indicated a molecular
weight of 280 (Figure 5), which was confirmed by the chemical ionization mass
spectrum (base peak atm/z 281), but its EI spectrum did not match any of the
spectra in the MS library.
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FIG. 5. EI-Mass spectrum of (Z)-9-octadecen-4-olide from femaleJ. integer(upper) and
EI-mass spectrum of the DMDS derivative of this compound, showing origins of major
fragments (lower).

A molecular weight of 280 suggested C19H36O (2 double bonds or ring
equivalents) or C18H32O2 (3 double bonds or ring equivalents) as likely molec-
ular formulas. In fact, the silica gel fraction with the female-specific compound
contained two relatively abundant fatty acids, which were identified by MS as
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linoleic- and oleic acid (Figure 5). The female 10% ether/hexane fraction was
treated with several chemical reagents to further elucidate the chemical composi-
tion of this EAD-active material.

Methylation.The addition of diazomethane to the female 10% ether/hexane
fraction converted the carboxylic acids to the corresponding methyl esters, but did
not affect the EAD-active compound, indicating it did not have a free carboxyl
group.

Hydrogenation.The mass spectrum of the EAD-active compound after hy-
drogenation showed a molecular ion atm/z 282, indicating the presence of one
carbon-carbon double bond. Furthermore, the MS library pickedγ -stearolactone
as a likely match for the hydrogenation product. This MS library match was
confirmed by comparison of the mass spectra and GC retention times of the
hydrogenation product and an authentic sample ofγ -stearolactone (Cermak and
Isbell, 2000). Similar to the natural product, this synthetic standard also had a frag-
ment ion atm/z85, which would be expected for aγ -lactone (cleavage where side
chain joins ring), suggesting that the natural compound was probably aγ -lactone
with one carbon-carbon double bond in the side chain; the fragment ion atm/z85
would not be present if the carbon-carbon double bond was residing in a ring. The
presence of a double bond might also be important for antennal activity, because
GC-EAD analysis of the hydrogenation product showed a complete loss of antennal
activity. In addition, GC-EAD analysis prior to the diazomethane treatment showed
no antennal activity for the oleic acid; surprisingly however, the methyl ester of
oleic acid was antennally active.

DMDS Derivatization.The mass spectrum of the DMDS (MW= 94) deriva-
tive of the EAD-active compound is presented in Figure 5. The readily formed
derivative showed a molecular ion atm/z 374 (= 280+ 94), and the fragment
ions (m/z173 and 201) were consistent with a double bond being present in the 9
position.

Synthetic (Z)-9-octadecen-4-olide.The syntheticγ -lactone matched the natu-
ral female-derivedJ. integercompound exactly by mass spectrum, mass spectrum
of DMDS derivative, and by GC-EAD analyses (Figure 3). The Wittig synthe-
sis (Figure 1) created both the (Z) and (E) configurations at the double bond.
The Z-isomer was recognized because it eluted slightly earlier by GC on the
non-polar column (Z-isomer at 21.82 min,E-isomer at 21.87 min) and because
it was more abundant (ca. 70:30), as expected for the Wittig reaction conditions
(Sonnet, 1974). GC analysis established that the natural material contained only the
earlier-elutingZ-isomer, and by GC-EAD the syntheticZ-isomer was antennally
active (Figure 6). The syntheticγ -lactone was synthesized as a racemic mixture
and its two enantiomers showed base-line separation on the chiral GC column
(Figure 7). The earlier eluting enantiomer had the same GC retention time as the
natural compound. Future chiral synthesis of theγ -lactone will determine the
absolute configuration of the naturalγ -lactone.
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FIG. 6. Simultaneously recorded gas chromatographic (GC) and electroantennographic
detection (EAD) of typical male antennae to an isomer mixture of synthetic (Z)-, and (E)-9-
octadecen-4-olide (A) and liquid chromatography fraction (10% ether in hexane) of female
J. integerhexane extract (B).

Based on GC-FID peak areas and fraction volumes, the estimated maximum
release rate of naturalγ -lactone was 10 ng/female/day.

Sawfly Sex Pheromones.Forthcoming behavioral tests will determine whether
this female-specificγ -lactone ofJ. integeris capable of attracting male sawflies
and, thus, be confirmed as a sex pheromone.

Little is published on pheromone systems of sawflies belonging to the family
Cephidae. The only studied cephid pheromone is that of the wheat stem sawfly
Cephus cinctusNorton (Coss´e et al., unpublished data).

Insect Specificγ -Lactones.Sex pheromones of sawflies belonging to the fam-
ily Diprionidae and to one species belonging to the family of Tenthredinidae are
well-studied (Bartelt and Jones, 1983; Bartelt et al., 1983; Anderbrant, 1999).
However, noγ -lactone containing compounds have been reported as sawfly
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FIG. 7. Chiral separation by gas chromatography of racemic (Z)-9-octadecen-4-olide (A)
and (Z)-9-octadecen-4-olide (B) from femaleJ. integer.

pheromones, although relatedγ -lactones are known as scarab beetle pheromones
(Tumlinson et al., 1977; Leal, 1999). For example, the sex pheromone of the
yellowish elongate chafer,Heptophylla piceaMotschulsky was identified as (R,Z)-
7,15-hexadecadien-4-olide and is probably biosynthesized from stearic acid (Leal
et al., 1996). Similarly, fatty acid derivatives might be involved in the proposed
sex pheromone of currant stem girdler.

Acknowledgments—We thank the following colleagues at NCAUR, Peoria, Illinois: Ronald D.
Plattner for assistance in obtaining CI mass spectra and Terry Isbell for the sample ofγ -stearolactone.
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Abstract—Two components, (Z)-8-dodecenyl acetate (Z8-12:Ac) and (Z)-8-
dodecenol (Z8-12:OH), were isolated from sex pheromone glands of the caram-
bola fruit borer,Eucosma notanthes, and were identified by GC, and GC-MS,
chemical derivatization, and comparison of retention times. The ratio of the
alcohol to acetate in the sex pheromone extracts was 2.7. However, synthetic
mixtures (1 mg) in ratios ranging from 0.5 to 1.5 were more effective than other
blends in trapping male moths in field tests.

Key Words—Carambola fruit borer,Eucosma notanthes, sex pheromone,
(Z)-8-dodecenyl acetate, (Z)-8-dodecenol.

INTRODUCTION

The carambola fruit borer,Eucosma notanthesMeyrick (Lepidoptera:
Tortricidae), is a key pest of carambola (also known as star fruit),Averrhoa caram-
bola L., in Taiwan (Ho, 1985). This insect has 8 generations per year and may
attack carambola fruits all year. Its population density remains high from July to
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November. At fruiting time, the moths lay eggs on the surface, and the larvae
penetrate into the fruits, causing severe damage. Damaged fruits drop or become
unedible and unmarketable. Although farmers usually apply insecticides or bag
the fruits to protect them from attack by fruit flies and borers, the fruit damage rate
varies from 29 to 77% (Ho, 1988a,b).

Recently, (Z)-8-dodecenyl acetate (Z8-12:Ac) was found to be an effective
sex attractant for this borer in field tests and laboratory bioassays (Hwang et al.,
1987, 1996; Hwang and Hung, 1994). High concentrations of this component
used as a mating disruptant resulted in significant control of the borer (Hwang and
Hung, 1997). Therefore,Z8-12:Ac was suspected to be one of the sex pheromone
components of the carambola fruit borer. However, the natural sex pheromone
components and their blend for this borer were still not yet known. In this study,
two components of the sex pheromone were extracted from calling virgin females
and analyzed by gas chromatography (GC) and gas chromatography-mass spec-
trometry (GC-MS). Attraction of the moth to different blend ratios of the sex
pheromone components was determined in field tests.

METHODS AND MATERIALS

Insects.Experimental colonies ofE. notantheswere initially collected from
carambola orchards at Changhua, Taiwan. Larvae were mass-reared on a diet at
25± 1◦C, 70± 5% relative humidity, and 12 hr photoperiod (Hung and Hwang,
1991). Sexes were identified at the pupal stage and maintained separately in 200-ml
plastic jars until eclosion. Adult moths were supplied with 5% honey in water and
maintained in plastic bags (30× 40 cm).

Preparation of Sex Pheromone Gland Extracts.At the maximum calling and
mating time between 1–3 hr after lights on, ovipositors of 1–4-day-old virgin
females were excised (Hung et al., 1997). Pheromone glands were immersed in
n-hexane for 5 sec and the extract was stored at−19◦C.

Sources and Purity of Authentic Samples.Authentic samples used for com-
parison and bioassay were as follows: decanol (Lancaster, 98%), dodecyl acetate
(Aldrich, 97%), (Z)-7-dodecenyl acetate (Z7-12:Ac) (Instituut voor Planteziekten-
kundig Onderzoek, the Netherlands,>99%), (Z)-8-dodecenyl acetate (Z8-12:Ac)
(Sigma, 96.8%), (Z)-8-dodecenyl acetate (Instituut voor Planteziektenkundig
Onderzoek,>99%), (Z)-9-dodecenyl acetate (Z9-12:Ac) (Instituut voor Plante-
ziektenkundig Onderzoek,>99%), (E)-8-dodecenyl acetate (E8-12:Ac) (Sigma),
dodecanol (12:OH) (Lancaster, 97%), (E)-8-dodecenol (E8-12:OH) (Chemtech
B. V., the Netherlands), (Z)-8-dodecenol (Z8-12:OH) (Instituut voor Plante-
ziektenkundig Onderzoek,>99%), 1-tetradecanol (Fluka, 97%), 1-hexadecanol
(Aldrich, 99%), 1-octadecyl acetate (TCI, 99%) and 1-octadecanol (Lancaster,
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97%). Three additional authentic samples, decyl acetate, 1-tetradecyl acetate
and 1-hexadecyl acetate, were synthesized from decanol, 1-tetradecanol, and
1-hexadecanol, respectively.

Chemical Analysis.Gas chromatography analyses were performed on a
Hewlett-Packard 5890A GC ( Avondale, Pennsylvania) with a capillary DB-Wax
column (30 m× 0.25 mm; 0.25-µm; J&W Scientific, Folsum, CA). The oven
temperature was set at 150◦C for 20 min, then increased at 8◦C/min to final tem-
perature, 240◦C. GC-MS spectra were recorded on a Finnigan MAT GCQ system
equipped with an ion trap mass analyzer and a DB-Wax capillary column. The
temperature program was the same as above. Electron impact (EI) and chemi-
cal ionization (CI) mass spectral data of natural and authentic compounds were
recorded at 70 eV with the transfer line at 230◦C and the ion source at 200◦C.
Methane was used as a reagent gas for CI analysis. The extract solution of 52,820
ovipositors prepared as described above was subsequently concentrated to 1 ml,
and analyzed with the external standard method.

Derivatization.Retention times and retention indices were determined with
(Z)- and (E)-8-12:Ac, and (Z)- and (E)-8-12:OH as described above in GC anal-
ysis. Double bond position and configuration were determined by the mass spec-
tral fragmentation patterns of their dimethyl disulfide (DMDS) derivatives, which
were synthesized following the procedure of Buser et al. (1983) and Leonhardt
and DeVilbiss (1985). GC-MS was equipped with a CP-Sil 8 CB fused silica
capillary column (Chrompack, the Netherlands) (30 m× 0.25 mm; 0.25µm).
Chromatography was carried out with a temperature program initially at 80◦C for
2 min, then increasing at 20◦C/min to 140◦C, followed by increasing at 4◦C/min to
240◦C.

Field Tests.To verify the attractiveness of the pheromone components to males
of E. notanthesand to develop an optimized trap lure, seven field experiments were
conducted. The numbers of males captured in traps baited with different compo-
nents or blend ratios of two authentic compounds were calculated and evaluated.
In an attempt to realize the relationship between the attractiveness and the double
bond position in the components, three analogs,Z7-12:Ac, Z8-12:Ac andZ9-
12:Ac, were used for attraction tests. In addition, bothZ8-12:Ac andZ8-12:OH
were suspected to be the main pheromone components; therefore, various blends of
these two components were also tested. Since the syntheticZ8-12:Ac always con-
tains an impurity ofE8-12:Ac, which could affect the attractiveness ofZ8-12:Ac,
7 blends ofZ8-12:Ac andE8-12:Ac were examined.

Field tests were conducted in carambola orchards at Changhua, Taiwan, be-
tween August 1996 and October 1997. Each lure comprising 1 mg of content
was absorbed on a rubber septa (Aldrich,Z-12435-4) and glued to a wing sticky
trap (Taiwan Jia-Fu Co.) (Hung et al. 1999). Each trap was hung at 180–200 cm
above the ground, and spaced 1–2 trees (10∼ 15 m) between traps. A randomized
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complete block design was used for the field tests. Four orchards spaced 100∼
200 m apart were used as blocks. The area of each orchard was between 0.2 and
0.5 ha. Each orchard had all treatments including pheromone formulations and
blank. Treatments within a block were randomized. Traps were checked weekly
for 4∼ 8 weeks and treatments within a block were rotated one position each time
(Hwang et al., 1987; Hwang and Hung, 1994).

Statistical analysis was conducted with the SAS system. Trap catch data
were subjected to an analysis of variance, and treatment means were separated by
Duncan’s multiple range test.

In the first experiment, each of the three isomers, i.e.,Z7-12:Ac, Z8-12:Ac
and Z9-12:Ac, was tested. Each isomer was mixed individually withZ8-12:OH
in a ratio of 1 : 1 and tested for the second experiment. In the third experiment,
Z8-12:Ac andZ8-12:OH were assayed individually in three orchards. In the fourth
experiment, five different ratios ofZ8-12:Ac to Z8-12:OH were tested, namely,
100 : 0, 100 : 1, 100 : 100, 100 : 200, and 0 : 100. In the fifth and sixth experiments,
ratios ofZ8-12:Ac andZ8-12:OH were reevaluated in order to obtain the optimum
ratio of these two components for maximum capture of males in pheromone-
baited traps. Additionally, five and three ratios ofZ8-12:Ac andZ8-12:OH in
100 : 5, 100 : 10, 100 : 50, 100 : 100, 100 : 150, and 100 : 100, 100 : 150, 100 : 270,
respectively, were assayed. In the last experiment, seven ratios ofZ8-12:Ac and
E8-12:Ac in 100 : 0, 99.5 : 0.5, 98 : 2, 96 : 4, 94 : 6, 92 : 8, or 0 : 100 were tested.

RESULTS

Chemical Analysis.A small amount of sex pheromone was isolated from a to-
tal of 4,043 females. Only four peaks were found in the gas chromatogram; two ma-
jor peaks, 1 and 4, and two minor peaks, 2 and 3 (Figure 1B). The retention times of
these four peaks matched those of 4 authentic samples; peaks 1 and 4 gave the
same retention times asZ8-12:Ac andZ8-12:OH, respectively, while peaks 2 and
3 were also coincided with 12:OH andE8-12:OH, respectively (Figure 1A, B).
The gland extracts and 14 authentic samples were analyzed by GC-MS (Figure
1C, D). The retention times of 14 authentic samples are shown as peak 1 to 14
in Figure 1C. Each peak was identified as follows: 1 (10:Ac, 5.02), 2 (10:OH,
6.38), 3 (12:Ac, 10.47), 4 (E8-12:Ac , 11.82), 5 (Z8-12:Ac, 12.35), 6 (12:OH,
13.98), 7 (E8-12:OH, 16.02), 8 (Z8-12:OH, 16.72), 9(14:Ac, 22.37), 10 (14:OH,
24.87), 11 (16:Ac, 27.72), 12 (16:OH, 28.95), 13 (18:Ac, 30.85) and 14 (18:OH,
31.75 min). The sex pheromone extracts show 12 peaks in the gas chromatogram
(Figure 1D). Their retention times were as follows: 1(9.52), 2(10.13), 3(11.30),
4(12.33), 5(16.83), 6(25.88), 7(29.77), 8(30.15), 9(31.50), 10(31.73), 11(31.83),
and 12(33.08 min). Comparison of the retention times and EI and CI mass spectra
of the fourth and fifth peaks of the extracts with those of syntheticZ8-12:Ac and
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FIG. 1. Comparative GC (A, B) and GC-MS (C, D) chromatograms of pheromone extracts
produced by females ofEucosma notanthesand standard compounds. Fourteen standard
compounds are shown as peaks 1 to 14 in C :1 (10:Ac), 2 (10:OH), 3 ( 12:Ac), 4 (E8-12:Ac),
5 (Z8-12:Ac), 6 (12:OH), 7 (E8-12:OH), 8 (Z8-12:OH), 9 (14:Ac), 10 (14:OH), 11 (16:Ac),
12 (16:OH),13 (18:Ac) and 14(18:OH).
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TABLE 1. CI MASSSPECTRALDATA FOR THE FOURTH AND FIFTH PEAKS OFEucosma
notanthesPHEROMONEEXTRACTS AND STANDARD COMPOUNDS OFZ8-12:AC AND

Z8-12:OH

Compound Source Mass spectral data,m/z(Intensity, %)

Z8-12:Ac Synthetic 227(M+1+, 12.31), 165(9.23), 137(9.23), 123(21.54),
111(70.77), 97(78.46), 81(81.54), 69(100), 55(73.85),
43(23.08)

Natural 227(M+1+, 5.88), 165(2.94), 151(2.94), 137(5.88),
(peak 4) 123(14.71), 109(38.24), 95(61.76), 81(94.12), 67(100),

55(44.12), 43(8.82)
Z8-12:OH Synthetic 185(M+1+, 2.60), 173(1.30), 165(1.30), 137(5.19),

123(18.18), 109(48.05), 95(67.53), 81(76.62), 69(100),
55(89.61), 41(74.03)

Natural 185(M+1+, 1.11)), 173(1.11), 165(1.11), 149(1.11),
(peak 5) 141(1.11), 137(5.56), 123(14.44), 109(38.89), 95(64.44),

91(4.44), 85(2.22), 81(92.22), 71(4.44), 67(100),
55(68.89), 43(8.89)

Z8-12:OH suggested that peak 4 and 5 wereZ8-12:Ac andZ8-12:OH, respec-
tively (Table 1). The EI mass spectra ofZ8-12:Ac have two characteristic peaks,
one withm/z= 61, which is a typical fragmentation peak of acetates, (AcOH+

2 ),
and the other withm/z= 166, which corresponds to (M-AcOH)+. In contrast, the
EI mass spectra ofZ8-12:OH do not show any peak withm/z= 61 (AcOH+2 ).
Therefore, it can be differentiated from acetate to alcohol. The results of our EI
mass spectra of peak 4 and 5 are consistent withZ8-12:Ac andZ8-12:OH. The CI
mass spectra ofZ8-12:Ac and peak 4 both have a mother molecular ion peak with
m/z= 227 (M+1+) and all identical fragmentation patterns (Table 1). Similarly,
the CI mass spectra ofZ8-12:OH and peak 5 also have a mother molecular peak
with m/z= 185 (M+1+) and are consistent with the spectral data (Table 1). These
data indicate that peak 4 corresponds toZ8-12:Ac and peak 5 toZ8-12:OH. The
total amounts ofZ8-12:Ac andZ8-12:OH obtained from the extraction of 52,820
females were 63.37 and 169.32µg, respectively. This is equivalent to a ratio of
Z8-12:OH:Z8-12:Ac of 2.7.

Mass spectral analysis of DMDS derivatives resolved the isomer identification
of the dodecenyl acetate and dodecenol. Comparison with the data from Buser et al.
(1983) and Leonhardt and DeVilbiss (1985), our derivatized standards showed the
diagnostic peaks to be [M+320 (29.2%), A+103 (2.1%), B+217 (64.4%)] forZ8-
12:Ac at a retention time of 27.77 min; [M+320 (25.2%), A+103 (2.0%), B+217
(61.9%)] for E8-12:Ac at 28.03 min; [M+278 (44.7%), A+103 (2.5%), B+175
(29.6%)] forZ8-12:OH at 25.23 min; and [M+278 (39.3%), A+103 (2.6%), B+175
(28.1%)] forE8-12:OH at 25.53 min. The derivatives of two components from the
pheromone gland extracts also gave diagnostic peaks of [M+320 (31.7%), A+103
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(2.2%), B+217 (69.0%)], at a retention time of 27.78 min; and [M+278 (39.7%),
A+103 (2.3%), B+175 (27.5%)], at 25.30 min, confirming their identities as
Z8-12:Ac andZ8-12:OH, respectively.

Field Tests.In the initial comparison of three isomers,Z7-12:Ac, Z8-12:Ac
and Z9-12:Ac, as trap lures, the greatest numbers ofE. notanthesmales were
captured in traps baited withZ8-12:Ac. Other isomers either failed to capture
any male or the number of males captured was less than that in unbaited traps
(ANOVA F = 3.96,df= 79, 0.01< P < 0.001) (Figure 2A). The total number
of E. notanthesmales captured was 134.

FIG. 2. Mean numbers of maleEucosma notanthesmoths captured in carambola orchards
in traps baited with three isomers,Z7-12:Ac,Z8-12:Ac, andZ9-12:Ac, alone (A) or with
equal amountZ8-12:OH (B). Experiments were conducted at Changhua, Taiwan, on the
following dates: experiment A, July 2–August 6, 1997; experiment B, August 6–September
10, 1997. Bars with the same letter are not significantly different by Duncan’s multiple
range test (P = 0.05).
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In the second experiment, where three isomers,Z7-12:Ac, Z8-12:Ac and
Z9-12:Ac, were mixed individually withZ8-12:OH in ratio of 1 : 1. The greatest
numbers ofE. notanthesmales were captured in traps baited withZ8-12:Ac and
Z8-12:OH. In the other two mixtures, the numbers of males captured were nearly
0 and not different from those in unbaited traps (ANOVAF = 31.41, df = 79,
P< 0.001) (Figure 2B). The total number of males captured in this experiment
was 1,214.

In the third experiment, in whichZ8-12:Ac andZ8-12:OH were compared,
the greatest numbers of males were captured in traps baited withZ8-12:Ac, ranging
from 13 to 208 males/trap/week (mean 60.1), while those captured withZ8-12:OH
and in the blank were only 1.1 and 0 males/trap/week, respectively (ANOVAF =
15.4, df = 35, P< 0.001) (data not shown). The total number of males captured
was 734.

In the fourth experiment, in which comparison of various ratios of
Z8-12:Ac and Z8-12:OH were made, the greatest numbers of males were
captured in traps baited withZ8-12:Ac andZ8-12:OH at a load ratio of 100 : 100.
Significant numbers of males were also captured in traps baited with ratios of
100 : 1 and 100 : 200. Capture of males with the remaining ratios were rather
small and did not differ from those in unbaited traps (ANOVAF = 47.87,
df = 119, P< 0.001) (Figure 3A). The total number of males captured was
2,420.

In the fifth experiment, where the ratios ofZ8-12:Ac andZ8-12:OH were
100 : 5, 100 : 10, 100 : 50, 100 : 100 and 100 : 150, the numbers ofE. notanthes
males captured in traps baited with a load ratio of 100 : 100 did not differ from
those with 100 : 50 and 100 : 150, while they were greater than those captured
in traps baited with two other load ratios of 100 : 5 and 100 : 10. (ANOVAF =
12.69,df= 143,P< 0.001) (Figure 3B). The total number of males captured was
2,115.

In the sixth experiment, where three ratios ofZ8-12:Ac andZ18-12:OH
were 100 : 100, 100 : 150, and 100:270, the numbers ofE. notanthesmales cap-
tured in traps baited with a load ratio of 100 : 100 did not differ from those with
100 : 150, while they were greater than those baited with 100 : 270. (ANOVA
F = 16.96,df= 99,P< 0.001) (Figure 3C). The total number of males captured
was 4,539.

In the last experiment, whereZ8-12:Ac andE8-12:Ac were used, in ratios
ranging from 100 : 0 to 0 : 100, the greatest numbers of males were captured in
traps baited with a load ratio of 100 : 0. This was not greater than numbers of
males captured in traps baited with these compounds at a load ratio of 99.5 : 0.5.
Almost no moths was captured in traps baited with these compounds in other load
ratios (ANOVA F = 3.93,df= 253,P< 0.001) (Figure 4). A total of 1,285 males
were captured.
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FIG. 3. Mean numbers of maleEucosma notanthesmoths captured in traps baited with
different blend ratios ofZ8-12:Ac mixed withZ8-12:OH in carambola orchards. The first
comparison (A) consisted of a broader range of ratios, while comparison of (B) and (C)
consisted of a range of ratios closer to that found in the best efficiency lure for trapping
carambola fruit borer. Experiments were conducted at Changhua, Taiwan, on the following
dates: experiment A, March 19–April 23, 1997; experiment B, April 30–June 11, 1997;
experiment C, December 22, 1999–February 10, 2000. Bars with the same letter are not
significantly different by Duncan’s multiple range test (P = 0.05).

DISCUSSION

Our results indicate that the sex pheromone ofE. notanthescomprises two
compounds, i.e.,Z8-12:Ac andZ8-12:OH. Both compounds in combinations
or Z8-12:Ac alone can capture males, indicating that these compounds are sex
pheromone components of this species.
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FIG. 4. Mean numbers of maleEucosma notanthesmoths captured in traps baited with
different blend ratios ofZ8-12:Ac mixed withE8-12:Ac in carambola orchards at Changhua,
Taiwan, from August 1 to November 11, 1996. Bars with the same letter are not significantly
different by Duncan’s multiple range test (P = 0.05).

The compound,Z8-12:Ac, is an attractant for more than 40 insect species, and
has been found in females of three species,Cryptophlebia leucotreta, Grapholita
molesta and Hedya nubiferana, in which it was found with other components
including E8-12:Ac, 12:OH, 12:Ac, E5-12:Ac, andZ8-12:OH. However, only
Z8-12:OH is reported to be an attractant of four insect species, and was identified
as a sex pheromone component for the Oriental fruit moth,G. molesta(Kydonieus
et al., 1982). The sex pheromone components ofG. molestahave been reported
to be Z8-12:Ac andE8-12:Ac, andZ8-12:OH and 12:OH (Roelofs et al., 1969;
Cardé et al., 1979; Lacey and Sanders, 1992). In this study, two of these four
components, i.e.,Z8-12:Ac andZ8-12:OH, were identified as sex pheromone
components ofE. notanthes.Ratios of Z8-12:Ac andZ8-12:OH ranging from
1 : 0.5 to 1 : 1.5 were more attractive toE. notanthesmales in orchards, whereas
the ratio of these two compounds was 1 : 2.7 in hexane extracts of sex pheromone
glands. A concentration of 0.5% or more ofE8-12:Ac inhibited attraction toE.
notanthesby the lures containingZ8-12:Ac, while 6–7% and 2.2% ofE8-12:Ac
was active as a pheromone component withZ8-12:Ac in attractingG. molestaand
the lesser apple worm,Grapholita prunivora, respectively. However, when the
amount of E8-12:Ac reached 23% in lures, the trap catch to males of both species
decreased (Roelofs and Card´e, 1974). Therefore, isomeric purity ofZ8-12:Ac is
important for attractiveness of lures toE. notanthes.
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In conclusion, we identified two compounds,Z8-12:Ac andZ8-12:OH, to
be sex pheromone components ofE. notanthes.Furthermore, based on field tests,
Z8-12:Ac is regarded as the main component, whileZ8-12:OH per se does not
attract males.
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Abstract—The brinjal fruit and shoot borer,Leucinodes orbonalisis the
major pest of eggplant in South Asia. Analysis of female pheromone gland
extracts prepared from insects of Indian and Taiwanese origin confirmed (E)-
11-hexadecenyl acetate (E11-16:Ac) as the major pheromone component with
0.8 to 2.8% of the related (E)-11-hexadecen-1-ol (E11-16:OH), as previously
reported from Sri Lanka. The average quantity of E11-16:Ac extracted per fe-
male was estimated to be 33 ng, with a range of 18.9 to 46.4 ng when collected
2 to 3 hr into the scotophase. In field trials conducted in India, blends containing
between 1 and 10% E11-16:OH caught more maleL. orbonalisthan E11-16:Ac
alone. At the 1000µg dose, on white rubber septa, addition of 1% E11-16:OH
to E11-16:Ac was found to be more attractive to maleL. orbonalisthan either
0.1 or 10% E11-16:OH. Trap catch was found to be positively correlated with
pheromone release rate, with the highest dose tested, 3000µg, on white rubber
septa catching more male moths than lower doses. Field and wind tunnel release
rate studies confirmed that E11-16:OH released from white rubber septa and
polyethylene vials at approximately twice the rate of E11-16:Ac and that the
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release rate of both compounds was doubled in polyethylene vials compared
to white rubber septa. This difference in release rate was reflected in field tri-
als conducted in Bangladesh where polyethylene vial dispensers caught more
male moths than either black or white rubber septa, each loaded with the same
100 : 1 blend of E11-16:Ac and E11-16:OH in a 3000µg loading.

Key Words—Leucinodes orbonalis, brinjal, sex pheromone, (E )-11-hexadecenyl
acetate, (E )-11-hexadecen-1-ol.

INTRODUCTION

The brinjal fruit and shoot borer,Leucinodes orbonalisGuenée (Lepidoptera:
Pyralidae: Pyraustinae) is the major insect pest of eggplant,Solanum melongena,
throughout Asia (Purohit and Khatri, 1973; Kuppuswamy and Balasubramanian,
1980; Allam et al., 1982). Larvae ofL. orbonalisbore into shoots during the vege-
tative growth stage and later into flowers and fruits rendering fruit unfit for human
consumption. Larvae block their bore holes with frass which protects them from
natural enemies and most topically applied insecticides. Indigenous parasitoids of
L. orbonalishave been recorded, notablyTrathala flavoorbitalisCameron (Hy-
menoptera: Ichneumonidae),Eriborus argenteopilosusCameron (Hymenoptera:
Ichneumomidae),Phanerotomasp. (Hymenoptera: Braconidae) andCampy-
loneurasp. (Diptera: Cecidomyiidae) (Tewari and Krishna Moorthy, 1984; Tewari
and Sardana, 1987). However, under field conditions, the level of parasitism
recorded is often low (<2%) (Srinivasan, 1994), in part because of exposure to
excessive amounts of insecticide used for control ofL. orbonalis.

Eggplant is regarded as a cheap vegetable, available throughout most of the
year, but production is seriously affected in many parts of the Indian sub continent
because of the high cost and low efficacy of insecticide needed to ensure production
of a viable crop. In West Bengal, for example, insecticide applications frequently
exceed three per week. Alternative control strategies are needed but, to be effective,
they require a sound understanding of the biology and ecology of the insect. As part
of this process the need for an adult population monitoring system was recognized
by the authors.

Adult L. orbonalisare not attracted to light traps but Zhu et al. (1987), work-
ing with insects from China, identified (E )-11-hexadecenyl acetate (E11-16:Ac)
as the major component of the female sex pheromone and suggested that it was
attractive to male moths in the field, although no data were presented. Subse-
quently, Attygalle et al. (1988) confirmed the presence of E11-16:Ac in call-
ing virgin females using insects from Sri Lanka and, in addition, found trace
amounts of (E )-11-hexadecen-1-ol (E11-16:OH). However, they did not report
the results of any field studies to ascertain the behavioral significance of either
of these two compounds. This paper reports the results of laboratory and field work
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to confirm the composition of the pheromone, and to develop an effective synthetic
equivalent for use in monitoring maleL. orbonalis.

METHODS AND MATERIALS

Insect Material.Larvae were field-collected from eggplant fruit in West Ben-
gal and Andhra Pradesh, India. Infested fruits were placed in pupation dishes filled
with damp sand. Mature larvae exited the fruit and dropped into the sand where
they pupated. Pupae were recovered by sieving and dispatched by air to NRI. On
arrival, pupae were placed individually in Pyrex test tubes sealed with cotton wool
and placed in a room maintained under a reversed light-dark cycle of 12L : 12D at
26◦C and 22◦C, respectively and 60% relative humidity. Laboratory-reared insects
dispatched to NRI from the Asian Vegetable Research and Development Centre,
Taiwan, were treated in a similar manner.

Pheromone Collection.Pheromone gland extracts were prepared 2 and 3 hr
into the scotophase using 1 and 2 day old virgin female moths, by applying light
pressure with forceps on the abdominal tip of female moths it was possible to evert
the ovipositor and pheromone gland. The gland and exposed abdominal tip were
excized with microscissors into a microvial containing hexane (50µl). Batches
of up to 10 ovipositors were prepared and stood at room temperature for 10 min
before transferring the supernatant to a new microvial using a microsyringe (10µl,
Scientific Glass Engineering Ltd., Australia) and stored at−20◦C.

Gas Chromatography (GC).GC analyses of pheromone gland extracts and
pheromone dispensers were conducted on a Carlo Erba Mega Series 5300 instru-
ment fitted with two Grob split/splitless injectors (240◦C) and flame ionization
detector (FID) (250◦C). Fused silica capillary columns were used throughout the
study, coated with non-polar CP-Sil 5CB (30 m× 0.32 mm; 0.25µm; Chrompack,
UK), polar CP-Wax 52CB (30 m× 0.32 mm; 0.25µm; Carbowax 20M equiva-
lent; Chrompack, UK) and polar DB23 (30 m× 0.25 mm; 0.25µm; 1:1 mixture
of chemically bonded methyl- and cyanopropyl-polysiloxane, J&W Scientific,
Folsom CA, USA). The carrier gas was helium with an inlet pressure of 40 kPa.

All injections were made with the split value closed for 40 sec onto CP-Sil
5CB and CP-Wax 52CB columns held at 50◦C for 2 min and then programmed
at 20◦C/min to 80◦C and then at 5◦C/min to 240◦C. Confirmation of the iso-
meric composition of pheromone components was obtained by GC analysis of
pheromone gland extracts on a DB23 column that was held at 70◦C for two min
after injection, and temperature programmed at 20◦C/min to 120◦C, and then at
4◦C/min to 240◦C. GC retention times of compounds identified in pheromone
gland extracts are quoted as retention indices (RI) relative to the retention times
of straight-chain hydrocarbons; thus, for example, hexadecane= 1600 RI.

Electroantennographic Detection (EAD).Linked GC-EAD analyses were
carried out as described by Cork et al. (1990) by splitting half the GC effluent
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to the FID and the other half to a silanized glass reservoir. Column effluent was
expelled from the reservoir at 17 sec intervals for 3 sec in a stream of nitrogen
(500 ml/min) over the EAD preparation. The series of EAD responses generated
were then compared to identify which were significantly larger than background
responses in order to determine the retention times of EAD-active compounds. GC
conditions were as described above.

Mass Spectrometry (MS).Electron impact (EI) mass spectra of compounds in
pheromone gland extracts were obtained from a Finnigan MAT Ion Trap Detector,
model 700, interfaced with a Carlo Erba Mega Series 5160 GC under continuous
ion monitoring between m/z 29–300 at 220◦C. Chemical ionization (CI) mass
spectra were obtained with the same equipment, but monitoring ions between
m/z 60–300 with the Ion Trap set at 200◦C and usingiso-butane as the reagent
gas. GC conditions were as described above except that the GC was temperature
programmed at 6◦C/min from 50 to 240◦C with the CP-Sil 5CB column, and at
20◦C/min from 50 to 100◦C and then at 5◦C/min to 250◦C with the CP-Wax 52CB
column.

Synthetic Compounds.Monounsaturated alcohols and acetates were obtained
by standard Wittig and acetylenic coupling reactions (Henrick, 1977) or purchased
from Shin Etsu Chemical Co. (Tokyo, Japan). Compounds used for analytical stud-
ies contained less than 1% of the opposite stereoisomer, while (E )-11-hexadecenyl
acetate and (E )-11-hexadecen-1-ol used for field studies each contained 0.46% of
theZ-isomer.

Pheromone Dispensers.Pheromone dispensers used in field and laboratory
studies were prepared from white rubber septa (Sigma-Aldrich Chemical Com-
pany, Gillingham, UK, catalogue No. Z10,072-2), polyethylene vials (25 mm
length, 8 mm diameter and 1.5 mm wall thickness, Just Plastics Ltd., UK) or black
rubber septa (Biological Control Research Laboratories Ltd., Bangalore, India)
impregnated with 0.1 ml of hexane solution containing the synthetic pheromone
blend and an equivalent weight of 2,6-di-tert-butyl-4-methylphenol as antioxidant.

Field Trials.Field trials were conducted in India in plots of eggplant at the
fruiting stage of development at the NARDI research farm, Wargal, 45 km north
of Hyderabad, Andhra Pradesh and farmers’ fields in the North and South 24-
Paganas Districts, West Bengal. In Bangladesh, field trials were conducted in
farmers’ fields adjacent to the Bangladesh Agricultural Research Institute (BARI)
Regional Agricultural Research Station, Jessore. No pesticides were applied for
control ofL. orbonalisat the NARDI research farm, although a foliar application
of monocrotophos (0.07%) was made to seedlings before planting to protect them
against sucking pests. In West Bengal and Jessore, pesticides were applied at the
farmers’ discretion, typically between 2 and 6 times per week.

At the NARDI research farm, insects were trapped using yellow plastic fun-
nel traps (Ecomax, India), while white sticky delta traps (Agrisense BCS Ltd.,
Pontypridd, UK) were used in West Bengal and Jessore. Traps were attached at the
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top and, where possible, the side of inverted L-shaped metal or wooden supports
to restrict movement. Trap height was periodically adjusted to keep them at crop
height, which reached between 1–1.5 m at maturity. Insects trapped in the fun-
nel traps were killed with carbaryl impregnated wettable powder. Treatments in a
replicate were randomized with at least 10 m between treatments and 50–100 m
between replicates at the NARDI research farm. In West Bengal treatments were
separated by 20 m and replicates placed in different villages (>2 km distant). In
Jessore, replicates were placed in lines with 10 m between treatments and 15–20 m
between replicates. The position of treatments within a replicate was rotated in a
clockwise direction every working day at the NARDI research farm and Jessore
when trap catches were recorded and insects discarded. For each rotation, trap
catch data from the NARDI research farm and Jessore were combined, averaged,
and statistically analyzed by analysis of variance (ANOVA) after transforming to
log (x + 1). Trap catch data from West Bengal were collected twice weekly but
traps were not rotated. Data were converted to catch per trap per night, transformed
to log (x + 1) and analyzed by ANOVA. Lures were not changed throughout the
duration of each trial at either location. Significant differences in treatment means
at the 5% level or lower were compared by Newman-Keuls multiple range test
(Statgraphics, Version 2.00).

Release Rate Measurements.White rubber septa loaded with 100, 300 and
1000µg each of a 100 : 1 blend of E11-16:Ac and E11-16:OH were placed in a
shaded position at the RKM research farm, West Bengal with averaged minimum
and maximum temperatures of 22.9◦C (range, 14.5 to 28.9◦C) and 32.9◦C (range
24 to 38.4◦C), respectively. Septa were randomly collected from the field in batches
of two at different time intervals and stored at 0◦C before being hand-carried to
NRI for analysis of residual pheromone.

Similarly, septa and polyethylene vials loaded with a 1:1 mixture of E11-
16:Ac and E11-16:OH were aged in a wind tunnel (WT) at NRI at 27◦C with a linear
flow-rate of 5 km/hr. Dispensers aged in the WT were collected as described above
for field samples and stored at−20◦C. In order to extract pheromone from field
and WT exposed dispensers they were immersed overnight at room temperature
in a hexane solution of pentadecyl acetate (5 ml, 1 mg/ml) as an internal standard.
Compounds were quantified by GC, under conditions described above, for analysis
of sex pheromone gland extracts on a CP-Wax 52CB column.

RESULTS

Pheromone Identification.GC-EAD analyses of female ovipositor extracts
prepared from insects of Indian and Taiwanese origin on both CP-Wax 52CB and
CP-Sil 5CB GC columns indicated the presence of two EAD-active compounds.
EI-MS analysis using a CP-Sil 5CB GC column confirmed the major GC peak
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eluting at 1977 RI was consistent with a hexadecenyl acetate isomer showing
characteristic ions at m/z 61 for an acetate functionality and m/z 222 consistent
with M− 60. The anticipated hexadecen-1-ol isomer (Attygalle et al., 1988) was
not observed. Since the possibility existed that trace quantities of hexadecen-1-ol
were being adsorbed irreversibly onto the GC column the analyses were repeated
using the CP-Wax 52CB column in CI mode. Under these conditions the hexade-
cenyl acetate showed characteristic ions at m/z 222 (M− 60) and m/z 283 (M+ 1)
and identical fragmentation pattern to synthetic (E )-11-hexadecenyl acetate (E11-
16:Ac). Similarly, the hexadecen-1-ol isomer was observed with significant ions
at m/z 241 (M+ 1) and identical fragmentation pattern and GC retention time to
synthetic (E )-11-hexadecen-1-ol (E11-16:OH). The average quantity of hexade-
cenyl acetate per female moth was estimated to be 33 ng, with a range of 18.9
to 46.4 ng per female moth. Trace quantities of hexadecyl acetate (16:Ac) were
also observed by linked GC-MS analysis in EI mode. The mean ratio of hexade-
cyl acetate : hexadecenyl acetate : hexadecen-1-ol was 2.65 : 100 : 1.78 although
the proportion of E11-16:OH to E11-16:Ac was higher in insects from Taiwan
compared to those from India (Table 1). GC retention times of the natural com-
pounds were compared withE - andZ-isomers of the related synthetic compounds
on two polar and one non-polar column that confirmed, in each case, the natural
compounds were (E )-11-isomers (Table 1).

Release Rate Studies.Under field conditions in West Bengal release rate stud-
ies with white rubber septa loaded with 100, 300 and 1000µg of E11-16:Ac and 1%
E11-16:OH indicated that approximately 86, 89 and 100% of E11-16:Ac, respec-
tively remained after 40 days. After 90 days 73, 80 and 97% respectively remained,
but the quantity of E11-16:OH was too low to measure accurately. In related wind
tunnel studies with a 1 : 1blend of E11-16:Ac and E11-16:OH at a dose of 100µg
each on white rubber septa and polyethylene vials, 92 and 62% E11-16:Ac and 76

TABLE 1. GC RETENTION TIMES AND RELATIVE COMPOSITION OFCOMPOUNDS

IDENTIFIED IN PHEROMONEGLAND WASHINGS OFL. orbonalisFROM INDIA AND TAIWAN

Retention times (RI)a

DB23 CP-Wax 52CB CP-Sil 5CB
Relative

compositionb

Compound Synthetic Natural Synthetic Natural Synthetic Natural Taiwan India

16:Ac 2353 2351 2277 2276 1991 1991 3.3 2.0
E11-16:Ac 2382 2381 2311 2312 1978 1977 100.0 100.0
Z11-16:Ac 2400 1975 0.0 0.0
E11-16:OH 2403 2396 2390 2392 Not obs. Not obs. 2.76 0.80
Z11-16:OH 2425 2396 Not obs. Not obs. 0.0 0.0

aRetention times in equivalent chain length units relative to the retention times of straight chain
hydrocarbons. Not obs.= not observed.

bAnalyzed on a CP-Wax 52CB GC column; Normalized to E11-16:Ac (=100).
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FIG. 1. Release of E11-16:Ac and E11-16:OH from white rubber septa (A) and polyethylene
vials (B) in a wind tunnel (27◦C, wind speed 5 km/h) with an initial loading of 100µg per
compound.

and 18% E11-16:OH, respectively, remained after 40 days exposure (Figures 1A
and 1B).

Field Trials in India and Bangladesh.Trial 1 was undertaken at the NARDI
research farm to determine the effect of adding E11-16:OH to E11-16:Ac had on
attraction of maleL. orbonalis. A range of blends was tested which contained
between 0 and 10% E11-16:OH to E11-16:Ac at a 100µg dose loaded on white
rubber septa. The results (Table 2) showed that only blends with between 1 and
10% E11-16:OH caught more male moths than the unbaited trap (ANOVA,F =
73.0,P<0.001). In order to optimize further the ratio of E11-16:Ac to E11-16:OH,

TABLE 2. TRIAL 1. CATCHES OFMALE L. orbonalisIN TRAPSBAITED WITH INCREASING

PROPORTIONS OFE11-16:OH RELATIVE TO 100µG DOSES OFE11-16:AC ON WHITE

RUBBER SEPTA

Blends tested Pheromone trap catches

E11-16:Ac E11-16:OH Average catch per Standard Newman–
(µg) (µg) trap per nighta error Keulsb

0 0.0 0 0.0 a
100 0.0 0.11 0.06 a
100 0.01 0.0 0.0 a
100 0.1 0.17 0.0 a
100 1.0 1.05 0.22 b
100 10.0 1.72 0.05 c

aAndhra Pradesh, India, December 1997, 3 replicates, 6 nights.
bAverages followed by the same letter in a group are not significantly differentP< 0.001 by Newman–
Keuls multiple range test on log (x + 1) transformed data.
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TABLE 3. TRIAL 2. CATCHES OFMALE L. orbonalisIN TRAPSBAITED WITH INCREASING

PROPORTIONS OFE11-16:OH RELATIVE TO 1000µG DOSES OFE11-16:AC ON WHITE

RUBBER SEPTA

Blends tested Pheromone trap catches

E11-16:Ac E11-16:OH Average catch per Standard Newman–
(µg) (µg) trap per nighta error Keulsb

0 0 0.38 0.14 a
1000 1 2.46 0.17 b
1000 10 3.63 0.34 c
1000 100 0.82 0.31 a
1000 1000 0.59 0.16 a

aAndhra Pradesh, India, May 1999, 9 replicates, 5 nights.
bAverages followed by the same letter in a group are not significantly differentP< 0.001 by Newman–
Keuls multiple range test on log (x + 1) transformed data.

Trial 2 was conducted at the NARDI research farm. However, in this instance the
dose of E11-16:Ac was increased to 1000µg and E11-16:OH, varied from 1 to
1000µg. The results (Table 3) showed that male moths responded maximally to
blends containing between 0.1 and 1.0% E11-16:OH and that blends containing
between 10 and 100% E11-16:OH were no more attractive than the unbaited trap
(ANOVA, F= 35.3,P< 0.001). Trial 3, conducted both on farmers’ fields in West

TABLE 4. TRIAL 3. EFFECT OFDOSE ONMALE L. orbonalisCATCH WITH A 100:1
MIXTURE OF E11-16:AC AND E11-16:OHON WHITE RUBBER SEPTA

Blends tested Pheromone trap catches

E11-16:Ac E11-16:OH Average catch per Standard Newman–
(µg) (µg) trap per nighta error Keulsb

West Bengal, India, May 1999
0 0 Not available

100 1 0.90 0.22 ab
300 3 0.57 0.19 a

1000 10 1.58 0.45 ab
3000 30 2.27 0.70 b

Andhra Pradesh, India, May 1999
0 0 0.34 0.18 a

100 1 5.89 1.86 bc
300 3 2.94 0.71 b

1000 10 11.09 2.53 c
3000 30 31.09 8.96 d

aWest Bengal, 4 replicates, 30 nights; Andhra Pradesh, 7 replicates, 5 nights.
bAverages followed by the same letter in a group are not significantly differentP < 0.05 by Newman–
Keuls multiple range test on log (x + 1) transformed data.
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TABLE 5. TRIAL 4. EFFECT OFDISPENSER ONMALE L. orbonalisCATCH WITH A

3000µG DOSE OF100:1 MIXTURE OF E11-16:AC AND E11-16:OH

Average catch per Newman–
Dispenser trap per nighta Standard error Keulsb

Polyethylene vial 3.38 1.38 c
White rubber septum 1.42 0.68 b
Black rubber septum 0.79 0.24 ab
Unbaited trap 0 0 a

aJessore District, Bangladesh, November 2000, 3 replicates, 24 nights.
bAverages followed by the same letter in a group are not significantly differentP = 0.001 by Newman–
Keuls multiple range test on log (x + 1) transformed data.

Bengal and at the NARDI research farm compared the relative attractiveness of
different doses of the 100:1 blend of E11-16:Ac and E11-16:OH on white rubber
septa to maleL. orbonalis. Results from West Bengal (Table 4) suggested that the
catch of maleL. orbonaliswas proportional to dose over the range tested (100 to
3000µg) despite low catches (ANOVA,F = 3.47,P = 0.019). This finding was
confirmed by results from Andhra Pradesh where a clear relationship between trap
catch and dose of pheromone was apparent (ANOVA,F = 18.56,P< 0.001).

The effect of dispenser type on attraction of maleL. orbonaliswas tested
in farmers’ fields near Jessore, Bangladesh (Trial 4). Three dispenser types were
tested, polyethylene vials, white and black rubber septa. Each dispenser was loaded
with the 100:1 blend of E11-16:Ac : E11-16:OH at a 3000µg dose. The results
(Table 5) confirmed that the polyethylene vials caught more maleL. orbonalisthan
either white or black rubber septa at the loading tested, although both white and
black septa caught more maleL. orbonalisthan the unbaited trap (ANOVA,F =
9.03,P< 0.001).

DISCUSSION

This study confirmed and extended the results of Zhu et al. (1987) and
Attygalle et al. (1988). EAD-active compounds present in female sex pheromone
gland extracts ofL. orbonaliswere confirmed as E11-16:Ac and E11-16:OH in the
approximate ratio of 50:1 by GC-MS analysis under EI and CI ionization modes.
In addition, trace quantities of 16:Ac were observed that constituted between 2
and 3.3% of E11-16:Ac. Because 16:Ac did not elicit an EAD response in linked
GC-EAD analyses it was not considered to be behaviorally-active and so was not
field tested.

Zhu et al. (1987) suggested that E11-16:Ac alone was attractive to male moths
although they did not publish details of the field work. In this study, catches in
traps baited with E11-16:Ac alone did not differ from captures in unbaited trap,
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but addition of E11-16:OH increased the catches. However, the data suggested that
the optimal ratio of E11-16:Ac to E11-16:OH may be dose-dependent, although
further work is required to confirm this observation. The highest trap catch was
obtained with the addition of 1% E11-16:OH to E11-16:Ac when presented at a
1000µg dose in rubber septa which was consistent with the ratio of compounds
found in ovipositor extracts.

Release rate data from wind tunnel studies suggested that E11-16:OH was
released at approximately twice the rate of E11-16:Ac from both white rubber
septa and polyethylene vials, and that the release rates of both compounds were
doubled in polyethylene vials compared to rubber septa. The wind tunnel stud-
ies suggested that lures prepared from either rubber septa or polyethylene vials
with a 100µg loading of pheromone would have a field longevity in excess
of one month. Related studies conducted in the field confirmed this result and
suggested that loading in excess of 1000µg of pheromone should have a field-
life that substantially exceeds the four-month cropping season. However, over
the winter period when night-time temperatures can drop below 10◦C, polyethy-
lene vials may prove to be more efficacious because of higher intrinsic release
rates. Of concern was the observed change in ratio of pheromone components
over time although its effect on attractiveness of the lures was not tested in this
study.

While L. orbonalis is by no means the only pest of eggplant, other in-
sect pests, such as gall midge,Asphondyliasp. (Diptera: Cecidomyiidae), ash
weevils,Myllcerus discolourBoheman andM. subfasciatusGuerin (Coleoptera:
Curculionidae), leaf feeding beetles,Epilachna vigintioctopunctata(Fabricius)
(Coleoptera: Coccinellidae), and red spider mite,Tetranychus curcurbitae(Acari:
Tetranychidae) rarely attain economic importance. However, even as early as
1980, Kuppuswamy and Balasubramanian (1980) noted that applying synthetic
pyrethroids for control ofL. orbonalison eggplant significantly increased the in-
cidence of mites. Given the heavy dependence farmers have on insecticides for
control of L. orbonalis, alternative control strategies are urgently needed. How-
ever, poor levels of parasitism by indigenous natural enemies recorded fromL.
orbonalisand low levels of host-plant resistance so far identified (Dhankhar, 1988)
have greatly hampered development of an effective IPM strategy. Nevertheless,
field trials are now underway in South Asia to evaluate pheromone-baited traps
together with other control options, such as removal and destruction of infested
plant material, as the basis for an efficacious means of controllingL. orbonalis
that is both sustainable and economic to the producer.
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25198 Lleida, Spain

2Department of Biological Organic Chemistry
IIQAB (CSIC), Jordi Girona, 18-26

08034 Barcelona, Spain
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Abstract—The behavioral activity of some trifluoromethyl ketones (TFMKs)
as inhibitors of the pheromone activity of the corn stalk borerSesamia non-
agrioides(Lef.) (Lepidoptera: Noctuidae) is reported. The most closely-related
analogue to the pheromone tested, (Z)-11-hexadecenyl trifluoromethyl ketone
(Z11-16:TFMK), elicited a significant decrease in the number of male catches
in traps baited with mixtures with the pheromone in 1:1 and 10:1 ratios in
comparison to the pheromone alone. TheE isomer of the analogue as well as
two highly hydrated ketones, 3-octylthio-1,1,1-trifluoropropan-2-one (OTFP)
and 1,1-difluoropentadecyl trifluoromethyl ketone, were inactive. Conversely,
the saturated TFMKsn-dodecyl trifluoromethyl ketone and, particularly,n-
hexadecyl trifluoromethyl ketone induced a synergistic effect when mixed with
the synthetic pheromone in 10:1 ratio. However, in a wind tunnel these chem-
icals did not elicit any differential effect on flying moths attracted to a source
containing a 10:1 blend of the analogue and the pheromone. In a dual choice
bioassay with two dispensers, containing the pheromone alone, and mixtures of
Z11-16:TFMK and the pheromone and separated 5 cm apart, males showed no
particular preference for either dispenser. The ketone mixture, however, induced
moths to execute erratic flights with frequent crosswind counter-turns and inter-
sections with plume boundaries. The total number of contacts with the source
were reduced when a control dispenser was paired with a dispenser containing
Z11-16:TFMK and pheromone. Z11-16:TFMK and OTFP showed little toxicity

*To whom correspondence should be addressed. e-mail: agpqob@iiqab.csic.es. or mriba@quimica.
udl.es
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on mice with a LD50 of 1 g/kg after the 6th day of treatment. For comparitive
purposes, the major component of the pheromone, Z11-16:Ac, displayed a LD50

of 5 g/kg 6 days after application. Our results provide additional information
about the activity of the TFMKs, which might be useful for the utilization of
these chemicals in future pest control studies.

Key Words—Inhibition, sex pheromone, pheromone inhibitor,Sesamia non-
agrioides, corn stalk borer, Lepidoptera, Noctuidae, field tests, trifluoromethyl
ketones, pheromone inactivation.

INTRODUCTION

Chemical communication in insects can be significantly affected by synthetic
biologically-active compounds, related or not to their sex pheromones (Renou and
Guerrero, 2000), consequently, many behavior-modifying chemicals have been
considered as potentially useful pest control agents (Ridgway et al., 1990; Renou
and Guerrero, 2000). Catabolism and inactivation of sex pheromones in insects
is carried out by the action of enzymes (esterases, dehydrogenases, aldehyde ox-
idases) present in the male antennae (Vogt et al., 1985; Prestwich, 1987; Kasang
et al., 1989) . Inhibition of these enzymes may lead to a decreased capability by the
insect to detect new incoming pheromone molecules, and therefore a new approach
to insect control can be envisaged (Prestwich, 1986).

The corn stalk borerSesamia nonagrioides(Lef.) (Lepidoptera: Noctuidae)
is a key pest of maize in the Mediterranean area (below 45◦N parallel) and North
Africa countries (Anonymous, 1979). Broad spectrum insecticides have been ap-
plied to control the pest but the results have been poor due to the endophitic habits
of the pest, high costs and negative effects on secondary pests, such as aphids,
mites and leafhoppers. The sex pheromone of the moth was identified in 1985
by Sreng et al. (Sreng et al., 1985) as a mixture of (Z)-11-hexadecenyl acetate
(Z11-16:Ac) and (Z)-11-hexadecenol (Z11-16:OH). Later, Mazomenos (1989) re-
ported two additional minor components, (Z)-11-hexadecenal (Z11-16:Ald) and
dodecyl acetate (12:Ac), which improved the efficiency of the pheromone blend.
An amended formulation based on a mixture of Z11-16:Ac, Z11-16:OH, Z11-
16:Ald and 12:Ac in 77:8:10:5 was later developed by us (Sans et al., 1997).
Utilization of the pheromone blend to control the pest in monitoring and mass
trapping (Mazomenos et al., 1989) and mating disruption experiments (Perdiguer
et al., 1992; Fr´erot et al., 1997) have been conducted but with relative
success.

Trifluoromethyl ketones (TFMKs) are known as potent inhibitors of a number
of esterases and proteases, such as acetylcholinesterase, chymotrypsin or human
liver carboxylesterases (Gelb et al., 1985; Ashour and Hammock, 1987). They may
also inhibit the antennal esterases present in insect olfactory tissues (Vogt et al.,
1985; Prestwich and Streinz, 1988; Dur´an et al., 1993; Parrilla and Guerrero,
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1994). In wind tunnel experiments, TFMKs were found to disrupt the orientation
flight of Spodoptera littoralisandS. nonagrioidesmales to pheromone sources
(virgin females or synthetic pheromone) (Bau et al., 1999). However, (Z)-1,1,1-
trifluoro-14-heptadecen-2-one, a pheromone analogue ofOstrinia nubilalis, did
not inhibit male attraction when it was coevaporated with pheromone in a wind
tunnel assay (Klun et al., 1991). In the field, some TFMKs displayed inhibitory
activity of the pheromone action on processionary males when mixed with the
pheromone (Parrilla and Guerrero, 1994), but this type of effect was not confirmed
on S. nonagrioideswhen (Z)-1,1,1-trifluoro-14-nonadecen-2-one, a structurally
related analogue of the pheromone, was added to the natural attractant. In this case
and unexpectedly, a synergistic effect on the number of catches was observed (Riba
et al., 1994). These contradictory data indicate that the relationship between the
antiesterase activity of TFMKs and their physiological and behavioral effects on
pheromone communication is far from being completely understood, and therefore
more work in this regard is needed. We report herein the behavioral activity in the
laboratory and in the field of some TFMKs on the corn stalk borer as well as
preliminary toxicity studies of these chemicals in mice.

METHODS AND MATERIALS

Insects.The corn stalk borer was reared in the laboratory on a slightly-
modified artificial diet (Poitout and Bues, 1974). Pupae were sexed, placed in
groups of 20–25 into 20× 20 cm plastic boxes and maintained in a climatic cham-
ber on a 16 : 8 L:D regime at 25± 1◦C and 65± 10% relative humidity until
emergence. Adults were provided with 10% sucrose solution, separated daily by
age and kept on filter paper in plastic containers.

Chemicals.The fluoromethyl ketones tested include 3-octylthio-1,1,1-
trifluoropropan-2-one (OTFP),n-dodecyl trifluoromethyl ketone (12:TFMK),
n-hexadecyl trifluoromethyl ketone (16:TFMK), (Z)-11-hexadecenyl trifluoro-
methyl ketone (Z11-16:TFMK), (E)-11-hexadecenyl trifluoromethyl ketone
(E11-16:TFMK) and 1,1-difluoropentadecyl trifluoromethyl ketone (15:PFMK)
(Figure 1). They were prepared in our laboratory according to previously published
procedures (Parrilla and Guerrero, 1994; Villuendas et al., 1994) except 15:PFMK
(unpublished). The major component of the pheromone (Z)-11-hexadecenyl ac-
etate, (Z11-16:Ac), was kindly provided by SEDQ, S.A.

Wind Tunnel Experiments.Assays were conducted in a glass tunnel of 180×
55× 50 cm, as previously described (Quero et al., 1995). The active space was
visualized with the aid of a SO3 smoke dispenser (Dr¨agerwerk, Germany) and
the illumination (2–5 lux) was obtained through a dimmed fluorescent red light.
A video camera (Pulnix B/W TM50), linked to a JVC-SR306E video recorder
and a Panasonic TC-14S1RC monitor, was placed at 135 cm above the tunnel
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FIG. 1. TFMKs tested in wind tunnel assays and field tests againstS. nonagrioides.

and in perpendicular position to minimize optical distortion of the flight. The
camera allowed the recording of a flight path 130 cm long and 45 cm wide section
of the tunnel and the video recordings were analyzed as already reported (Bau
et al., 1999). The estimated cross wind dimension of the pheromone plume was
12 and 31 cm wide at 50 and 100 cm, respectively, from the source. Experiments
were performed on individuals between the 3rd and the 7th h of the 2nd and 3rd
scotophase. Moths were acclimatized to the wind tunnel conditions (temperature
of the room 22± 1◦C, 60± 10% relative humidity) for 30 min. Males were
placed on a Petri dish, cut on the edge to facilitate take off of the moths, over a
stainless steel jack 130 cm from the source and 18 cm from the top of the tunnel.
Insects were allowed to respond for 5 min. Four types of behavior (wing fanning
and taking flight TF; arrival to the middle of the tunnel HW; close approach to
the lure CA; and contact with the source SC) were scored and compared with
control insects. For out of plume parameters, only males which spent at least 20%
of their total flight time outside the plume boundaries were considered. Flight
parameters were determined on uninterrupted flights and only those males arresting
at the source for a minimum period of 5 s were recorded as SC. Experiments
were conducted in blocks including exposed and control insects, and statistical
analysis (χ2 homogeneity test,P< 0.05) was performed within every block. On
each day of experimentation, three groups of 8–10 males flying towards a mixture of
pheromone and trifluoromethyl ketone were compared with 10–14 control males.
The attraction source was 0.1µg of the pheromone blend (mixture of Z11-16:Ac,
Z11-16:OH, Z11-16:Ald and 12:Ac in 77:8:10:5 ratio) (Sans et al., 1997). Just
prior to the experiments, the required amount of attractant, dissolved in 10µl
of nanograde hexane, was applied to a brown female-shaped piece of cardboard
used as dispenser. The solvent was allowed to evaporate and the dispensers were
suspended 18 cm from the top and 40 cm from the upwind end of the tunnel. In the
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dual choice tests, two dispensers, separated 5 cm apart from each other, were placed
in parallel at the same distance from the release platform of the insects. For each
flight track the following parameters were recorded: flight distance, flight duration,
ground speed, turning frequency, track width, track angle, course angle and drift
angle (Marsh et al., 1978), and analyzed for significance (LSD test,P< 0.05).
The activity of the saturated 12:TFMK and 16:TFMK was tested by recording
all types of behavior flying to a source consisting of mixtures of the analogue
with the pheromone in 10:1 ratio compared to those elicited by the pheromone
alone.

Field Tests.The experiments were conducted in infested maize fields of the
Lleida province (northeastern Spain) during the 2nd and the 3rd generations of the
insect. In the trials from September 2 to October 22 1998, the following compounds
were tested: 12:TFMK, OTFP, Z11-16:TFMK and E11-16:TFMK. The field was
divided into 4 independent blocks (replications), separated at least 50 m from each
other. Funnel traps were hung at a height of 1.5 m and separated 25 m from each
other within the block. Every block comprised 5 randomized treatments, those of
the TFMKs and the synthetic pheromone, which had the same composition as that
used in the wind tunnel experiments (see above). As dispensers, rubber septa were
impregnated with mixtures of 0.1 mg of the synthetic pheromone and 1 mg of
the inhibitor. Traps were rotated every week and the number of catches recorded.
In 1999, the experiments were conducted from July 20 to October 15 and three
TFMKs were tested: 12:TFMK, Z11-16:TFMK and 16:TFMK. The dispensers
contained blends of the pheromone and the inhibitor in 1:1, 1:10 and 1:0.1 ratios,
although 16:TFMK was not tested in mixtures with the synthetic attractant in
the last ratio. The amount of pheromone was 0.1 mg in all cases. Three different
blocks, separated 100 m apart from each other, were considered and each block
comprised 9 randomized treatments, 8 mixtures of TFMK+ pheromone and the
pheromone alone. In the 2000 experiments, three different blocks with 8 treatments
each were set up and the tests were conducted from July 26 to October 11. Baits
contained mixtures of the fluoromethyl ketones Z11-16:TFMK, 16:TFMK and
15:PFMK with the pheromone in 1:1 and 10:1 ratios and the pheromone alone.
The amount of pheromone was again 0.1 mg. All data were transformed (

√
x +

0.5) and analyzed for significance (Student’s t-test,P< 0.05). In all experiments
dispensers were replaced in the middle of the season flight.

Toxicology.Acute toxicity to vertebrates was determined orally on male and
female Swiss mice (22–30 g). Test compounds (OTFP and Z11-16:TFMK) were
diluted in corn oil and the appropriate volume of the solution to achieve a 500–
1000 mg/kg dose (maximum 0.5 ml of solution per mouse) was introduced into
the mouth of the animal, via a syringe equipped with a cannula for small ani-
mals. Mice were fed regular rodent diet and water, and weighed the day before
treatment and for 7 consecutive days after injection or up to the day of death.
Mortality was monitored daily during one week. Toxicity of the major pheromone
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component Z11-16:Ac at doses of 500, 1000 and 5000 mg/kg was also determined
for comparison purposes.

RESULTS

Wind Tunnel. S. nonagrioidesmales are delicate and sensitive to several en-
vironmental stimuli, such as type and shape of the dispenser, temperature and
humidity. We have found that even under careful control and handling conditions
the responses can be highly variable from day–to–day of experimentation. This
variability induced us to establish a 50% threshold of control moths completing the
behavioral sequence to validate the flight results of the day. When 10:1 mixtures
of the saturated TFMKs (12:TFMK and 16:TFMK) with the synthetic pheromone
blend were used in the source, the number of males displaying the different types
of behavior were not significantly different regardless of the presence or absence of
the analogue at the source (Figure 2). In this case, the track of the moths resembled
that of the insects attracted to pheromone alone. A representative flight track of
males flying towards a source containing a mixture of 100 ng of the pheromone
blend and 1µg of 12:TFMK relative to control (100 ng of the pheromone blend)
is shown in Figure 3. The flight was quite straight with few counter-turns and
intersections with the plume until the insect reached the proximity of the lure. The
flight parameters of exposed and control insects were similar, the differences being

FIG. 2. Response ofS. nonagrioidesmales in a wind tunnel to pheromone (Ph,N = 58)
or to sources containing mixtures of 10 ng of the synthetic pheromone blend and 100 ng of
12:TFMK (Ph+ 12:TFMK, N = 32) or 16:TFMK (Ph+ 16:TFMK, N = 34).
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FIG. 3. Representative flight tracks ofS. nonagrioidesmales flying upwind towards a
dispenser containing a mixture of 100 ng of pheromone blend and 1µg of 12:TFMK
(bait B) relative to control (100 ng of pheromone, bait A). Black dots represent the insect
positions at 0.1 s intervals.

statistically insignificant both when the insect was flying inside or outside the plume
(Table 1). As expected, moths flying out of the plume displayed higher track width,
track angle and course angle than insects flying inside the plume. The drift angle
appeared higher but the difference was not significant (Table 1).

In the dual choice assay and in order to test whether the insects were able
to discriminate between two overlapping plumes separated 5 cm at their origin,
preliminary results showed that males were differently attracted to two lures baited
with 100 ng and 1µg of synthetic pheromone, respectively. Thus, while 17%
(N = 6 out of 36) of insects were attracted to the lower-dose dispenser, 69%
(N = 25 out of 36) contacted the source containing the higher dose. Baits with
identical pheromone doses (100 ng) elicited no preference on the number of males
contacting the source (36% and 43% of contacts in each bait,N = 20 and 24 out
of 56, respectively) (control test, Figure 4). When serial doses of 1, 5 and 10µg
of Z11-16:TFMK were added to 100 ng of synthetic pheromone (treatment lure)
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TABLE 1. SELECTEDPARAMETERS FROMTRACKS OFS. nonagrioidesMALES FLYING

UPWIND TOWARDS A SOURCECONTAINING A MIXTURE OF 100NG OFPHEROMONE

AND 1µG OF12:TFMK RELATIVE TO CONTROL (100NG OFPHEROMONE)

Inside the plume Outside the plume

12:TFMK+ 12:TFMK+
Control pheromone Control pheromone

Parameter (N= 11) (N= 15) (N= 10) (N= 11)

Total flight distance (cm) 200a (16.0) 225a (22.6) — —
Total flight duration (s) 4.5a (0.5) 5.5a (0.5) — —
Ground speed (cm/s) 20.4a (2.4) 16.9a (1.2) 19.4a (1.5) 17.4a (1.2)
Turning frequency (turns/s) 1.5a (0.8) 1.7a (0.5) 3.6a (0.2) 4.2a (0.25)
Track width (cm) 7.1b (1.3) 5.1b (0.5) 15.5a (2.0) 11.8a (1.0)
Track angle (degrees) 50.4b (2.6) 57.0b (2.3) 79.5a (3.6) 73.8a (3.5)
Course angle (degrees) 34.6b (2.6) 37.3b (2.1) 55.8a (3.2) 51.3a (3.0)
Drift angle (degrees) 15.8b (1.5) 19.7ab (1.4) 23.7a (1.5) 22.6a (1.3)

Note.Means (±SEM) within a row followed by the same letter are not significantly different (P <

0.05), LSD text).

FIG. 4. Source contact behavior ofS. nonagrioidesmales in dual choice tests of Z11-16:
TFMK with the pheromone. In control test both dispensers contain 100 ng of the pheromone
blend. Dispenser A contained 100 ng of pheromone in all cases. In tests 1–3, dispenser
B contained a mixture of 100 ng of pheromone and 1, 5 and 10µg of Z11-16:TFMK,
respectively. Bar in black represents the sum of contacts of both dispensers in each test. The
asterisk denotes significantly different values from control (χ2 homogeneity test,P < 0.05).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342739 July 25, 2001 21:29 Style file version Nov. 19th, 1999

PHEROMONE RESPONSE INHIBITORS 1887

relative to 100 ng of pheromone (reference lure), insects showed no particular
preference for either source, irrespective of the amount of inhibitor present in the
treatment lure. However, while no inhibition was noted when 1µg of the inhibitor
was present in the bait (78% of moths contact one source or the other vs 79% in
the control experiment) (test 1, Figure 4), addition of 5 or 10µg of the inhibitor
elicited lower attraction of males to the source (33% of total number of contacts
for 5 µg and 11% for 10µg, P< 0.05) (tests 2–3, Figure 4). At the highest
dose, only 1 and 2 insects out of 28 successfully contacted the treatment and the
reference lure, respectively, while the percentage of insects arriving at the vicinity
of the bait was 57% out of 93% that had taken flight. A representative flight track
of a moth flying in this type of test vs a control insect is shown in Figure 5. The
moths exhibited erratic progress toward the source, flying across the wind with a

FIG. 5. Representative flight tracks ofS. nonagrioidesmales flying upwind towards two
dispensers. In the control test both dispensers (A and B) contained 100 ng of pheromone,
whereas in the test with Z11-16:TFMK dispenser A′ contained a mixture of 100 ng of
pheromone and 1µg of the inhibitor and dispenser B′ only 100 ng of pheromone. Black
dots represent the insect position at 0.1 s intervals.
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TABLE 2. SELECTEDPARAMETERS OF AFLIGHT TRACK OF S. nonagrioidesMALES

FLYING UPWIND TOWARDSTWO DISPENSERS. IN THE CONTROL TEST, DISPENSERS

CONTAINED 100NG OFPHEROMONE; IN THE TEST WITH Z11-16:TFMK, ONE DISPENSER

CONTAINED A MIXTURE OF 100NG OFPHEROMONE AND1µG OF THEINHIBITOR AND

THE OTHER DISPENSERONLY 100NG OFPHEROMONE

Control Z11-16:TFMK
Parameter (N= 12) (N= 21)

Total flight distance (cm) 161.6b (12.7) 303a (28.2)
Total flight duration (s) 11.9a (2.3) 16.7a (1.6)
Ground speed (cm/s) 14.6a (1.0) 18.6a (0.7)
Turning frequency (turns/s) 2.2a (0.2) 1.7b (0.1)
Track width (cm) 4.6b (0.6) 7.9a (0.7)
Track angle (degrees) 52.2b (3.1) 67.3a (1.6)
Course angle (degrees) 32.6b (1.6) 48.0a (1.7)
Drift angle (degrees) 19.6a (1.6) 19.4a (1.7)

Note.Means (±SEM within a row followed by the same letter are not singificantly different (P < 0.05,
LSD test).

frequent zigzag movement. The track width was higher in insects flying in plumes
containing the TFMK (7.9 vs 4.6 cm), as were the track (67.3◦ vs 52.2◦) and the
course angles (48.0◦ vs 32.6◦), while the drift angle (the difference between the
course angle and the track angle) remained constant (Table 2). Total flight distance
was also higher in TFMK-exposed moths (303 vs 161.6 cm). Flight duration to
reach the source (16.7 vs 11.9 s) and the ground speed (18.6 vs 14.6 cm/s) did not
differ (Table 2).

Field Tests.The effect of the fluorinated ketones was determined by compar-
ing the number of males caught by mixtures of the chemicals with the pheromone
relative to the pheromone alone. In preliminary tests carried out in 1998, a 10:1 mix-
ture of Z11-16:TFMK with the pheromone decreased (P < 0.05) in the number of
catches with regard to the pheromone (total catches/trap 8.3± 3.5 vs 87.8± 15.1)
(Figure 6). Conversely, OTFP and E11-16:TFMK had no effect when mixed with
the pheromone in the same ratio. Surprisingly, the saturated ketone, 12:TFMK,
induced a clear synergistic effect (over 2× fold) relative to the pheromone alone
(Figure 6). In 1999, the activity of the chemicals was evaluated in several mix-
tures (0.1:1, 1:1, and 10:1) with the pheromone. The effect of 12:TFMK was not
significant this time, although baits containing the ketone with the pheromone
in 1:1 and 10:1 ratio caught more males than those with the natural attractant.
However, 16:TFMK, increased (4× fold) the level of captures when mixed with
the pheromone at the highest ratio (P < 0.05). The inhibitory activity of the unsat-
urated analogue Z11-16:TFMK was again recorded, particularly in 10:1 mixtures
with the pheromone (P < 0.05) in which the total number of catches per trap was
11.3± 5.7 compared to 56.3± 19.1 with the pheromone (Figure 7). In the 2000
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FIG. 6. Number ofS. nonagrioidesmales caught in traps baited with mixtures of dif-
ferent trifluoromethyl ketones (12:TFMK, OTFP, Z11-16:TFMK and E11-16:TFMK) and
pheromone in 10:1 ratio, compared with the number of males caught by the pheromone
blend. Rubber septa were used as dispensers. The amount of pheromone present in all baits
was 0.1 mg. Bars (±SEM) containing the same letter are not significantly different accord-
ing to the Student t-test (P< 0.05). Tests were performed in an infested maize field in the
province of Lleida (Spain) from September 2 to October 22, 1998.

tests, 16:TFMK again increased the number of catches (over 4× fold) relative
to the pheromone when mixed with the natural attractant in 10:1 ratio. No effect
was observed in 1:1 blends (Figure 8). Conversely, Z11-16:TFMK decreased the
number of catches even in 1:1 mixtures with the pheromone (total catches/trap
18.6± 9.0 vs 53.3± 11.3). The inhibitory effect of Z11-16:TFMK increased
with dose, and, in the total number of males caught per trap was only 5.0±
2.6, 10:1 analogue:pheromone blends. Intrinsically, the analogue was unattrac-
tive. In a preliminary experiment, the pentafluoromethyl ketone 15:PFMK was
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FIG. 7. Number ofS. nonagrioidesmales caught in traps baited with mixtures of trifluo-
romethyl ketones (12:TFMK, Z11-16:TFMK and 16:TFMK) and the pheromone blend at
0.1 : 1, 1 : 1 and 10 : 1 ratios compared with the pheromone alone. Tests were conducted in an
infested maize field in the province of Lleida (Spain) from July 20th to October 15th 1999.
The amount of the pheromone present in all baits was 0.1 mg. Bars (±SEM) containing
the same letter are not significantly different according to the Student t-test (P< 0.05).

practically inactive when blended with the pheromone at the highest proportion
(Figure 8).

Toxicology.Mortality was not observed when Z11-16: TFMK and OTFP were
administered at 500 mg/kg after 7 days. At 1000 mg/kg, all mice survived for 5 days
when treated with OTFP and 4 days with Z11-16:TFMK. Administration of up
to 2000 mg/kg of the major component of the pheromone induced no death after
the 7-day treatment, while a higher dose of the chemical (5000 mg/kg) resulted
in 25% mortality by the 5th day of treatment (Table 3). The mean weight gain
of the animals was 31% (±4) when 500 mg/kg of Z11-16:Ac was administered.
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FIG. 8. Number ofS. nonagrioidesmales caught in traps baited with mixtures of triflu-
oromethyl ketones (Z11-16:TFMK, 16:TFMK and 15:PFMK) and the pheromone in 1:1
and 10:1 ratios compared with pheromone alone. The assay was conducted in an infested
maize field in the province of Lleida (Spain) from July 26 to October 11, 2000 and the
dispensers replaced on September 6. The amount of the pheromone present in all baits was
0.1 mg. Bars (±SEM) containing the same letter are not significantly different according
to the Student t-test (P< 0.05).

When mice were fed with the same amount of Z11-16:TFMK and OTFP the mean
weight gains were 33% (±10) and 14% (±7), respectively. By contrast, doses of
1000 mg/kg of the TFMKs and 2000 mg/kg of the natural attractant caused mice
to gain no weight.

DISCUSSION

Inhibition of the catabolic enzymes of the sex pheromone in insects has been
considered a potential approach for pest control (Prestwich, 1986; Renou and



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342739 July 25, 2001 21:29 Style file version Nov. 19th, 1999

1892 RIBA, SANS, BAU, GROLLEAU, RENOU, AND GUERRERO

TABLE 3. MORTALITY OF SWISSMICE FED WITH DIFFERENTDOSES OF THE

TRIFLUOROMETHYL KETONESZ11-16:TFMKAND OTFPAND THE MAJORCOMPONENT

OF THEPHEROMONE OFS. nonagrioides, Z11-16:Aca

Compound
(dose per kg) n Days 1–4 Day 5 Day 6 Day 7

Z11-16:Ac
500 mg 6 0 0 0 0
1000 mg 10 0 0 0 0
2000 mg 5 0 0 0 0
5000 mg 8 0 25 50 75

Z11-16:TFMK
500 mg 6 0 0 0 0
1000 mg 7 0 14.3 42.9 42.9

OTFP
500 mg 6 0 0 0 0
1000 mg 4 0 0 50 75

aValues are expressed in cumulative percentages of mortality.

Guerrero, 2000). In this regard, TFMKs reversibly inhibit the antennal esterases
responsible for catabolism of pheromone molecules (Vogt et al., 1985; Prestwich
and Streinz, 1988; Dur´an et al., 1993; Rosell et al., 1996), possibly through for-
mation of a stable hemiacetal of tetrahedral geometry with a serine residue at the
active site of the enzyme (Linderman et al., 1988; Rosell et al., 1996). These fluo-
rinated chemicals elicited low intrinsic electroantennographic activity (Prestwich
and Streinz, 1988; Riba et al., 1994), but reduced EAG pheromone responses
in several insect species, such asS. littoralis, Mamestra brassicaeandHeliothis
zea(Renou et al., 1997), and inhibited the single sensillum responses (SSR) of
the pheromone receptor cells ofS. littoralis (Renou et al., 1997) andAntheraea
polyphemus(Pophof, 1998; Pophof et al., 2000).

In field tests, the pheromone analogue Z11-16:TFMK consistently inhibited
the attractant activity of the synthetic pheromone of the corn borer. In contrast,
OTFP was ineffective as an inhibitor, possibly due to interaction/adsorption with
the rubber septa since solvent extraction of freshly prepared dispensers contain-
ing 1 mg of the chemical failed to appreciably recover the compound. Likewise,
E11-16:TFMK was inactive as inhibitor when mixed with the pheromone in 10:1
ratio. In the wind tunnel OTFP induced erratic flights by males flying to the source
containing the chemical (Bau et al., 1999). Similarly, topical application of OTFP
decreased the number of treated males contacting the pheromone source (Bau
et al., 1999). The saturated analogue 12:TFMK, which showed an interesting anti-
esterase activity inS. littoralis (Durán et al., 1993), induced a synergistic effect
in 10 : 1 mixtures with the pheromone. The effect was not significant, however, in
1999. 16:TFMK, a more closely related analogue of the pheromone, consistently
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elicited a remarkable synergistic effect (4× fold) on the number of catches in
a similar formulation both in 1999 and 2000 tests. It should be noted that (Z)-
1,1,1-trifluoro-14-nonadecen-2-one (Z12-17:TFMK), the one-carbon homologue
of Z11-16:TFMK, when added to the natural attractant in 10:1 ratio provoked a
68% increase in the number of catches relative to the pheromone (Riba et al.,
1994) and increased the selectivity of the pheromone formulation with regard to
other habitat-sharing species. Z12-17:TFMK was a poor inhibitor of the antennal
esterase ofPlutella xylostella, which shares Z11-16:Ac as one main pheromone
component withS. nonagrioides(Prestwich and Streinz, 1988). These results sug-
gest that small modifications of the analogue structure may imply, in an analogous
way to the pheromone itself, a strong behavioral significance, as already described
(Renou and Guerrero, 2000 and references cited therein).

We tried to confirm in wind tunnel bioassays the apparent synergistic effect
of the two saturated TFMKs found in the field. However, no differential effect
was found in any type of behavior when males were attracted to mixtures of the
TFMK and the pheromone. Several factors may account for the discrepancy be-
tween the field and laboratory results. First, the global release rate of the inhibitor-
pheromone blend in the field is clearly different from that in the wind tunnel,
mainly due to the different types of dispensers used (the release rate from the
cardboard being higher than the rubber septa by some orders of magnitude). For
this reason, a 500× higher dosage of the pheromone blend on a rubber septum
was required to elicit equal responsesGrapholita molestathan the natural attrac-
tant on filter paper (Valeur and L¨ofstedt, 1996) and several olefinic compounds
were released from rubber caps at approx. 103× fold lower rate than from filter
paper or cotton pads (Preiss and Priesner, 1988). In addition, and in preliminary
tests, showed that a female-shape stimulus was an important factor for attractancy
(Sans, unpublished data), although visual cues may be secondary in comparison
to an accurate sex pheromone blend (Shorey and Gaston, 1970; Carpenter and
Sparks, 1982). Second, the different diffusion rate of the antagonist and the natu-
ral pheromone, provided that they do not interact with the support, should imply a
different proportion of the compounds in the air. This effect would be independent
of the intrinsically different vapor pressure of the chemicals, as noticed by the
retention times of 12:TFMK, 16:TFMK, Z11-16:TFMK, Z11-16:Ac, Z11-16:OH,
Z11-16:Ald and 12:Ac which have been determined as 13.925, 23.463, 23.351,
28.17, 25.015, 23.539 and 18.835 min, respectively, on a DB-1 capillary column.
Third, the effects in the wind tunnel are usually established within a relatively short
distance (130 cm from the release platform of the insects to the bait), whereas in
the field the flying attraction over much greater distances should be more de-
terminant in assessing the activity of any specific inhibitor/synergist considered.
This has been duly addressed in the literature, i.e., Hathaway et al. (1974) found
that addition of undecanol to codlemone in 20:1 ratio reduced male catches of
Laspeyresia pomonellaby ca. 50%, while in a wind tunnel, higher than 1000×
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fold overdose of the analogue was required to reduce orientation flight responses
significantly.

In dual choice tests, males showed no preference for either dispenser when
these were baited with identical pheromone doses. However, the moths clearly
discriminated between the two overlapping plumes when the lures contained dif-
ferent amounts of the pheromone blend. In the presence of Z11-16:TFMK, the
insects displayed no particular choice for either lure, but the ketone significantly
decreased arrestment of the upwind flight, particularly at high doses. This indicates
that the inhibitor not only exerts its antagonistic effect when evaporated with the
pheromone from the same dispenser, but also on insects flying in an overlapping
plume originated by a close pheromone source. This fact may have remarkable
implications in future field studies since the inhibitor could eventually display its
antagonistic action on natural pheromone released by females. Moths executed
frequent crosswind counter-turns with a high number of intersections with plume
boundaries, very much resembling the track of males topically treated with the
chemical onto the antenna (Bau et al., 1999). The successful orientation of the
males indicates that the odor filaments emanating from the two sources were suf-
ficiently separated to be distinguished by the flying insects, which agrees with the
fine-scale structure of odor plumes reported (Murlis and Jones, 1981; Mafra-Neto
and Card´e, 1994; Baker et al., 1998).

Several TFMKs tested have shown a remarkable antiesterase activityin vitro.
Thus, 12:TFMK displayed an IC50 of 4.4µM in S. littoralis (Durán et al., 1993);
16:TFMK IC50 of 63µM (Durán et al., 1993), OTFP of 0.08µM (Rosell et al.,
1996) and Z11-16:TFMK IC50 of 1.59µM (Rosell et al., 1996); while inS. nona-
grioidesZ11-16:TFMK showed an IC50 of 123.7µM (Quero et al., unpublished).
However, their distinct activityin vivopoint to a different mechanism(s) of action
and not only to an antiesterase effect (Renou et al., 1997). Among the possible oper-
ating mechanisms, it has been suggested the one involving transport of the TFMK
through binding with the pheromone binding proteins (PBP) ofA. polyphemus,
and subsequent competition with the PBP-pheromone complex at the pheromone
receptor sites (Pophof et al., 2000). In the same trend, we found that some aliphatic
TFMKs bind to the PBP of the processionary mothThaumetopoea pityocampain
competition with pheromone molecules (Feixas et al., 1995). However, the struc-
tural deficiency of the analogue, which occurs with the saturated TFMKs, makes
it unable to interact properly with the receptor site and to trigger adequate receptor
cell responses, as shown by the lack of activity in SSR (Bau, 2000), to provoke
a successful behavioral output. In the case of the unsaturated Z11-16:TFMK, the
presence of the double bond with the right location and stereochemistry as in the
pheromone skeleton may be a determinant positive feature for the recognition and
the transduction processes (Camps et al., 1988; Renou and Guerrero, 2000). The
variety of effects observed by the TFMKs tested in the field, cannot be fully ex-
plained since many different parameters may enter into play and affect the overall
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behavior of the moths, as discussed above. In toxicity tests, Z11-16:TFMK and
OTFP showed little toxicity to mice with an LD50 of 1 g/kg after the 6th day of
experimentation. The major component of the pheromone, Z11-16:Ac, presented
an LD50 of 5 g/kg after the same time of treatment, a value that is in the average of
mammalian toxicity data available for Lepidoptera pheromones (Weatherston and
Minks, 1995). Our data agree with the low acute toxicity to mice of several substi-
tuted TFMKs reported earlier (Hammock et al., 1982; Abdel-Aal et al., 1984) and
support the lack of mammalian toxicity shown by other pheromones (Weatherston
and Minks, 1995).

In summary, new data about the inhibition of pheromone action by a struc-
turally related TFMK have been gathered. Our promising results, such as inhi-
bition of the pheromone action in the field, inhibition of number of contacts to
the pheromone source when it is close to another containing the analogue, and
low toxicity, should stimulate the study of using TFMKs in future pest control
strategies, as it has been proposed for juvenile hormone esterase (Hammock and
Philpott, 1992; Bonning et al., 1995).
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of the sex pheromone of processionary mothThaumetopoea pityocampa:Synthesis and biological
activity. J. Chem. Ecol.14:1331–1346.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342739 July 25, 2001 21:29 Style file version Nov. 19th, 1999

1896 RIBA, SANS, BAU, GROLLEAU, RENOU, AND GUERRERO

CARPENTER, J. E., and SPARKS, A. N. 1982. Effects of vision on mating behavior of the male corn
earworm.J. Econ. Entomol.75:248–250.
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Ann. Zool. Ecol. Anim.6:431–441.

POPHOF, B. 1998. Inhibitors of sensillar esterase reversibly block the responses of moth pheromone
receptor cells.J. Comp. Physiol. A183:153–164.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP212-342739 July 25, 2001 21:29 Style file version Nov. 19th, 1999

PHEROMONE RESPONSE INHIBITORS 1897

POPHOF, B., GEBAUER, T., and ZIEGELBERGER. 2000. Decyl-thio-trifluoropropanone, a competitive
inhibitor of moth pheromone receptors.J. Comp. Physiol.186:315–323.

PREISS, R., and PRIESNER, E. 1988. Responses of male codling moths (Laspeyresia pomonella) to
codlemone and other alcohols in a wind tunnel.J. Chem. Ecol.14:797–813.

PRESTWICH, G. D. 1986. Fluorinated sterols, hormones and pheromones: Enzyme-targeted disruptants
in insects.Pest. Sci.37:430–440.

PRESTWICH, G. D. 1987. Chemical studies of pheromone reception and catabolism, pp. 473–527,
in G. D. Prestwich and G. J. Blomquist (eds.). Pheromone Biochemistry. Academic Press,
New York.

PRESTWICH, G. D., and STREINZ, L. 1988. Haloacetate analogs of pheromones: Effects on catabolism
and electrophysiology inPlutella xylostella. J. Chem. Ecol.14:1003–1021.

QUERO, C., CAMPS, F., and GUERRERO, A. 1995. Behavior of processionary males (Thaumetopoea
pityocampa) induced by sex pheromone and analogs in a wind tunnel.J. Chem. Ecol.21:1957–
1969.

RENOU, M., and GUERRERO, A. 2000. Insect parapheromones in olfaction research and semiochemical-
based pest control strategies.Ann. Rev. Entomol.48:605–630.

RENOU, M., LUCAS, P., MALO, E., QUERO, C., and GUERRERO, A. 1997. Effects of trifluoromethyl
ketones and related compounds on the EAG and behavioural responses to pheromones in male
moths.Chem. Senses22:407–416.

RIBA, M., EIZAGUIRRE, M., SANS, A., QUERO, C., and GUERRERO, A. 1994. Inhibition of pheromone
action inSesamia nonagrioidesby haloacetate analogues.Pest. Sci.41:97–103.

RIDGWAY, R. L., SILVERSTEIN, R. M., and INSCOE, M. N., (eds.) (1990). Behavior-Modifying Chemicals
for Insect Management. New York, Marcel Dekker.

ROSELL, G., HERRERO, S., and GUERRERO, A. 1996. New trifluoromethyl ketones as potent inhibitors
of esterases:19F NMR spectroscopy of transition state analog complexes and structure-activity
relationships.Biochem. Biophys. Res. Comm.226:287–292.

SANS, A., RIBA, M., EIZAGUIRRE, M., and LOPEZ, C. 1997. Electroantennogram, wind tunnel and field
responses of male Mediterranean corn borer,Sesamia nonagrioides, to several blends of its sex
pheromone components.Ent. Exp. Appl.82:121–127.

SHOREY, H. H., and GASTON, L. K. 1970. Sex pheromones of noctuid moths. XX. Short-range visual
orientation by pheromone-stimulated males ofTrichoplusia ni. Ann. Entomol. Soc. Am.63:829–
832.
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Abstract—Tannins, a large and diverse group of phenolic secondary metabo-
lites, are common in terrestrial plants and marine brown algae. It is sometimes
desirable to remove the tannins from plant or algal extracts, e.g., when iso-
lating enzymes and nucleic acids, when using certain colorimetric methods to
quantify the tannin content, or to create reliable controls when using tannins in
experimental studies. Insoluble polyvinylpolypyrrolidone (PVPP) can be used
to specifically remove tannins from solution. In the present study, we evaluated
the effect of different factors (amount of PVPP, number of PVPP treatments,
type of solvent, pH, and incubation time) on the PVPP removal of dissolved
brown algal phlorotannins. Our results imply that there is a limited amount of
phlorotannins that can bind to a given amount of PVPP, and that it is preferable
to use low quantities of PVPP repeatedly, compared to using fewer treatments
with a high amount of PVPP. Furthermore, we found no consistent effect on the
removal of phlorotannins due to solvent type (acetone, methanol, distilled water
or filtered seawater). There was a slight decrease in the amount of phlorotannins
removed from extracts with increasing pH when repeatedly treated with PVPP.
All phlorotannins were removed from extracts with pH≤ 6.2, and 89% of the
initial phlorotannin content was removed at pH 9.7. These results are compared
with previous methodological studies on tannin removal with PVPP. Further-
more, the implications of phlorotannin removal in analytical and ecological
investigations are discussed.

Key Words—Bioassay, enzyme, Folin-Ciocalteus, pH, phlorotannins, polyphe-
nolic compounds, polyvinylpolypyrrolidone, PVPP, solvent, tannins.
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INTRODUCTION

Polyphenolic secondary metabolites are a large and diverse group of chemical com-
pounds, which are common both in terrestrial plants and in aquatic macrophytes
(Waterman and Mole, 1994). One class of polyphenolic compounds that has re-
ceived much attention from ecologists during the last decades is the tannins (see
Harborne, 1983; Karban and Baldwin, 1997), which are water-soluble compounds
with the ability to precipitate proteins from solution. They are thought to act as
chemical defenses in plants either by having direct toxic effects (e.g., Berenbaum,
1984; Martin and Martin, 1984; Steinly and Berenbaum, 1985), or by decreas-
ing the digestibility of food (Tugwell and Branch, 1992) or the assimilation effi-
ciency of herbivores (Boettcher and Targett, 1993). Tannins can be divided into
three chemically distinct groups: condensed tannins, hydrolyzable tannins, and
phlorotannins. Condensed tannins are associated with the production of lignin and
are common in lignified higher plants, but also occur in some herbs. Hydrolyz-
able tannins occur in some green alga and in angiosperms, while phlorotannins
are restricted to brown algae (Waterman and Mole, 1994). Phlorotannins are the
least complex group of tannins and consist of phloroglucinol (1,3,5, trihydrox-
ybenzene) units that are linked by carbon—carbon or carbon—oxygen bonds.
They have a wide range of molecular sizes (400 to 400,000 Da) and can occur
in variable concentrations (0.5–20% of the dry weight) in the epidermal cortex
in brown algae (Ragan and Glombitza, 1986). Phlorotannins are commonly be-
lieved to have defensive or protective functions, e.g., against herbivores, bacteria,
fungi, fouling organisms and UV-B radiation (see Ragan and Glombitza, 1986;
Targett and Arnold, 1998, for references), to function in wound healing processes
(Fagerberg and Dawes, 1976), or in cell-wall construction (Schoenwaelder and
Clayton, 1998).

Tannins form strong complexes with proteins either reversibly by hydrogen
bonding through peptide or amide linkages, or irreversibly by covalent condensa-
tions (Loomis and Battaile, 1966; Appel, 1993; Waterman and Mole, 1994; Stern
et al., 1996a). This may interfere with, or even prevent, the isolation of enzymes
or nucleic acids from plant extracts (e.g., Loomis and Battaile, 1966; Porebski and
Bailey, 1997; Koonjul et al., 1999). Furthermore, removal of tannins may be desir-
able during analytical quantification of total plant phenolic compounds (e.g., Yates
and Peckol, 1993; Van Alstyne, 1995; Peckol et al., 1996; Stern et al., 1996b), or
when using tannin extracts in experimental studies (e.g., Pavia et al., 1997; Pavia
and Toth, 2000; Toth and Pavia, 2000). The strong hydrogen bonding capacity
can be used to remove tannins by adding substances that contain groups similar
to peptide bonds e.g., nylon or polyvinylpolypyrrolidone (PVPP). Optimal con-
ditions for binding of tannins to PVPP has been evaluated previously (Andersen
and Sowers, 1968), but the experimental treatments were not replicated and the
data were not statistically analyzed. However, the results suggested that successive
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treatments of plant extracts with insoluble PVPP in 1–10 vol% methanol under
acidic conditions (pH 3.5) were favorable for specifically removing tannins from
solution (Andersen and Sowers, 1968). The aim of the present study was to eval-
uate the optimal conditions for PVPP removal of brown algal phlorotannins in an
experimentally and statistically rigorous way. We performed a series of labora-
tory experiments where we evaluated the influence of different solvents, extract
pH, quantities of PVPP, number of PVPP treatments, and incubation times on the
removal of dissolved phlorotannins.

METHODS AND MATERIALS

Collection and Preparation of Algal Phlorotannin Samples.Phlorotannins
were extracted from individuals of the brown seaweed speciesAscophyllum no-
dosum (L.) Le Jolis, collected randomly from different sites outside Tj¨arnö
Marine Biological Laboratory at the Swedish West Coast (58◦54′N, 11◦07′E).
A. nodosumis common at sheltered rocky shores in the north Atlantic, where it
can form large stands in the intertidal zone. In the area of investigation, it has
a phlorotannin content of 4–15% of the plant’s dry weight (Pavia andÅberg,
1996; Pavia et al., 1999). Seaweed individuals were brought back to the labora-
tory, cleaned of all visible epiphytes and debris, and immediately frozen (−70◦C)
and freeze-dried. The freeze-dried algal material was homogenized to a fine pow-
der and phlorotannins were extracted in aqueous acetone (60 vol%) on a shak-
ing rack in darkness at 4◦C for 24 hr. The extract was centrifuged and filtered
(0.2µm) to remove algal particles. Acetone was evaporatedin vacuoand the ex-
tract was filtered again to remove precipitated lipophilic substances. Fresh extracts
were prepared daily and the Folin-Ciocalteus (F-C) analysis for quantification of
total phenolic compounds (Van Alstyne, 1995) was used to determine the con-
centration of F-C reactive compounds. This analysis measures all substances with
aromatic hydroxyl groups and does not discriminate between phlorotannins and
non-phlorotannin compounds. The effects of different extract solvents, extract pH,
quantities of PVPP, number of PVPP treatments, and incubation times on the PVPP
removal of the dissolved F-C reactive compounds were determined under different
conditions in three separate experiments.

Effects of Solvent and Incubation Time on PVPP-Phlorotannin Binding.In the
first experiment, we studied the influence of different solvents (10 vol% acetone
and methanol) and incubation times (10 and 30 min) on the ability of PVPP (CAS
no. 25249-54-1) to remove F-C reactive compounds from solution. The initial
concentration of F-C reactive compounds was 470 mg/l and the pH of the extracts
was 5.8. Extract aliquots (5 ml) and PVPP (25 mg/ml) were placed in small brown
glass flasks (20 ml) and placed on a shaking rack for the desired incubation time.
Two replicates of each treatment were prepared. After incubation, the samples were
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centrifuged and the supernatant was filtered (0.2µm) to remove the PVPP. The
concentration of F-C reactive compounds was measured and the amount removed
(% of initial concentration) was calculated. Data were analyzed using a two-way
analysis of variance (ANOVA) with solvent (2 levels) and incubation time (2 levels)
as fixed orthogonal factors.

Effect of Solvent, pH and PVPP Treatment on PVPP-Phlorotannin Binding.
In the second experiment, the effects of different solvents, pH and PVPP treat-
ments on the removal of dissolved F-C reactive compounds were studied. Since
this experiment was conducted over four days, four different extracts with ini-
tial concentrations of F-C reactive compounds between 450–600 mg/l were used.
The initial pH of the extracts was 5.8, and was lowered to 3.5 using concen-
trated hydrochloric acid (0.3µl HCl/ml extract) in the low pH treatments. Extract
aliquots (5 ml), based on distilled water, acetone, or methanol and with different
pH, were placed together with low and high (10 or 25 mg/ml) amounts of PVPP
in brown glass flasks as in the first experiment. Six replicates of each treatment
were prepared and incubated for 10 min. After incubation, PVPP was removed by
centrifugation and the supernatant was filtered (0.2µm) as in the first experiment.
The concentration of F-C reactive compounds was measured in two replicates.
This procedure was repeated twice with 10 mg fresh PVPP/ml extract, and after
each PVPP treatment the concentration of F-C reactive compounds was measured
in two replicates. The amount of F-C reactive compounds removed (% of initial
concentration) was calculated, and data were analyzed using a three-way ANOVA
with solvent (3 levels), pH (2 levels) and PVPP treatment (6 levels) as fixed or-
thogonal factors.

Effect of pH on PVPP-Phlorotannin Binding.The phlorotannin extract used
in the third experiment was purified according to the method described in Steinberg
and van Altena (1992), and the phlorotannins were dissolved in filtered seawater
(15%). The initial phlorotannin concentration of the extract was 500 mg/l and
the initial pH was 6.2. In this experiment, we tested the effect of different pH’s
on the removal of the dissolved phlorotannins. The extract was divided into three
equal volumes and a fewµl of concentrated HCl or NaOH was added to ad-
just the pH to 2.9 and 9.7. Extract aliquots (5 ml) were placed together with
PVPP (10 mg/ml) in brown glass flasks as in the previous experiments. Two
replicates were prepared and treated three times with PVPP, after which the
phlorotannin content was measured as in the second experiment. The amount
of phlorotannins removed (% of initial phlorotannin concentration) was calcu-
lated, and data were analyzed using a one-way ANOVA with pH as a fixed 3-level
factor.

Prior to all analysis, data were tested for homogeneity of variances with
Cochran’s test (Underwood, 1997). Multiple mean comparisons were made with
the Student Newman Keuls (SNK) test (Underwood, 1997).
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RESULTS

There was no difference in the amount of F-C reactive compounds removed
from extracts containing 10 vol.% acetone or methanol (ANOVA,F1,4 = 0.10,
P= 0.77) in the first experiment (Figure 1). Furthermore, incubating the extracts
with PVPP for 10 or 30 min removed similar amounts of F-C reactive compounds,
since there was no difference between different incubation times (ANOVA,F1,4 =
0.01,P= 0.93, Figure 1).

There was a difference in the amount of F-C reactive compounds removed
from extracts with different solvents and pH when subjected to different PVPP
treatments, as indicated by the three-way interaction between the factors solvent,
pH and PVPP treatment (Table 1) in the second experiment. The SNK test revealed
that there was an overall increase in the amount of F-C reactive compounds re-
moved when the extracts were treated three times with PVPP, irrespective of the
amount PVPP used in the first treatment (10 or 25 mg PVPP/ml, Figure 2). Further-
more, in accordance with the first experiment, there was no consistent difference
in the amount of F-C reactive compounds removed due to the extract solvent

FIG. 1. Removal of Folin-Ciocalteus (F-C) reactive compounds (% of initial concentration)
from Ascophyllum nodosumextracts based on different solvents (10 vol% methanol or
acetone) treated once with 25 mg PVPP/ml extract for 10 or 30 min incubation. The pH
of the extracts was 5.8. There were no significant differences among treatments. Error bars
show+ SE (N= 2).
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TABLE 1. THREEWAY ANALYSIS OF VARIANCE (ANOVA) OF THEAMOUNT OF F-C
REACTIVE COMPOUNDSREMOVED FROMAscophyllum nodosumEXTRACTS WITH

DIFFERENTSOLVENTS AND pH, SUBJECTED TODIFFERENTPVPP TREATMENTS IN THE

SECONDEXPERIMENTa

Source df MS F P

Solvent (S) 2 6.78 3.57 0.04
pH 1 178.54 93.92 <0.001
PVPP treatment (PVPP) 6 8353.55 4394.56 <0.001
S× pH 2 16.66 8.76 <0.001
S× PVPP 12 5.56 2.93 0.005
pH× PVPP 6 335.94 176.73 <0.001
S× pH× PVPP 12 4.79 2.52 0.014
Residual 42 1.90

aData on mean values and standard errors are presented in Figure 2.

(Figure 2). The only difference (P < 0.05) in the amount of F-C reactive com-
pounds removed due to extract solvent was found when extracts with pH 5.8 were
treated twice, first with high and then with low amount of PVPP. Significantly,
fewer F-C reactive compounds were removed from the distilled water extracts
compared to the methanol and acetone extracts (Figure 2), although the differ-
ence was relatively small. The pH of extracts affected the removal of F-C reac-
tive compounds either positively or negatively depending on the PVPP treatment.
The largest differences between pH treatments were found when extracts were
treated once with a high amount of PVPP. There was a higher removal of F-C
reactive compounds from extracts at pH 3.5 compared to extracts at pH 5.8, while
the opposite was found in extracts that were treated once with a lower amount of
PVPP (Figure 2).

There was a difference in the amount of phlorotannins removed from extracts
with different pH (ANOVA, F2,3 = 809.47,P < 0.0001) by three successive
PVPP treatments. The SNK test revealed that the phlorotannin removal was most
effective from extracts with pH 2.9 and 6.2 and less effective from extract with
pH 9.7 (Figure 3).

DISCUSSION

The results in the present study show that the effectiveness of phlorotannin re-
moval with PVPP is dependent on the number of PVPP treatments and the amount
of PVPP used in each treatment, i.e., it appears that a limited amount of phlorotan-
nin can bind to a given amount of PVPP. Increasing the incubation time from 10
to 30 min did not increase the amount of F-C reactive material removed from a
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FIG. 2. Removal of Folin-Ciocalteus (F-C reactive) compounds (% of initial concentra-
tion) from Ascophyllum nodosumextracts based on different solvents (distilled water,
10 vol% methanol or acetone) with different pH (5.8 or 3.5) subjected to different PVPP
treatments (10 or 25 mg PVPP/ml in the first treatment and subsequent treatments with 10 mg
PVPP/ml). Letters above horizontal bars indicate significant differences among treatments
based on Student-Newman-Keuls multiple-comparisons tests (P< 0.05). Error bars show
+ SE (N= 2).

single PVPP treatment in the first experiment. In accordance with the findings in
previous studies (Andersen and Sowers, 1968; Targett et al., 1995), we found that
three successive 10 min PVPP incubations were effective in removing the F-C re-
active material from solution. These treatments removed approximately 90% of the
F-C reactive compounds from extracts in the second experiment. The remaining
F-C reactive substances were probably non-phlorotannin compounds with aro-
matic hydroxyl-groups, which did not bind to PVPP (Yates and Peckol, 1993; Van
Alstyne, 1995; Peckol et al., 1996; Stern et al., 1996b). In the third experiment,
when more purified phlorotannin extracts with different pH were treated repeatedly
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FIG. 3. Removal of phlorotannins (% of initial concentration) from purifiedAscophyllum
nodosumextracts with different pH (2.9, 6.2, and 9.7) after three successive PVPP treatments
(10 mg PVPP/ml extract). The extracts were based on artificial seawater (15%). Letters
above horizontal bars indicate significant differences among treatments based on Student-
Newman-Keuls multiple-comparisons tests (P < 0.05). SE was 0.101 at pH 2.9, 0.013 at
pH 6.2, and 0.364 at pH 9.7 (N= 2).

with PVPP, all (>99%) of the phlorotannins were removed after three successive
PVPP treatments both in extracts with pH 2.9 and 6.2. The PVPP removal of
dissolved phlorotannins was independent of the solvent used, i.e., there was no
consistent difference in the phlorotannin removal between extracts based on dis-
tilled water compared to methanol or acetone. Furthermore, 10 mg PVPP/ml extract
was preferable to 25 mg/ml, since a larger proportion of the extract was lost due to
absorption to the dry PVPP powder when using the high amount of PVPP. Given
these results, the initial concentration of the phlorotannin extract probably affects
the number of PVPP treatments that are required to remove all phlorotannins. An
extract with a higher initial phlorotannin concentration than used in the present
study (i.e.,>600 mg/l) may require more than three successive PVPP treatments.
However, the results in the present study imply that it is preferable to increase the
number of PVPP treatments, rather than the amount of PVPP in a given treatment,
when the phlorotannin content of the extract increases.

It has been reported that PVPP is most effective in removing tannins from
solutions with a low pH (Andersen and Sowers, 1968), and this statement has been
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referred to by several authors (Yates and Peckol, 1993; Targett et al., 1995; Van
Alstyne, 1995; Stern et al., 1996b). A low pH has been regarded as favorable
since tannins are thought to bind to the PVPP molecules with hydrogen bonds
(Loomis and Battaile, 1966; Waterman and Mole, 1994; Stern et al., 1996a). The
experiment performed by Andersen and Sowers (1968) was not replicated, and,
therefore, it is not possible to state that there actually was a significant difference
in the tannin removal between extracts with different pH (3.5–8.5). In the present
study, we demonstrated that, when treating the extracts repeatedly with PVPP,
there is no difference in the amount of phlorotannins removed if pH is increased
from 3.5, which was regarded as the optimal pH by Andersen and Sowers (1968),
to 6.2. The effectiveness of phlorotannin removal decreases if the pH is increased
even further, although three successive PVPP treatments still removed 89% of the
phlorotannins in the extract with pH 9.2. The fact that there is no need to adjust
the pH of the extract is advantageous if PVPP treated phlorotannin extracts are
prepared for the purpose of being used as controls in experimental studies (see
discussion of ecological implications below).

Use of PVPP to remove phlorotannins from brown algal extracts has been crit-
icized due to the fact that a single PVPP treatment failed to remove all (i.e., 100%)
of the phloroglucinol or phlorotannin content from solution (Van Alstyne, 1995;
Stern et al., 1996b). However, calculating the loss of F-C absorbance from solu-
tions treated with PVPP (100 mg/ml) in the study by Van Alstyne (1995) shows
that phloroglucinol removal from the 80 vol% methanol solution without BSA
was approximately 94% of the initial concentration. Furthermore, PVPP removed
95–97% of the F-C reactive compounds fromFucus gardneriextracts. Van Alstyne
(1995) pointed out that PVPP might have a greater affinity for complex phlorotan-
nins than for phloroglucinol. This may be correct, but the difference between the
removal of dissolved phloroglucinol and phlorotannins in the study by Van Alstyne
(1995) is not large, and would perhaps not be statistically significant if tested.
Stern et al. (1996b) found that a single PVPP treatment (20 mg/ml) only removed
20% of the Folin-Denis absorbance in purified phlorotannin extracts fromFucus
vesiculosus, a species that is closely related toA. nodosum.We found that when
purified, A. nodosumphlorotannin extracts (according to the method described
in Steinberg and van Altena, 1992) were treated with PVPP (3× 10 mg/ml) in
the third experiment, no color formation was detected with the F-C method, i.e.
all phlorotannins were removed. These results are also in accordance with the
results of Targett et al. (1995) who found that 90% of the phenolic compounds
were removed from crude methanol extracts ofA. nodosumafter three succes-
sive PVPP treatments (15 mg/ml). Furthermore, PVPP removed 98% of dissolved
phloroglucinol, between 87–95% of the phlorotannins from crude methanol ex-
tracts ofLobophora variegata, and between 90–99% of the phlorotannins from
purified extracts ofF. vesiculosus(Targett et al., 1995). Therefore, we suggest
that PVPP can be effective in removing both phloroglucinol and phlorotannins
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from solution, especially when the PVPP treatments are repeated several
times.

The principal implications of the results found in the present study concern
several fields of application including both basic and applied research areas. For
example, the protein binding properties of tannins make it difficult to isolate en-
zymes (Loomis and Battaile, 1966; Kranner and Grill, 1996) and nucleic acids
(Porebski and Bailey, 1997; Koonjul et al., 1999; Chen et al., 2000) from plant or
algal material, and therefore, removal of tannins is often essential. Furthermore,
some common methods that are used to quantify total phenolic compounds are
based on reactions with free hydroxyl groups and do not discriminate between
phenolic and non-phenolic compounds (Waterman and Mole, 1994). Therefore,
measurements before and after removal of tannins may be required for proper
quantification of tannins in plants (Makkar et al., 1993) and algae (Yates and
Peckol, 1993; Peckol et al., 1996). Removal or isolation of tannins may also be
important when using bioassays involving tannins in medical (Wall et al., 1969;
Béress et al., 1993) or ecological (Pavia and Toth, 2000; Toth and Pavia, 2000)
studies. Hypotheses concerning the activity of tannins against different types of
threats are usually tested in bioassays using more or less purified plant extracts
(Geiselman and McConnell, 1981; Steinberg, 1988; Pavia and Toth, 2000). Prob-
lems commonly arise when interpreting the results from such bioassays, since
other plant extract properties may correlate and/or interact with the tannins and
affect the outcome of the bioassay. To be able to rigorously address questions
concerning the protective and defensive functions of tannins, they must either be
purified or removed from the extract. By removing tannins with PVPP, a control
containing all other chemical compounds in the extract can be created (c.f. Pavia
and Toth, 2000).

In conclusion, we suggest that when repeatedly using a small amount of
PVPP at pH≤ 6.2, PVPP can be effective in removing all dissolved brown algal
phlorotannins. Furthermore, there is no need to use organic solvents or to adjust
the pH of the extracts, which is advantageous when using this method to create
controls without phlorotannins in ecological experiments.
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Abstract—Many plant species defend themselves against herbivorous insects
indirectly by producing volatiles in response to herbivory. These volatiles attract
carnivorous enemies of the herbivores. Research on the model plantArabidopsis
thaliana (L.) Heynh. has contributed considerably to the unraveling of sig-
nal transduction pathways involved in direct plant defense mechanisms against
pathogens. Here, we demonstrate thatArabidopsisis also a good candidate for
studying signal transduction pathways involved in indirect defense mechanisms
by showing that: (1) Adult females ofCotesia rubecula, a specialist parasitic
wasp ofPieris rapaecaterpillars, are attracted toP. rapae-infestedArabidopsis
plants. (2)Arabidopsisinfested byP. rapaeemits volatiles from several major
biosynthetic pathways, including terpenoids and green leaf volatiles. The blends
from herbivore-infested and artificially damaged plants are similar. However,
differences can be found with respect to a few components of the blend, such
as two nitriles and the monoterpene myrcene, that were produced exclusively
by caterpillar-infested plants, and methyl salicylate, that was produced in larger
amounts by caterpillar-infested plants. (3) Genes from major biosynthetic path-
ways involved in volatile production are induced by caterpillar feeding. These
includeAtTPS10, encoding a terpene synthase involved in myrcene production,
AtPAL1, encoding phenylalanine ammonia-lyase involved in methyl salicylate
production, andAtLOX2andAtHPL, encoding lipoxygenase and hydroperox-
ide lyase, respectively, both involved in the production of green leaf volatiles.
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AtAOS, encoding allene oxide synthase, involved in the production of jasmonic
acid, also was induced by herbivory.

Key Words—Pieris rapae, Lepidoptera, Hymenoptera, tritrophic interactions,
foraging behavior, headspace analysis, terpenoids, green leaf volatiles, methyl
salicylate, nitriles.

INTRODUCTION

To defend themselves against herbivorous insects, plants use both direct and indi-
rect mechanisms (Karban and Baldwin, 1997; Dicke, 1999). Direct defense mecha-
nisms have a direct effect on the herbivore, e.g., by negatively affecting the physiol-
ogy of the herbivore with toxic or antinutritional compounds, or by interfering with
the behavior of the herbivore with repelling or deterring compounds (Karban and
Baldwin, 1997). Indirect defense mechanisms promote the effectiveness of natural
enemies of the herbivore, i.e., predators or parasitoids. One way of promoting the
effectiveness of natural enemies is by producing volatiles in response to herbivory
that can attract predators or parasitoids. This kind of tritrophic interaction has been
shown for many, mainly agriculturally important, plant species. Plants capable of
this type of interaction belong to at least 12 plant families, in combination with a
diverse range of herbivore and natural enemy species (Dicke, 1999).

Among the volatiles induced by herbivory, terpenoids, lipoxygenase-derived
volatiles, and methyl salicylate are commonly found. These compounds are pro-
duced via different biosynthetic pathways.

Terpenoids are a large and diverse group of compounds, present in most plant
species (Gershenzon and Croteau, 1991). Although the early steps in terpenoid
production can be divided into a cytosolic and a plastidic pathway (Lichtenthaler,
1999), products from both pathways are used by terpene synthases (TPS)
(Bohlmann et al., 1998, 2000), to produce mono-, sesqui-, and diterpenes.

Lipoxygenase-derived or “green leaf” volatiles are also common in plants.
Important enzymes involved in their biosynthesis are lipoxygenase (LOX) (Bell
and Mullet, 1993) and hydroperoxide lyase (HPL) (Bate et al., 1998). Another
branch of the lipoxygenase pathway produces the plant hormone jasmonic acid,
which is involved in the induction of direct (Karban and Baldwin, 1997; McConn
et al., 1997) and indirect (Hopke et al., 1994; Dicke et al.; 1999; Gols et al.,
1999; Thaler, 1999) defense mechanisms. For the production of jasmonic acid, the
products from LOX are used by the enzyme allene oxide synthase (AOS) instead
of HPL (Laudert et al., 1996).

Methyl salicylate is a volatile derivative of the plant hormone salicylic acid
(Lee et al., 1995). The role of salicylic acid in direct defense mechanisms of plants
against pathogens has been extensively reviewed (e.g., Dempsey et al., 1999).
Methyl salicylate is produced via the phenyl propanoid pathway. A key enzyme in
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the phenyl propanoid pathway is phenylalanine ammonia-lyase (PAL) (Lee et al.,
1995; Mauch-Mani and Slusarenko, 1996). Besides (methyl) salicylate, many other
products are produced from this pathway, such as lignin and flavonoids (Dixon
and Paiva, 1995).

Signal-transduction pathways involved in herbivore-induced plant volatiles
have only recently been studied (e.g., Hopke et al., 1994; Par´e and Tumlinson,
1997; Boland et al., 1999; Dicke et al., 1999). However, there is a wealth of
knowledge on signal transduction pathways in direct defenses against both insects
and pathogens (e.g., Karban and Baldwin, 1997; Pieterse et al., 1998). Much of
the knowledge has been obtained by taking a molecular genetic approach (e.g.,
Delaney et al., 1994). The incorporation of the model plant of molecular genetics,
Arabidopsis thaliana, has contributed enormously to progress in this field (e.g.,
Dietrich et al., 1994; Pieterse et al., 1998; Thomma et al., 1998).

To date, only a few studies on insect–plant interactions have usedArabidopsis
as a host plant (Grant-Petterson and Renwick, 1996; Mauricio and Rausher, 1997;
McConn et al., 1997; Mauricio, 1998; Reymond et al., 2000; van Loon et al.,
2000; Stotz et al., 2000), and only one of those focussed on indirect defenses (van
Loon et al., 2000). Yet,Arabidopsisis known to be consumed by insects, such as
caterpillars ofPieris rapae(Yano and Ohsaki, 1993; van Loon et al., 2000), and
these caterpillars are hosts to parasitoids such asCotesia rubecula(Agelopoulos
and Keller, 1994; Geervliet et al., 1994). Several crucifers are known to produce
herbivore-induced volatiles in response toP. rapaedamage, andC. rubeculais
attracted to these (Blaakmeer et al., 1994; Geervliet et al., 1994, 1997).

This indicated to us thatArabidopsismight be a good candidate for studying
signal transduction in indirect defenses in plants. In the present study, we inves-
tigate (1) whetherArabidopsisproduces volatiles induced byP. rapaefeeding
that attractC. rubeculaparasitoids, (2) the composition of the herbivore-induced
volatile blend, and (3) whether genes from major biosynthetic pathways involved
in the production of the identified volatiles are induced by caterpillar feeding.

METHODS AND MATERIALS

Plants. Arabidopsis thaliana(L.) Heynh., ecotype Columbia, was grown from
seed in a greenhouse (20–30◦C, 50–70% relative humidity, 8L : 16D). A few days
prior to plant treatment, 9- to 10-week-old plants were transferred to a climate
room (23± 1◦C, 50–70% relative humidity, 10 klux, 8L : 16D). All plants used
were in the vegetative state.

Insects. Pieris rapaewas reared on Brussels sprout plants (Brassica oleracea
gemmiferacv. Icarus) in a climate room (21± 1◦C, 50–70% relative humidity,
16L : 8D). The parasitoidCotesia rubeculawas reared onP. rapaelarvae feeding
on Brussels sprout plants, under greenhouse conditions (25±5◦C, 50–70% relative
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humidity, 16L : 8D). Every year a fresh colony was initiated with individuals col-
lected from fields near Wageningen, The Netherlands. For bioassay experiments,
C. rubeculapupae were collected and transferred to a gauze cage in a climate
room (23± 1◦C, 50–70% relative humidity, 16L : 8D). The emerging wasps were
provided with water and honey. Adult wasps that did not have contact with plant
material or caterpillars (no ovipostion experience) are referred to as naive wasps.

Plant Treatments.For headspace collection and analysis, caterpillar-infested
plants were obtained by placing 12 first-instarP. rapaeon each plant. For the
two-choice bioassay and gene expression analysis, caterpillar-infested plants were
obtained by placing two first-instarP. rapaeon each leaf with a main vein longer
than 3 cm, resulting on average in 24 larvae per plant. In both cases, larvae had fed
on the plants for 24 hr before they were used in experiments. Caterpillar-infested
plants are referred to as a plant–herbivore complex (PHC).

To obtain artificially damaged (AD) plants, all leaves with a main vein longer
than 3 cm were rubbed with carborundum powder no. 180 (Cats Import, Hoogvliet,
The Netherlands) on a moist cotton pad, just before an experiment (Mattiacci et al.,
1995).

Control (C) plants did not receive any treatment, but were of the same age
and size as treated plants, and had been transferred to the climate room at the same
time.

Bioassay.Parasitoid flight experiments were conducted in a wind-tunnel set-
up (25± 5◦C, 50–70% relative humidity, 0.7 klux) described by Geervliet et al.
(1994), with a wind speed of 0.2 m/sec.

For two-choice flight experiments, two odor sources were placed at the upwind
end of the wind tunnel. Each odor source consisted of eightArabidopsisplants that
received the same treatment. These eight plants were placed in a 2× 4 arrangement,
with the three plants closest to the center and upwind end of the wind-tunnel on a
4.5 cm elevation (Figure 1). An 11× 19 cm clear Plexiglas rectangle was placed, at
the upwind end of each odor source, on the elevation, to create some air turbulence.
The distance between the odor sources was 14 cm.

One day before a bioassay, 4- to 6-day-old, naiveC. rubeculawasps were
sexed and the males removed. Just prior to the bioassay, an individual female
wasp was placed onto a microscope slide with one leaf from a caterpillar-damaged
Arabidopsisfrom which the caterpillars had been removed. The wasp plus leaf
plus slide were transported to the middle of the release cylinder in the wind tunnel,
which was 60 cm downwind from the odor sources (Figure 1).

The flight behavior of the wasps was observed. Only flights that resulted in
the first landing on one of the odor sources were recorded as a choice. Landings
on other parts of the wind tunnel besides the release cylinder or odor sources were
recorded as no choice. If the wasp remained in/on the release cylinder for longer
than 15 min, this was also recorded as no choice. After a choice or no choice, the
wasp was removed.
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FIG. 1. Wind-tunnel set-up. Two odor sources, each consisting of eightArabidopsisplants
were placed 60 cm upwind of the release cylinder (a). Three plants were placed on a 4.5-cm
elevation for each odor source. The distance between the two odor sources was 14 cm.
Wasps were transported to the release cylinder on a microscope slide with one leaf from
a caterpillar-damagedArabidopsisfrom which caterpillars had been removed (b). Clean
laminar air was blown over the odor sources towards the release cylinder at a speed of
0.2 m/sec. Plexiglas rectangles (c) were placed at the upwind end of the odor sources to
create some turbulence.

All combinations of the three odor sources (PHC-C, AD-C, PHC-AD) were
tested on the same day. For each combination of odor sources, plant positions were
changed from left to right and vice versa, to compensate for unforeseen asymmetric
effects. In total, 50 wasps in six days were tested per odor combination.

Choices between two odor sources in the bioassay were statistically analyzed
by using a chi-square test. Differences in the percentage of wasps making a choice
(responsiveness) among the three combinations of odor sources were tested using
a contingency table on the absolute numbers.

For the no-choice flight experiment, one odor source was placed at the upwind
end of the wind tunnel. The odor source consisted of oneArabidopsisplant placed
on a 4.5-cm elevation. To create some air turbulence, an 11-×19-cm clear Plexiglas
rectangle was placed at the upwind end of the odor source on the elevation. Selec-
tion and handling of the wasps was the same as for the two-choice experiments. On
one day, the behavior of 10 female wasps was subsequently recorded. Only flights
that resulted in the first landing on the odor source were recorded as a successful
landing. Landings on parts of the wind tunnel other than the release cylinder or
odor sources were recorded as nonsuccessful landings. If wasps remained in/on the
release cylinder for longer than 20 min, this was also recorded as a nonsuccessful
landing. After a successful or nonsuccessful landing, the wasp was removed. On
day 0, a single, undamagedArabidopsisplant was used as an odor source, and the
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behavior of the 10 female wasps was recorded. After this test, a single first-instar
P. rapaecaterpillar that had just hatched was placed on theArabidopsisplant. After
1, 2, 3, 4, and 6 days, this plant was used as odor source for the bioassay. Every
day, the behavior of a new set of 10 females was recorded. This experiment was re-
peated three times. After pooling the data for every infestation period, differences
between the number of wasps making a successful landing among the subsequent
days was tested using a contingency table. A Spearman rank correlation test was
used to analyze whether more days of feeding resulted in greater attraction.

Headspace Collection and Analysis.For dynamic headspace collection, 40
plants per treatment were used and experiments were performed in a climate room
(23± 1◦C, 50–70% relative humidity, 10 klux). Soil was removed from the roots
by rinsing with tap water, and the plants were placed into a 5-liter glass jar on wet
filter paper. The jar was closed with a glass lid having an air inlet and air outlet. A
viton O-ring was placed between the lid, and jar and the lid was closed tightly with
a metal clamp. Pressurized air was filtered over silica gel, a molecular sieve, and
activated charcoal. The resulting cleaned air was led through the jar with plants
for 6 hr, at a flow rate of 240 ml/min. To collect the headspace, the airstream was
filtered at the outlet with 90 mg Tenax-TA in a glass tube. Subsequently, the Tenax
tube was closed with a 1/4-in Swagelok cap and transferred to the GC-MS for
analysis.

Collected volatiles were released from the Tenax by using a Thermodesorp-
tion Cold Trap set-up (Chrompack, Middelburg, The Netherlands) as described by
Mattiacci et al. (1995) and transferred to the analytical gas chromatography col-
umn (Supelcowax 10 or Rtx-200, 60 m× 0.25 mm ID, 0.25-µm film thickness).
The initial linear velocity of the helium carrier gas was 22 cm/sec. The temperature
of the column was raised from 40◦C to 270◦C at 4◦C/min. Volatiles were analyzed
by a mass spectrometer (Finnigan MAT 95) and identified by comparison of the
mass spectra with those in the NIST98 library, and the Wageningen Mass Spectral
Database of Natural Products, and by checking the retention index, unless stated
otherwise.

Headspace collections of control (C) plants were carried out simultaneously,
in parallel, with each of the two treatments (AD and PHC) to minimize variation
among plant batches and day-to-day variation. Collections were made in triplicate.

When comparing damaged (either AD or PHC) with undamaged control (C)
plants, a compound was considered to be emitted in larger amounts, if that com-
pound showed a larger peak area in all three replicates of damaged plants, compared
with the three replicates of undamaged control plants, or if that compound showed
a larger peak area in two of the three replicates of damaged plants, and the third
(and smallest) peak area was equal to the largest peak area of the three replicates of
undamaged control plants. The latter occurred mostly when the compound was not
detected in any of the three replicates of undamaged control plants and detected
in two of the three replicates of damaged plants.
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Gene Expression Analysis.The protocol for RNA isolation, described by
Chang et al. (1993) was followed. Leaf material from 5 or 6 plants was pooled
to obtain a total of 5 g, and the protocol was adjusted to these 5 g. Isolated RNA
was DNase treated (DNase I, GibcoBRL) using an RNase inhibitor (RNaseOUT,
GibcoBRL) to preserve RNA quality. The concentration of total RNA was spec-
trophotometrically determined.

From the total RNA, 10µg was separated on a formaldehyde–agarose gel,
blotted on a nylon membrane (Hybond-N+, Amersham) (Sambrook et al., 1989),
and UV cross-linked. These northern blots were prehybridized and hybridized at
65◦C in hybridization buffer (Church and Gilbert, 1984). The blots were washed
for 15 min under medium stringency conditions (one wash with 2× SSC,
0.1% SDS at room temperature, one wash with 2× SSC, 0.1% SDS at
55◦C).

All probes were made by using the RadPrime DNA Labeling System
(GibcoBRL). Templates for the probes were obtained by PCR from cDNA clones
(AtTPS03, AtTPS10, AtLOX2, AtAOS, AtHPL) or by RT-PCR fromArabidopsis
total RNA (AtPAL1, AtPAL2, AtPAL3). Plasmids containing full-length cDNAs of
AtTPS03andAtTPS10were provided by J¨org Bohlmann (see Bohlmann et al.,
2000). The plasmids containing cDNAs ofAtLOX2, AtAOS, andAtHPL were de-
scribed by Bell and Mullet (1993), Laudert et al. (1996), and Bate et al. (1998),
respectively. Primers used for PCR were 5′-TAT-ACG-CGA-CCG-CCC-TTG-
AG-3′ and 5′-GGC-GGA-GCT-TCG-AAC-TAC-AGA-G corresponding to bases
172827–172846 and 174843–174864 ofAtTPS03 (GenBank Accession No.
Z97341); 5′-TTC-CGA-CTT-TTC-AGG-CAA-CAT-3′ and 5′-GAG-AGC-TGG-
TCG-GAG-AAT-ACG-3′ corresponding to bases 327–347 and 1247–1267 of
AtTPS10(GenBank Accession No. AF178535); 5′-GGA-TCG-ATA-AGA-CCG-
CAG-AAC-ATG-GAG-3′ and 5′-GCT-GTC-GAC-TCA-TAG-AAC-TCT-TTT-
AAG-G-3′ corresponding to bases 1969–1994 and 2364–2391 ofAtLOX2 (Bell
and Mullet, 1993) (underlined parts do not correspond to the plasmid template);
5′-CTT-TTC-ACC-GGT-ACT-TAC-ATG-CCG-3′ and 5′-GAT-AAC-CGT-AAA-
GCA-TCT-CAC-CG-3′ corresponding to bases 447–470 and 1274–1291 ofAtAOS
(Laudert et al., 1996); 5′-TCA-CAG-CTT-CCC-CTC-CGT-ACA-ATG-3′ and 5′-
CCG-GAG- TCA-CCA-GTA-ATC-GTA-TCA-3′ corresponding to bases 147–170
and 1487–1510 ofAtHPL (Bate et al., 1998); 5′-AAG-AGC-AAC-GGA-GGA-
GGA-GTG-G-3′ and 5′-GTG-GCG-GAG-TGT-GGC-AAT-GT-3′ corresponding
to bases 150–171 and 603–622 ofAtPAL1 (Ohl et al., 1990); 5′-AAC-GGC-
ACC-GCA-TTA-CAA-ACA-GAA-3′ and 5′-AGA-TCC-AAC-CGC-CGT-GCC-
ATT-A- 3′ corresponding to bases 1838–1861 and 2455–2476 ofAtPAL2(GenBank
Accession no. L33678); and 5′-AGC-GAG-TGG-AGG-AGG-ACC-GAC-AGT-3′

and 5′-GGG-CGC-CCG-ATG-AGG- AAT-3′ corresponding to bases 2117–2140
and 3242–3259 ofAtPAL3(GenBank Accession no. L33679). Ubiquitin expres-
sion served as a constitutive control.
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For first-strand cDNA synthesis, 10µg of total RNA was used together with
M-MLV Reverse Transcriptase, Random Primers and RNaseOUT (GibcoBRL).
One twentieth of the cDNA mixture was used for subsequent PCR reactions with
Taq DNA polymerase (GibcoBRL).

All mRNA analyses were done in triplicate, using new sets of plants.

RESULTS

Bioassay. Cotesia rubeculafemales clearly preferred volatiles fromPieris
rapae-infested (plant–herbivore complex, PHC) or artificially damaged (AD)
Arabidopsisplants over those from undamaged plants (C). Wasps preferred odors
from PHC over AD (Figure 2). The percentage of wasps making a choice did not
differ among the PHC-C (66%), AD-C (70%), or PHC-AD (82%) combinations
(contingency table,P = 0.17).

The two-choice test was performed using eightArabidopsisplants per odor
source with, in the case of PHC, on average 24 first-instarP. rapae. To test whether
a singleArabidopsisplant damaged by a singleP. rapaealso attractedC. rubecula
females, we performed a no-choice test (Figure 3). The results show that a single
plant infested by a single caterpillar attracts the parasitoid. The number of attracted
wasps differed among the different days (contingency table,P < 0.001). More
days of feeding resulted in more attractive plants (Spearman’s rank correlation
test,P < 0.0025).

FIG. 2. Responses ofC. rubeculato herbivore-infested (PHC), artificially damaged (AD),
and undamaged (C)Arabidopsisin a two-choice set-up. Asterisks indicate a significant
difference within a choice test:∗∗∗P < 0.001,∗P < 0.05 (χ2). The left part of the figure
shows the percentage of wasps that did not land on one of the two odor sources, for each
odor combination. The right part of the figure shows the percentages of wasps landing
on either odor source, also for each odor combination. In total, 50 wasps were tested per
combination.
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FIG. 3. Response ofC. rubeculato a single herbivore-infestedArabidopsisplant in a no-
choice set-up. At day 0, an undamagedArabidopsisplant was tested for attractiveness toC.
rubeculafemales. Subsequently, a singleP. rapaelarvae that had just hatched was placed
on the plant. After 1, 2, 3, 4, and 6 days of infestation, the plant was tested again for
attractiveness. In total, 30 wasps were tested in three replicate experiments per infestation
period.

Headspace Analysis.A total of 38 compounds derived from different biosyn-
thetic pathways were identified in the headspace ofArabidopsisplants (Figure 4),
including methyl salicylate, terpenoids, green leaf volatiles, sulfides, nitriles,
alcohols, aldehydes, ketones, and two cycloheptadienes.

Artificially damaged plants emitted larger amounts of volatiles than undam-
aged plants (Figure 4A), including more green leaf volatiles [(Z)-3-hexen-1-ol
(peak 14), (Z)-3-hexen-1-yl acetate (15), and 1-hexanol (16)]. Emission of ter-
penoids [β-ionone (4) andβ-cyclocitral (5)], sulfides [dimethyl disulfide (8) and
dimethyl trisulfide (9)], alcohols [3-pentanol (20), 1-penten-3-ol (21), and 2-ethyl-
1-hexanol (23)], and ketones [3-pentanone (29) and 1-penten-3-one (30)] was also
induced by artificial damage (Figure 4A).

Caterpillar-infested plants emitted slightly larger amounts of volatiles than
undamaged plants (Figure 4B). Caterpillar-infested plants emitted more methyl
salicylate (1), terpenoids [myrcene (2) andβ-ionone (4)], sulfides [dimethyl disul-
fide (8) and dimethyl trisulfide (9)], nitriles [5-(methylthio)-pentanenitrile (10)
and 6,7-dithiaoctanenitrile (11)], green leaf volatiles [(Z)-3-hexen-1-ol (14) and
1-hexanol (16)], some alcohols [1-pentanol (19), 1-penten-3-ol (21), and 2-penten-
1-ol (22)], and ketones (1-penten-3-one and 2-pentanone) than undamaged plants
(Figure 4B). In fact, the monoterpene myrcene (2), the two nitriles (10 and 11),
and the alcohol 2-penten-1-ol (22) were exclusively found in the volatile blend of
caterpillar-infested plants. Methyl salicylate (1), the two nitriles (10, and 11), the
alcohol 1-pentanol (19), and the ketone 2-pentanone (28) were induced by cater-
pillar feeding (Figure 4B), but not by artificial damage (Figure 4A). The green leaf
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FIG. 4. Headspace analysis of herbivore-infested (PHC), artificially damaged (AD), and
undamaged (C)Arabidopsis. Average peak areas of three replicates are shown. Error bars
indicate the standard error. Compounds marked with∗∗ showed larger peak areas in all
three replicates of treated plants (either AD or PHC), compared with the three replicates of
undamaged control plants (C). Compounds marked with∗ showed larger peak areas in two
of the three replicates of treated plants, the peak area of the third (and smallest) peak area
being equal to the largest peak area of the three replicates of undamaged control plants.
Compound numders are: (1) methyl salicylate, (2) myrcene, (3) limonene, (4)β-ionone,
(5) β-cyclocitral, (6) longifolene, (7) (3E,7E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene,
(8) dimethyldisulfide, (9) dimethyltrisulfide, (10) 5-(methylthio) pentanenitrile, (11) 6,
7-dithiooctanenitrile, (12) 6-[(Z)-1-butenyl]-1,4-cycloheptadiene, (13) 6-butyl-1,4-cyclo-
heptadiene, (14) (Z)-3-hexen-1-ol, (15) (Z)-3-hexen-1-yl acetate, (16) 1-hexanol, (17)
hexanal, (18) 1-butanol, (19) 1-pentanol, (20) 3-pentanol, (21) 1-penten-3-ol, (22) 2-
penten-1-ol, (23) 2-ethyl-1-hexanol, (24) 1-octen-3-ol, (25) 1-nonanol, (26) 1-dodecanol,
(27) 1-tetradecanol, (28) 2-pentanone, (29) 3-pentanone, (30) 1-penten-3-one, (31) 4-
methyl-3-heptanone, (32) 4-methyl-4-hepten-3-one, (33) heptanal, (34) octanal, (35)
nonanal, (36) decanal, (37) undecanal, and (38) 1-nonene.

volatile (Z)-3-hexen-1-yl acetate (15) and the alcohol 3-pentanol (20) were found
only in the blend of artificially damaged plants. In contrast to herbivore-infested
plants, artificially damaged plants showed induced emission of the terpenoidβ-
cyclocitral (5), the alcohol 2-ethyl-1-hexanol (23), and the ketone 3-pentanone
(29). Two remarkable compounds that made up a large part of the blend emitted by
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undamaged, artificially damaged, and caterpillar-infested plants were tentatively
identified as 6-[(Z)-1-butenyl]-1,4-cycloheptadiene (12; ectocarpene) and 6-butyl-
1, 4-cycloheptadiene (13; dictyotene), based on mass spectra.

Gene Expression Analysis.The expression of some genes (AtLOX2, AtAOS,
and AtPAL2) could be detected using northern blot analysis. For other genes
(AtPAL1, AtPAL3, AtTPS03, AtTPS10, andAtHPL), northern blot analysis resulted
in weak or undetectable radioactivity signals (data not shown). In those cases, RT-
PCR was used. Gene expression was considered to be induced byP. rapaefeeding
if all three replicates from caterpillar-damaged plants showed higher expression
than the three replicates from undamaged plants.

Expression of three genes from the lipoxygenase pathway,AtLOX2(Bell and
Mullet, 1993),AtHPL (Bate et al., 1998), andAtAOS(Laudert et al., 1996), was
induced by caterpillar feeding (Figure 5A, B). The expression of two genes involved
in terpenoid biosynthesis was examined:AtTPS03andAtTPS10. Expression of
AtTPS03, a novel monoterpene synthase gene (Bohlmann, unpublished results),
andAtTPS10, myrcene/ocimene synthase gene (Bohlmann et al., 2000), was also
induced by 24 hr of caterpillar feeding (Figure 5B).

FIG. 5. Induction of gene expression by herbivore damage. RNA was extracted from un-
damagedArabidopsisplants orArabidopsisplants that had been subjected to 24 hr ofPieris
rapaecaterpillar feeding. For northern analysis (A), 5µg of RNA was loaded in each lane.
Northern blot analysis was performed forAtLOX2, AtAOS, andAtPAL2. RT-PCR analysis
and subsequent blotting and radioactive labeling were performed forAtPAL1(10, 12, 14,
and 16 PCR cycles),AtPAL3, AtTPS03, AtTPS10, andAtHPL (20, 22, 24, and 26 PCR
cycles) (B). Ubiquitin expression served as a constitutive control, both for northern and
RT-PCR (20, 22, 24, and 26 PCR cycles) analyses. Note that autoradiography films were
exposed differently for different genes; therefore, comparison of expression levels among
genes is not possible.
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Three genes encoding for phenylalanine ammonia-lyase, an enzyme in-
volved in the production of methyl salicylate, have been isolated inArabidopsis,:
AtPAL1 (Ohl et al., 1990),AtPAL2, andAtPAL3 (Wanner et al., 1995).AtPAL1
was clearly induced by caterpillar feeding, whereasAtPAL2andAtPAL3were not
(Figure 5A, B)

DISCUSSION

The attraction of carnivorous arthropods by plants in response to herbivory has
been intensively studied over the past 15 years (Turlings et al., 1995; Dicke, 1999).
This phenomenon has been shown for a large number of plants in various families,
including the Brassicaceae (Dicke, 1999). Our data show thatArabidopsis thaliana
plants are able to do so as well. Damage results in the production of volatiles that
attractC. rubecula, a specialist parasitoid ofPieris rapae. The parasitoids pre-
fer volatiles from caterpillar-infested or mechanically damaged plants over those
from undamaged plants. They also distinguish between artificially damaged and
caterpillar-infested plants, preferring the latter (Figure 2). This resembles the find-
ings for agricultural plants in the Brassicaceae family with the same herbivore
and parasitoid species (Agelopoulos and Keller, 1994; Geervliet et al., 1994). The
difference in attractiveness between artificially damaged and caterpillar-infested
plants cannot be explained by a response to odors emitted by the caterpillars them-
selves or their by-products.Pieris rapaelarvae or their by-products are only slightly
attractive toC. rubeculafemales (Geervliet et al., 1994). Moreover, the wasps do
not distinguish between caterpillar-infested plants and previously infested plants
from which the caterpillars and their by-products were removed 24 hr after infes-
tation (Geervliet et al., 1994). Additionally, feeding damage of only a singleP.
rapaecaterpillar on a singleArabidopsisplant results in increased attractiveness
of the plant toC. rubeculafemales (see Figure 3). This is before the larva reaches
the third instar, so the biomass of the caterpillar is small, and feces production is
at a relatively low level, compared to later instars.

Recently, it was demonstrated that seed production ofArabidopsisplants, on
which caterpillars ofP. rapaeare feeding that had been parasitized byC. rubecula,
is similar to the seed production of undamaged plants and greater than the seed
production of plants fed upon by unparasitized caterpillars (van Loon et al., 2000).
This finding shows thatArabidopsis’fitness may benefit greatly from the attraction
of parasitoid wasps by means of herbivore-induced volatiles.

Both artificially damaged and caterpillar-infested plants emit larger amounts
of volatiles than undamaged plants (Figure 4). The volatile blend of damaged
plants, either artificially or by caterpillar feeding, contains compounds that could
not be detected in the blend of undamaged plants. These blends are quite simi-
lar, although some differences can be found. Artificially damaged plants showed
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induced emission of especially green leaf volatiles and ketones, but also of alcohols,
terpenoids, and sulfides. Caterpillar-pinfested plants showed induced emissions of
methyl salicylate and nitriles, but also of alcohols, ketones, sulfides, and terpenoids.
The nitriles and the terpenoid myrcene were not detected in blends of artificially
damaged plants and undamaged plants. Methyl salicylate (Dicke et al., 1990, 1998;
C.E.M. Van den Boom et al., unpublished data) and terpenoids (Dicke et al., 1990,
1998; Turlings et al., 1990; Loughrin et al., 1994) are known to be induced by
herbivory in many plant species. Both methyl salicylate and several terpenoids
are attractants for predatory mites (Dicke et al., 1990). Moreover, terpenoids are
likely to be involved in the attraction of parasitoids (Turlings et al., 1991). Ni-
triles are induced by spider mite feeding on cucumber (Takabayashi et al., 1994)
and on apple (Takabayashi et al., 1991). However, in cruciferous plants such as
Brussels sprouts (Blaakmeer et al., 1994) and red and white cabbage (Geervliet
et al., 1997), methyl salicylate, terpenoids, and nitriles are either not induced
by herbivory or only very slightly. Therefore, induction of methyl salicylate, the
terpenoids myrcene and (3E,7E)-4, 8,12-trimethyl-1,3,7,11-tridecatetraene, and
the nitriles 5-(methylthio) pentanenitrile and 6,7-dithiooctanenitrile byP. rapae
infestation is noteworthy.

In all plant species studied so far, artificial damage leads to the emission
of green leaf volatiles (e.g., Dicke et al., 1990; Turlings et al., 1990; Whitman
and Eller, 1990; Takabayashi et al., 1991). It is not surprising that green leaf
volatiles are also present in the volatile blends of all caterpillar-infested plant
species tested so far (e.g., Whitman and Eller, 1990; Turlings et al., 1990) and now
including Arabidopsis. In Brussels sprouts and red and white cabbage, they are
highly induced by caterpillar feeding, forming the largest part of the volatile blends
(Blaakmeer et al., 1994; Mattiacci et al., 1995; Geervliet et al., 1997). Females
of the parasitoid waspsMicroplitis croceipesandNetelia heroicaare attracted to
individual green leaf volatiles (Whitman and Eller, 1990).

The presence of two compounds in the volatile blend ofArabidopsis, tenta-
tively identified as the cycloheptadienes ectocarpene and dictyotene is remarkable,
as these compounds are not common among higher plants. They are mostly known
as sex pheromones in algae (Boland, 1995). Yet, they have been found in some
higher plants, e.g., inSenecio isatideus(Bohlmann et al., 1979). These compounds
are not induced by caterpillar feeding inArabidopsis.

Emission of volatiles after herbivory can be a passive release of stored com-
pounds but also can result from an increased production of volatiles. Using iso-
tope labeling techniques, Par´e and Tumlinson (1997) showed that in response to
herbivory, cotton produces some volatilesde novoand others not. In Lima bean
and cucumber, the activity of a terpenoid-producing enzyme is induced by her-
bivore damage (Bouwmeester et al., 1999). Here, we studied the expression of
genes involved in early (AtLOX, AtPAL1, AtPAL2, andAtPAL3) or late (AtTPS03,
AtTPS10, andAtHPL) steps of several biosynthetic pathways of volatiles emitted
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byArabidopsis(Figure 5). Gene expression levels correlated well with the emission
of induced volatiles.

Bohlmann and coworkers recently reported the isolation of a terpene synthase
fromArabidopsis, AtTPS10. Functional characterization showed that the AtTPS10
protein is a myrcene/ocimene synthase. Myrcene is the major product of the en-
zyme, and ocimene is produced in lower amounts (Bohlmann et al., 2000). Both
myrcene emission andAtTPS10gene expression are induced by 24 hr of caterpillar
feeding, indicating that herbivory leads to induced myrcene production. Expression
of a novel monoterpene synthase gene,AtTPS03(Bohlmann, unpublished results),
also was induced by caterpillar feeding (Figure 5B).

Three PAL genes have been identified inArabidopsis(Wanner et al., 1995).
Mauch-Mani and Slusarenko (1996) have shown that a major function of PAL in
Arabidopsisis the production of salicylic acid. As methyl salicylate is a deriva-
tive of salicylic acid (Lee et al., 1995), it is likely that induced PAL gene ex-
pression can lead to increased production of methyl salicylate. This is supported
by our data, which show an inducedAtPAL1expression after caterpillar feeding
(Figure 5B) and an increased emission of methyl salicylate. Expression of the
other two known genes encoding for PAL inArabidopsis, AtPAL2andAtPAL3,
was not induced. Possibly, these two genes are involved in other processes within
the phenyl propanoid pathway than production of methyl salicylate. Similar ex-
pression patterns were reported by Reymond et al. (2000) after 3 hr ofP. rapae
feeding onArabidopsis, although they found a weak induction ofAtPAL3.

Genes important in the production of green leaf volatiles, such asAtLOX2
(Bell and Mullet, 1993) andAtHPL (Bate et al., 1998), are induced in caterpillar-
infestedArabidopsis(Figure 5A, B). However, the products formed by lipoxy-
genase are also used by allene oxide synthase (AOS), involved in jasmonic acid
production. Expression of theAtAOSgene inArabidopsisis also induced by cater-
pillar feeding (Figure 5A). Therefore, we cannot predict whether increasedAtLOX
andAtHPL expression will lead to increased green leaf volatile production, in-
creased jasmonic acid production, or both. Jasmonic acid is an important elicitor
involved in induced indirect defenses of plants. InVicia faba(Blechert et al., 1995)
and tobacco (McCloud and Baldwin, 1997), caterpillar feeding results in increased
endogenous jasmonic acid levels. Jasmonic acid treatment induces volatile emis-
sions in several plant species (Boland et al., 1995) including Lima bean (Hopke
et al., 1994; Dicke et al., 1999), maize (Hopke et al., 1994), and gerbera (Gols et al.,
1999), resulting in the attraction of carnivores (Dicke et al., 1999; Gols et al., 1999),
and leads to higher parasitism rates of caterpillars feeding on tomato (Thaler, 1999).
Expression ofAtLOX2, AtAOS, andAtHPL is already induced at 3 hr ofP. rapae
feeding onArabidopsis(Reymond et al., 2000).

To our knowledge, no genes involved in the production of nitriles have been
identified inArabidopsisso far.
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Herbivory-induced expression of genes involved in volatile production indi-
cates thatArabidopsis is actively producing volatiles following herbivory.
Moreover, differences in attraction ofC. rubeculaand composition of volatile
blends of artificially damaged and caterpillar-infested plants suggest that herbivory
leads to production ofC. rubecula–attracting volatiles that are distinct from the
volatiles emitted after artificial damage. However, mimicking mechanical aspects
of caterpillar damage correctly is difficult if not impossible. Expression ofAtLOX2
(Bell and Mullet, 1993),AtHPL (Bate et al., 1998),AtAOS(Laudert et al., 1996),
andAtPAL1(Mizutani et al., 1997) is also induced by artificial damage. Further ex-
periments are needed and currently in progress to investigate whetherArabidopsis
indeed produces volatiles specific for herbivory compared to mechanical damage.

CONCLUSIONS

This study on indirect plant defense combines behavioral and chemical anal-
yses with gene expression analysis. Our data show thatPieris rapae-infested
Arabidopsis thalianaattract Cotesia rubeculaparasitoids. Caterpillar-infested
plants release volatiles from several major biosynthetic pathways, and genes in-
volved in the production of these volatiles are induced by herbivory. Many mutants
and transgenic lines ofArabidopsisare available that are altered in signal transduc-
tion pathways of direct defense mechanisms or in the biosynthesis of secondary
plant metabolites. In addition, the entire genome sequence ofArabidopsishas
been completed, and knowledge of direct defense mechanisms is steadily increas-
ing (e.g., Pieterse and van Loon, 1999). Therefore,Arabidopsisconstitutes an
interesting tool to study signal transduction of induced indirect defense in plants.
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PARÉ, P. W. and TUMLINSON, J. H. 1997. De novo biosynthesis of volatiles induced by insect herbivory
in cotton plants.Plant Physiol. 114:1161–1167.

PIETERSE, C. M. J. andVAN LOON, L. C. 1999. Salicylic acid-independent plant defence pathways.
Trends Plant Sci.4:52–58.

PIETERSE, C. M. J.,VAN WEES, S. C. M.,VAN PELT, J. A., KNOESTER, M., LAAN, R., GERRITS, H.,
WEISBEEK, P. J., andVAN LOON, L. C. 1998. A novel signaling pathway controlling induced
systemic resistance inArabidopsis. Plant Cell10:1571–1580.

REYMOND, P., WEBER, H., DAMOND, M., and FARMER, E. E. 2000. Differential gene expression in
response to mechanical wounding and insect feeding inArabidopsis. Plant Cell12:707–719.

SAMBROOK, J., FRITSCH, E. F., and MANIATIS, T. 1989. Molecular cloning: A laboratory manual. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York.

STOTZ, H. U., PITTENDRIGH, B. R., KROYMANN, J., WENIGER, K., FRITSCHE, J., BAUIKE, A., and
MITCHELL-OLDS, T. 2000. Induced plant defense responses against chewing insects. Ethylene
signaling reduces resistance ofArabidopsisagainst Egyptian cotton worm but not diamondback
moth.Plant Physiol. 124:1007–1017.

TAKABAYASHI , J., DICKE, M., and POSTHUMUS, M. A. 1991. Variation in composition of predator-
attracting allelochemicals emitted by herbivore-infested plants: Relative influence of plant and
herbivore.Chemoecology2:1–6.

TAKABAYASHI , J., DICKE, M., and POSTHUMUS, M. A. 1994. Volatile herbivore-induced terpenoids in
plant-mite interactions: Variation caused by biotic and abiotic factors.J. Chem. Ecol. 20:1329–
1354.

THALER, J. S. 1999. Jasmonate-inducible plant defences cause increased parasitism of herbivores.
Nature399:686–687.

THOMMA, B. P. H. J., EGGERMONT, K., PENNICKX, I. A. M. A., MAUCH-MANI, B.M., VOGLSANG, R.,
CAMMUE, B. P. A., and BROEKAERT, W. F. 1998. Separate jasmonate-dependent and salicylate-
dependent defense- response pathways inArabidopsisare essential for resistance to distinct mi-
crobial pathogens.Proc. Natl. Acad. Sci. USA95:15107–15111.

TURLINGS, T. C. J., TUMLINSON, J. H., and LEWIS, W. J. 1990. Exploitation of herbivore-induced plant
odors by host-seeking parasitic wasps.Science250:1251–1253.

TURLINGS, T. C. J., TUMLINSON, J. H., HEATH, R. R., PROVEAUX, A. T., and DOOLITTLE, R. E. 1991. Iso-
lation and identification of allelochemicals that attract the larval parasitoid,Cotesia marginiventris
(Cresson), to the microhabitat of one of its hosts.J. Chem. Ecol. 17:2235–2251.

TURLINGS, T. C. J., LOUGHRIN, J. H., MCCALL P. J., R̈OSEU. S. R., LEWIS, W.J., and TUMLINSON, J.
H. 1995. How caterpillar-damaged plants protect themselves by attracting parasitic wasps.Proc.
Natl. Acad. Sci. USA92:4169–4174.

VAN LOON, J. J. A.,DE BOER, J. G., and DICKE, M. 2000. Parasitoid–plant mutualism: Parasitoid attack
of herbivore increases plant reproduction.Entomol. Exp. Appl. 97:219–227.

WANNER, L. A., LI, G., WARE, D., SOMSSICH, I. E., and DAVIS, K. R. 1995. The phenylalanine
ammonia-lyase gene family inArabidopsis thaliana. Plant Mol. Biol.27:327–338.

WHITMAN , D. W. and ELLER, F. J. 1990. Parasitic wasps orient to green leaf volatiles.Chemoecology
1:69–75.

YANO, S. and OHSAKI, N. 1993. The phenology and intrinsic quality of wild crucifers that determine
the community structure of their herbivorous insects.Res. Pop. Ecol. 35:151–170.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344807 September 27, 2001 11:53 Style file version Nov. 19th, 1999

Journal of Chemical Ecology, Vol. 27, No. 10, October 2001 (c© 2001)

VOLATILES FROM Ficus hispidaAND THEIR
ATTRACTIVENESS TO FIG WASPS

QISHI SONG,1,2,* DARONG YANG,1 GUANGMING ZHANG,1 and
CHONGREN YANG2

1Xishuangbanna Tropical Botanical Garden
Chinese Academy of Sciences

Kunming, Yunnan 650223, China
2Laboratory of Phytochemistry

Kunming Institute of Botany
Chinese Academy of Sciences

Kunming, Yunnan 650204, China

(Received November 30, 2000; accepted June 13, 2001)

Abstract— Volatile compositions of receptive (ready to be pollinated), postpol-
linated, and postparasitized figs, and leaves ofFicus hispidawere analyzed. Dif-
ferences among them were examined, and the specificity of fig wasp attractive-
ness was investigated. Linalool was the major constituent of steam-distilled oil of
either male or female receptive figs, while dibutyl phthalate was the major com-
pound of the oils of postparasitized and postpollinated figs. In petroleum ether
extracts, palmitic oil, and 9,12-octadecadienoic acid were the main constituents
of male and female receptive figs, while hexadecanoic acid ethyl ester was the
major compound of postparasitized and postpollinated figs. In dichloromethane
extracts, linalool was the major constituent of male and female receptive figs,
1-hydroxylinalool was the major component of male postparasitized figs, and
1-hydroxylinalool and benzyl alcohol were the major constituents of female
postpollinated figs. Bioassays with sticky traps showed thatCeratosolen solmsi-
marchalwas attracted to dichloromethane extracts of male and female receptive
figs and to petroleum ether extracts of female receptive figs, but was not at-
tracted to dichloromethane and petroleum ether extracts of male postparasitized
and female postpollinated figs. Figs were attractive to pollinating wasps only
at the receptive stage. The volatile constituents of receptive figs were differ-
ent from those of postpollinated or postparasitized figs. From a receptive to
a postpollinated state, figs changed in their volatile composition. Some com-
pounds disappeared or decreased in amount. These include linalool, linalool
oxide,α-terpeneol, and 2,6-dimethyl-1,7-octadiene-3,6-diol, which may act as
the attractants of the wasps. Others increased in amount, or several additional
chemicals appeared. These include dibutyl phthalate, 1-hydroxylinalool, and
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benzyl alcohol, which may be repellents of the wasps. That dichloromethane
extracts of male and female receptive figs showed similar activities in attracting
fig wasps indicates that receptive figs of both sexes are similarly attractive to
fig wasps, which is further supported by their similar volatile composition. Leaf
extract was not attractive to the wasps.

Key Words—Ficus hispida, Ceratosolen solmsimarchali, fig volatile, chemical
attraction.

INTRODUCTION

Specialist insects often choose their host plants carefully. They may feed on one
or only a few closely related plant species. Although visual factors may be im-
portant (Rausher, 1978; Owens and Prokopy, 1986), the search for and identifica-
tion of preferred host plants are usually olfactory (Miller and Strickler, 1984).
The nondirected dispersal flight of the specialist insect is converted into act-
ive search behavior once specific host volatile information is perceived (Card´e,
1984).

Mutualism between fig (Ficus) and fig wasp (Agaonidae) is species-specific.
Each species ofFicus is generally pollinated by one specific species of fig wasp
(Ramirez, 1974; Wiebes, 1979). Fig trees are totally dependent on wasps for pol-
lination, and as a reward, figs provide food for wasp larval development inside the
fruit (Janzen, 1979). The high degree of specificity that pollinating wasps show to
their particular fig species led to the assumption that the trees attract their specific
pollinators through the release of volatile chemicals when the figs are ready to be
pollinated (Ramirez, 1970; Hills et al., 1972; Galil, 1977; Janzen, 1979). Olfactory
attraction is considered a reasonable way by which fig trees attract huge number
of these tiny specific pollinators from far away. Although chemical attraction was
suggested more than 50 years ago (Condit, 1947), studies on it are still prelimi-
nary (Barker, 1985; Baijnath et al., 1986; Bronstein, 1987, 1992; van Noort et al.,
1989; Ware et al., 1993; Ware and Compton, 1994; Gibernau et al., 1997; Grison
et al., 1999). An investigation using fig-bearing trees and arrays of sticky traps
baited with figs suggested that the wasps are attracted to the trees by volatiles em-
anating from the figs and that wasps are specifically attracted to figs of their host
species only at the time when figs are ready to be pollinated (Ware and Compton,
1994).

In order to elucidate the chemical mechanisms underlying the specific at-
tractiveness of fig trees to their pollinating wasps, we analyzed the chemical
constituents of volatiles from receptive (ready to be pollinated), postpollinated,
and postparasitized figs ofFicus hispidaL. and the difference in composition of
volatiles among these states of figs. Using arrays of sticky traps baited with fig
volatiles, we investigated the specificity of fig wasp attraction to these volatiles.
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METHODS AND MATERIALS

Materials. Ficus hispidaL. is a pioneer tree growing in abundance in the
wastelands of the tropics. It is gynodioecious and bears fruit year round. Our
previous investigation showed that two or three pollinating wasps were found
inside each receptive fig and that all of them wereCeratosolen solmsimarchali
Mayr (Yang et al., 1997).

Fresh male and female receptive figs, female postpollinated, and male post-
parasitized figs and leaves were collected from fruit-bearing healthyF. hispida
trees inside Xishuangbanna Tropical Botanical Garden, Yunnan, China. Receptive
figs are flowering inflorescences that receive pollinating wasps. Figs at different
developing stages were determined by fig dissection. Fresh leaves were taken from
female and male trees and mixed at a 1 : 1ratio.

Collection of Volatiles. For steam distillations, immediately following col-
lection, all materials were ground and subjected to vacuum steam distillation for
6 hr at 100◦C. Distillates were extracted 3 times with diether ether and dried
over sodium sulfate. The oils obtained were then frozen. For solvent extraction,
fresh ground plant materials were soaked twice in petroleum ether (30–60◦C) or
dichloromethane for 24 hr at room temperature. Extracts from each soaking were
combined and reduced in volume at 30◦C by rotary evaporator. Extracts were dried
over sodium sulfate and frozen.

Analysis of Volatiles.Frozen samples were subjected to gas chromatography–
mass spectrometry by using a Finnigan 4510 GC/MS/DC. An HP-5 column
(30 m long, 0.25 mm ID) was used under the following conditions: 10 psi head
pressure, split flow ratio 30 : 1, and oven temperature program of 80–250◦C at
5◦C/ min . The carrier gas was helium, the injector was maintained at 230◦C,
and injection volume was 0.2µl. Mass spectra conditions: ion source, EI; tem-
perature, 175◦C; electron energy, 70 eV; signal-enhancing voltage, 1300 V; bulb
current, 0.25 mA; IS scan. Data analyses were carried out by using the EPA/NIH/
MASS database (NBS Library database). Retention times and mass spectra of
compounds detected in the samples were compared with those of authentic
compounds.

Bioassay of Volatiles.A 20 cm−2 colorless plastic plate sprayed with odor-
less peach gum was used as a sticky trap. A cotton ball soaked with 0.2 ml
dichloromethane solution of the sample (concentration 10% v/v) was placed at
the center of the sticky plate to attract fig wasps. Sticky traps were placed on poles.
Two arrays of three sticky traps for each treatment were placed 3 m from the fig
tree canopy. The plates were positioned 1 m awayfrom each other and 1.5 m above
ground. Cotton balls with 0.2 ml dichloromethane were used as solvent controls.
The sticky traps were place at 6:30 AM in May 2000. Insects trapped were recorded
and collected at 1200 hr and 1800 hr for two days. The number of the wasps used
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is the total of wasps trapped in two days. ANOVA of data were done with Winks
software.

RESULTS

Volatiles of figs from steam distillation were present in small quantities,
about 20µl/kg fresh wt of fig material. Compounds may have been altered by
heat. Headspace extraction is nondestructive, but yield of volatiles is even less.
Therefore, lower polarity solvents (petroleum ether and dichloromethane) were
used to extract enough volatiles from the figs for bioassay. Solvent extraction
may also yield some nonvolatile compounds. The following are the comparative
analyses of volatiles from figs and leaves ofF. hispida.

Constituents of Steam Distilled Oils.Large numbers of volatile compounds
were obtained through steam distillation (Table 1). Fifty-five compounds from
steam distilled oil of male receptive figs were isolated, and 44 of them were
identified by GC-MS. Among them, palmitic oil (30.74%), linalool (18.77%),
and 9,12-octadecadienoic acid (5.43%) were the major constituents.cis-Linalool
oxide, trans-linalool oxide, 2,6-dimethyl-3,7-octadiene-2,6-diol, and some other
compounds were found as well. In the oil of postparasitized male figs, 21 com-
pounds were isolated and 19 were identified. Dibutyl phthalate (41.07%), palmitic
oil (27.80%), 9,12 -octadecadienoic acid (9.31%), and heptadecane (3.24%) were
the major compounds found. From the oil of female receptive figs, 31 compounds
were isolated and 21 were identified. Linalool (19.83%),β-pinene (11.65%),
α-terpeneol (9.90%), 3-phenyl-2-propenal (7.83%), sabinene (7.76%),α-pinene
(6.85%), terpene-4-ol (6.77%), geraniol (6.00%), 2,6-dimethyl-3,7-octadiene- 2,6-
diol (4.90%), andγ -terpene (4.80%) were the major compounds. 1-Hydroxy-
linalool, 6-methyl-(E)-3,5-heptadien-2-one, and 2,6-dimethyl-3,7-octadiene-2,6-
diol were not found in oils of other fig materials. From the oil of postpollinated
female figs, 13 compounds were isolated, and two were identified. The major
compound was dibutyl phthalate (72.71%).

According to the data, a large change occurred in the volatile composition
of figs from the receptive stage to the postpollinated or postparasitized stage.
Forty of the 44 identified compounds from male receptive figs were not detected
from the oil of postparasitized figs, while 15 compounds from postparasitized figs
were not found in the oil of receptive figs. Similarly, 20 compounds from female
receptive figs were not found in the oil of female postpollinated figs, which, in
turn, have their own special compounds. However, female and male receptive figs
share some volatile compounds together. After pollination or parasitization, some
volatile compounds in the figs disappeared or were present in reduced amounts
(such as linalool andα-terpeneol), while other compounds occurred newly or in
increased amount (such as dibutyl phthalate, which is a known insect repellent).
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TABLE 1. CONSTITUENTS OFSTEAM-DISTILLED OILS FROM DIFFERENTFIG TYPES OF

Ficus hispidaa

Male Male Female Female
receptive postparasitized receptive postpollinated

No. Compound figs figs figs figs

1 hexanal 0.83
2 3-hexen-1-ol 0.89
3 1-hexanol 3.95
4 2,4,6-trimethy l-1-nonene 0.30
5 benzaldehyde 0.29
6 cis-linalool oxide 0.87
7 trans-linalool oxide 0.76
8 linalool 18.77 19.83
9 2,6-dimethyl-3, 7-octadiene-2, 0.42

6-diol
10 (Z) -2-decenal 0.24
11 1-dodecyne 0.31
12 borneol 0.19
13 α-terpeneol 3.90 9.90
14 2,7-dimethyl-2, 6-octadien-1-ol 1.18
15 geraniol 1.83 6.00
16 (E)-2-tridecen-1-ol 0.19
17 3-phenyl-2-propenal 0.40
18 5-(2-propenyl)-1, 3-benzodioxole 0.15
19 2,4-decadienal 0.23
20 1-(2,6,6-trimethyl-1,3 0.24

-cyclohexadienyl)-2-buten-1-one
21 β-elemene 0.60
22 zingiberene 0.54
23 12-methyl-(E,E)-1,5,9, 0.17

11-tridecatetraene
24 β-caryophyllene 0.36
25 3-phenol-2-propen-1-ol, acetate 0.70
26 β-farnesene 0.56
27 curcumene 0.44
28 β-bisabolene 0.94
29 elemol 1.38
30 nerolidol 1.55
31 caryophyllene oxide 1.00
32 guaiol 1.02
33 farnesol 5.83
34 11-octadecenal 0.60
35 octyl-oxirane 0.62
36 cyclopentadecanone 0.42
37 6-octadecenoic acid methyl ester 0.53
38 dibutyl phthalate 4.59 41.07 72.71
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TABLE 1. CONTINUED

Male Male Female Female
receptive postparasitized receptive postpollinated

No. Compound figs figs figs figs

39 hexadecanoic acid 30.74 27.8
40 12,15-octadecadienoic acid, 0.09

methyl ester
41 9,12,15-octadecatrienoic acid, 0.34

methyl ester (Z,Z,Z)
42 1,7,11-trimethyl-4-l 0.94

(1-methylethyl)-cyclotetradecanol
43 9,12-octadecadienoic acid 5.43 9.31
44 octadecanoic acid 0.40 0.82
45 6-ethyltetrahydro-2,2, 0.34

6-trimethyl-2H-pyran-3-ol
46 dodecaboic acid 0.81
47 1-chloro-octadecane 0.67
48 heptadecane 3.24
49 octadecanal 2.32
50 8,11-octadecadiynoic acid, 1.58

methyl ester
51 octadecanol 1.16
52 2,6-dimethyl-heptadecane 1.25
53 2,3-dimethyl-heptadecane 1.64
54 nonadecane 0.86
55 11-dodecen-2-one 0.86
56 17-octadecenoic acid, methyl ester 1.75
57 (Z)-9-octadecenoic acid, methyl ester 0.59
58 9-octadecenal 1.10
59 (Z)-9-tricosene 0.83
60 α-pinene 6.85
61 1-tetradecen-3-yne 3.70
62 sabinene 7.76
63 β-pinene 11.65
64 α-terpene 2.72
65 1-methyl-4-(1-methylethyl)-benzene 2.74
66 limonene 3.88
67 eucalyptol 2.78
68 γ -terpene 4.80
69 6-methyl-(E)-3, 5-heptadien-2-one 2.89
70 terpene-4-ol 6.77
71 2,6-dimethyl-3,7-octadiene-2,6-diol 4.90
72 2-ethenyl-2,5-dimethyl-4-hexen-1-ol 2.86
73 3-phenyl-2-propenal 7.83
74 1-hydroxylinalool 2.88
75 trans-2-tridecenal 2.97
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TABLE 1. CONTINUED

Male Male Female Female
receptive postparasitized receptive postpollinated

No. Compound figs figs figs figs

76 pentadecane 1.76
77 camphene 2.88
78 1,2-benzenedicarboxylic acid, 5.24

bis(2-methylpropyl) ester
unidentified compounds 11b, 4.30c 2b, 1.99c 10b, 11.38c 11b, 21.05c

aValues are the percentage of each compound in whole steamed oil.
bNumber of unidentified compounds.
cCombined percentage of unidentified compounds.

Constituents of Solvent Extracts.Sixteen compounds were isolated from
petroleum ether extracts of male receptive figs (Table 2). Eight were identified.
Palmitic oil (51.90%) and 9,12-octadecadienoic acid (39.39%) were the major con-
stituents. Fifteen compounds were isolated from petroleum ether extracts of male
postparasitised figs, and 10 were identified. Hexadecanoic acid ethyl ester (29.69%)
and hexadecanoic methyl ester (22.26%) were the major constituents. Thirteen
compounds were isolated from petroleum ether extracts of female receptive figs,
and four were identified. Palmitic oil (68.73%) and 9,12-octadecadienoic acid
(25.99%) were the major constituents. Eleven compounds were isolated from fe-
male postpollinated figs, and five were identified. Major compounds were hexade-
canoic acid ethyl ester (34.32%), hexadecanoic methyl ester (24.01%), and palmitic
acid (22.35%). Sixteen compounds were isolated from petroleum ether extracts of
leaves, and seven were identified. Major constituents were 9,12-octadecadienoic
acid (43.39%) and palmitic acid (28.82%). In comparison with steam distillation,
petroleum ether extraction yielded fewer volatile compounds. That female and
male receptive figs were different in volatile composition from female postpolli-
nated or male postparasitized figs was confirmed by petroleum extraction. Female
and male receptive figs have their own special volatiles, characterized by a greater
proportion of 9,12-octadecadienoic acid and palmitic acid. The main constituents
of leaf extracts were similar to those of female and male receptive figs.

In dichloromethane extracts of male receptive figs (Table 3), 17 com-
pounds were detected, and eight were identified. The major constituents were
linalool (51.20%), 1-hydroxylinalool (11.45%), bicyclo[2,2,1]hepta-2,5-dien-7-ol
(11.46%), and 2,6-dimethyl-1,7-octadiene-3,6-diol (5.22%). Fifteen compounds
were isolated from dichloromethane extract of male postparasitized figs, and 11
were identified, with 1-hydroxylinalool (33.00%), linalool (22.32%), and benzyl
alcohol (20.56%) being the main constituents. In dichloromethane extracts of fe-
male receptive figs, 20 compounds were detected, and 13 were identified. The
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TABLE 2. COMPOUNDS FROMPETROLEUM ETHER EXTRACTS OFFIGS AND LEAVES OF

Ficus hispidaa

Male Male Female Female
receptive postparasitized receptive postpollinated

No. Compound fig fig fig fig Leaves

1 α-methylstyrene 0.64
2 1-ethyl-2- 0.22

methylbenzene
3 2,6-dimethyl-2,7- 0.17

octadiene-1,6-diol
4 butanone 0.34
5 dibutyl phthalate 4.33 1.78 4.88
6 hexadecanoic acid 0.35 22.26 24.01 1.5

methyl ester
7 hexadecanoic acid 29.69 1.61 34.32

ethyl ester
8 palmitic acid 51.90 15.91 68.73 22.35 28.82
9 9,12-octadecadienoic 39.39 4.84 25.99 43.39

acid
10 octadecanoic acid 1.16 1.3 2.19
11 9-octadecenoic 6.53

acid methyl ester
12 octadecanoic acid 2.46

methyl ester
13 octadecanoic acid 7.53

ethyl ester
14 9,15-octadecadienoic 4.12

acid methyl ester
15 9,12,15-octadecatrienoic 9.82

acid methyl ester
16 9,12,15-octadecatrienoic 6.43

acid ethyl ester
17 oleic acid ethyl ester 7.03
18 linoleic acid ethyl ester 8.82

unidentified compounds 8b, 1.84c 5b, 2.09c 9b, 1.89c 6b, 6.37c 9a,2.96c

aValues are the percentage of each compound in whole extract.
bNumber of unidentified compounds.
cCombined percentage of unidentified compounds.

main constituents were linalool (33.64%), 1-hydroxylinalool (12.15%), benzyl al-
cohol (11.20%), 4-methyl-2-pentadecyl-1,3-dioxolane (10.43%), andα-farnesene
(6.98%). In dichloromethane extracts of female postpollinated figs, 20 compounds
were detected, and 16 were identified. The major compounds were 1-hydroxy-
linalool (23.77%), benzyl alcohol (19.55%), linalool (16.55%), and methyl-(3-
methoxy- 4-hydroxy-benzyl)-ether (8.90%). The number of compounds recover-
ed from dichloromethane extraction was less than that from steam distillation,
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TABLE 3. COMPOUNDS FROMDICHLOROMETHANE EXTRACTS OFFicus hispidaa

Male Male Female Female
receptive postparasitized receptive postpollinated

No. Compound fig fig fig fig

1 benzyl alcohol 20.56 11.20 19.55
2 benzeneacetaldehyde 3.80 1.05 3.86
3 linalool 51.20 22.32 33.64 16.55
4 4-methyl-2-pentadecyl- 10.43

1,3-dioxolane
5 (Z)butanoic acid 2-hexenyl 4.89

ester
6 1-(2,2-dimethylcyclopentyl) 1.00

-ethanone
7 1-(dichloromethyl)-3-methyl- 0.71

benzene
8 trans,trans-2,6-dimethyl-2, 0.84

6-octadiene-1,8-diol
9 dodecyl-oxirane 1.08

10 1-hydroxylinalool 11.45 33.00 12.15 23.77
11 β-farnesene 4.00 1.78 2.90
12 α-farnesene 2.67 1.88 6.98 0.87
13 methyl-(3-methoxy-4- 1.80 8.90

hydroxy-benzyl)-ether
14 1-(1-cyclohexen-1 1.05 2.95

-yl)ethanone
15 1-undecyne 2.12 0.97
16 tetradecanal 1.73
17 vanillin 0.79
18 caryophyllene 1.55
19 4-ethyl-1,4-dimethyl 1.00

-2-cyclohexen-1-ol
20 nerolidol 0.88
21 4-hydroxy-β-ionone 3.67
22 allyl undecylenate 2.00
23 bicyclo[2,2,1]hepta- 11.46

2,5-dien-7-ol
24 2-amino-4-nitro-phenol 4.50
25 2,6-dimethyl-1, 5.22

7-octadiene-3,6-diol
26 decyl-oxirane 2.60
27 phenylethyl alcohol 1.08 0.90
28 2,5-dimethyl-1, 1.15

5-hexadien-3-ol
29 dodecanal 2.83

unidentified compounds 9b,6.90c 4b, 8.43c 7b, 11.33c 4b, 10.06c

aValues: the percentage of each compound in whole extract.
bNumber of unidentified compounds.
cCombined percentage of unidentified compounds.
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but more than that from petroleum ether extraction. The chemical constitution
of dichloromethane extracts was similar to that of distilled oil; however, it was
rather different from that of petroleum ether extracts. For dichloromethane ex-
tracts, female and male receptive figs were similar, while both were different from
female postpollinated figs and male postparasitized figs. Female and male recep-
tive figs have their own special volatile compounds. The content of linalool was
higher than that for female postpollinated figs and male postparasitized figs. On
the other hand, the content of 1-hydroxylinalool and benzyl alcohol of female
postpollinated figs and male postparasitized figs was higher than that for receptive
figs.

Attractiveness of Volatiles of F. hispida to C. solmsimarchali. Bioassays using
sticky traps showed that there were significantly moreC. solmsimarchalitrapped
by dichloromethane extracts of female and male receptive figs and by petroleum
ether extract of female receptive figs (P < 0.05) and that there were no signifi-
cantly more fig wasps trapped by petroleum ether extract of leaves than by solvent
controls (Table 4). Moreover, there were more wasps trapped by petroleum ether
extracts of female receptive figs than by those of postpollinated figs (P < 0.05).
As for dichloromethane extracts, those of receptive figs attracted significantly
more wasps than those of postpollinated or postparasitized figs, either female or
male (P < 0.05). However, there were no differences in fig wasp numbers trapped
by either dichloromethane or petroleum ether extracts of female postpollinated
and male postparasitized figs and solvent control (P > 0.05). Wasps trapped by
dichloromethane extracts of female and male receptive figs were not different ei-
ther (P > 0.05). The sticky plate trapped many other insects but no other fig wasp
species.

DISCUSSION

Results of bioassays indicate that receptive figs are attractive but postpol-
linated and postparasitized figs are not attractive to the pollinating wasp in the
case ofF. hispida. Different responses of wasps to receptive figs, postpollinated
figs, postparasitized figs, and leaves of theFicus tree were caused by the varying
volatile constitutions of these plant materials. The unique volatile constituents and
special volatile blend-up are the chemical basis of the receptive figs ofF. hispida
to attractC. solmsimarchali.

Field bioassay results of fig volatile extracts ofF. hispida confirmed conclu-
sions drawn from previous studies on other fig species (Ware and Compton, 1994).
Figs are attractive to their wasp pollinator only at the receptive stage.

To identify chemical cues for fig wasps, we adopted a comparative approach.
Figs changed in their volatile constituents from receptive to postpollinated or post-
parasitized states. Some compounds decreased in concentration or disappeared,
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TABLE 4. ATTRACTION OFVOLATILE EXTRACTS OFFicus hispidaTO Ceratosolen
solmsimarchali

Newman-Keuls multiple comparison (F values)

Traps Against
Treatment (N)

Mean Fig
wasps trapped

( ±SE) control Against A Against E Against G

A. Petroleum ether 6 14.3± 4.2 4.2∗ 2.9NS 3.4∗
extract of female
receptive figs

B. Petroleum ether 6 0.5± 0.8 NS 4.5∗ 4.4∗ 4.2∗
extract of female
postpollinated figs

C. Petroleum ether 6 1.5± 1.4 NS 4.0∗ 3.8∗ 3.4∗
extract of male
receptive figs

D. Petroleum ether 6 0.3± 0.5 NS 4.6∗ 4.5∗ 4.4∗
extract of male
postparasitized figs

E. Dichloromethane 6 12.5± 1.4 4.0∗ 2.9NS 2.9NS

extract of female
receptive figs

F. Dichloromethane 6 0.5± 0.5 NS 4.4∗ 4.2∗ 4.0∗
extract of female
postpollinated figs

G. Dichloromethane 6 11.0± 2.6 3.8∗ 3.4∗ 2.9NS

extract of male
receptive figs

H. Dichloromethane 6 0.2± 0.4 NS 4.7∗ 4.6∗ 4.5∗
extract of male
postparasitized figs

I. Petroleum ether 6 2.7± 0.8 NS 3.8∗ 3.4∗ 2.9∗
extract of leaves

J. Control 6 0.7± 0.8 4.2∗ 4.0∗ 3.8∗

∗P < 0.05, significant difference; NS: no significant difference atP > 0.05.

while others increased in concentration or several additional chemicals appeared.
The compounds that disappeared or decreased in amount after pollination or
parasitization were linalool, linalool oxide,α-terpeneol, and 2,6-dimethyl-1,7-
octadiene-3,6-diol, which may act as attractants for the wasps. Compounds that
increased in amount or newly occurred were dibutyl phthalate, 1-hydroxylinalool,
and benzyl alcohol, which could be deterrents to the wasps.

The composition of volatiles of receptive figs produced by steam distillation
and dichloromethane extraction was similar to that from the headspace collection
(Grison et al., 1999) and pentane extraction (Gibernau et al., 1997) used in in-
vestigations of other fig species. The essential chemicals suggested to attract fig
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wasps, such as linalool, linalool oxide, and benzyl alcohol, were detected in this
investigation also. Linalool and linalool oxide were found in the distilled oil, and
linalool, benzyl alcohol, and 1-hydroxylinalool (rather than linalool oxide) were
found in dichloromethane extracts. However, benzyl alcohol did not appear to act
as a fig wasp attractant but rather as a repellent, because its content in figs increased
after pollination or parasitization. Characteristic or major volatile compounds and
special blends of volatiles may be important in attractiveness of receptive figs to
wasps. Some volatile compounds found in trace amounts may also play a role in
this attraction. A much greater amount and number of volatile compounds were
produced from steam distillation and dichloromethane extraction compared with
previous methods (Gibernau et al., 1997; Grison et al., 1999). It is interesting that
dibutyl phthalate, a known insect repellent, was found in large quantity in postpol-
linated and postparasitized figs. This indicates that figs may, in fact, be repellent to
fig wasps after losing attractiveness following pollination or parasitization. Com-
pounds yielded by petroleum ether extraction were largely fatty acid derivatives.
Only the extract from female receptive figs showed activity in fig wasp attraction.
Extraction with petroleum ether is not ideal for obtaining fig volatiles in large
quantity.

Although volatile compositions of receptive figs, male or female, proved much
different from those of postpollinated or postparasitized figs, compositions of male
and female receptive figs proved similar. They differed only in the quantity of some
major compounds; this corresponds to findings on other fig species (Grison et al.,
1999). That dichloromethane extracts of male and female receptive figs showed
similar activities in attracting fig wasps indicates that receptive figs of both sexes
are similarly attractive to fig wasps. This is further supported by their similar
volatile composition. Pollinating fig wasps should favor male receptive figs and
avoid female figs because they can lay eggs only in male figs, not in female ones,
where they pollinate and die. On the other hand, in order to attract wasps for
pollination, female receptive figs could imitate the odor of male receptive figs.
There could be an intersexual mimicry of odor in the case ofF. hispida.

Leaf extracts did not show significant activity in the wasp attraction. This
suggests that the canopy of fig trees may not play a role in long distance odor
attraction of fig wasp. Compounds in leaf extracts were mainly fatty acid deriva-
tives; this is similar to previous findings on other fig species (Buttery et al.,
1986).

The species-specific mutualism between a fig tree and its pollinating wasps is
based on some unique volatile compounds and special volatile blends of receptive
figs. Our bioassays showed that volatile extracts of receptive figs ofF. hispida
were attractive only to one species of fig wasp, its pollinatorC. solmsimarchali.
They were not attractive to other fig wasps, although the sticky plates baited with
the extracts trapped some other insects. Furthermore, onlyC. solmsimarchaliwere
found in more than 10,000 dissected receptive figs.
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About 900 species ofFicus( Janzen, 1979) are widespread in tropical ecosys-
tems. They not only provide food to many diverse animals and microorganisms,
but also act as habitats for epiphytes, saprophytes, parasites, and shade-requiring
plants. They are keystone species in tropical ecosystems (Wiebes, 1979; Xu, 1994;
Yang et al., 1997, 1999). In Xishuangbanna, the tropical area of China,Ficus
species (such asF. hispida, F. semicordata, andF. tinctoria subsp.gibbosa) grow
quickly as pioneer woody plants after deforestation. Inside or under the canopy of
these plants, a community with rich animal, plant, and microorganism diversity is
likely to build and expand gradually. Thus,Ficustrees are important in the restora-
tion of tropical ecosystems. The species-specific mutualism betweenFicus trees
and their pollinating wasps makes their reproduction extremely efficient. However,
this special relationship is vulnerable. The decrease or extinction of any partner
in the mutualism could lead to a decrease or extinction of the corresponding other
partner. The study of chemically based mechanisms of species-specific pollination
of Ficus trees might be significant in the conservation of these keystone species
and the whole tropical forest ecosystem. The collection, isolation, identification,
and bioassay of the fig wasp attractants fromFicustrees deserve further attention.
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Abstract—The volatile compounds emitted by leaves of 10 willow varieties
that differ in their susceptibility to damage by blue (Phratora vulgatissima),
brassy (P. vitellinae), and brown (Galerucella lineola) willow beetles were
examined both before and after mechanical damage and correlated with feeding
preferences of these beetles determined under laboratory conditions. Three
compounds were identified from intact undamaged leaves of six willow varieties,
namelycis-3-hexenyl acetate,cis-3-hexenol, and benzaldehyde. After mechan-
ical damage, the yield and number of volatile compounds increased for all var-
ieties. There were significant differences among willow varieties for both the
concentration ofcis-3-hexenyl acetate and the relative proportion of this com-
pound tocis-3-hexenol (green leaf volatile ratio). The 10 varieties collectively
showed a significant negative correlation between the relative resistance of each
variety to blue and brown willow beetles and the yield ofcis-3-hexenyl-acetate
from damaged plants. The green leaf volatile ratio of damaged plants was also
negatively correlated with the relative resistance of willow variety to these two
beetle species.

Key Words—Attractant,Galerucella, green leaf volatiles,Phratora, semio-
chemicals, short-rotation coppice.

INTRODUCTION

The blue [Phratora vulgatissima(L.)], brassy [P. vitellinae (L.)] and brown
[Galerucella lineola(L.)] (Coleoptera: Chrysomelidae) willow beetles are the
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major insect pests of short-rotation coppice willows grown as a potential source
of renewable energy. Willow beetles have an aggregated distribution on pre-
ferred hosts in willow plantations (Peacock et al., 1999). The combined effects
of the presence of conspecifics and beetle-feeding induced plant kairomones are
suggested as factors affecting this aggregative behavior (Peacock et al., 2001).
This agrees with data from many Coleoptera that have been shown to use feeding-
induced odors as aggregation kairomones (Harari et al., 1994; Loughrin et al.,
1995; Bolter et al., 1997; Landolt et al., 2000; Kalberer et al., 2001). Under labo-
ratory conditions, three volatile compounds were recorded from undamagedSalix
dasycladosWimm. plants [benzaldehyde and the green leaf volatiles (GLVs)cis-
3-hexenyl acetate andcis-3-hexenol] (Peacock et al., 2001). After beetle-feeding
damage, the yield and number of volatiles increases. GLVs are thought to be used
by plants for allelopathy or to attract or repel insects (Hatanaka, 1996). Thus, plant
resistance could be influenced by the overall characteristics of individual or blends
of volatiles by either increasing or decreasing damage (see references in Loughrin
et al., 1996, 1997a).

Willow varieties differ in their susceptibility to willow beetles (Kendall and
Wiltshire, 1996) due to differences in feeding preferences of the beetles.
The willow beetle species considered here tend to have different feeding pref-
erences, withP. vulgatissimaandG. lineolapreferring willows low in phenylglu-
cosides (Kelly and Curry, 1991; Kendall et al., 1996), whileP. vitellinaeprefers
poplars and willow varieties high in phenylglucosides (Pasteels and Rowell-Rahier,
1992). It is unclear, however, how willow beetles locate their host plants. Due to
differences in host preference, a major insecticide-free pest management strat-
egy is a mixture of willows that differ in their susceptibility to the willow beetle
(Peacock and Herrick, 2000). A better knowledge of the mechanisms of host re-
sistance, especially as regards potential attractants, such as volatile chemicals, is
necessary for effective deployment of varieties in mixtures.

Salix dasycladosWimm., the variety shown by Peacock et al. (2001) to emit
volatile compounds, is the willow variety most preferred byP. vulgatissimain a
feeding preference assay of 106 different willow varieties (Kendall and Wiltshire,
1996). It is unknown if the types and levels of volatile emissions collected from
S. dasycladosWimm. are specific to this willow or if they differ among varieties.
Therefore, we examined the volatile compounds emitted by intact undamaged
and damaged leaves of willow varieties. The aims of this study are: (1) to com-
pare and contrast the volatile emission profile of different willow varieties; (2) to
assess whether varieties differ in their volatile emission response to mechanical
damage; and (3) to determine whether volatile compounds correlate with feed-
ing preferences of willow beetles under laboratory conditions for different willow
varieties.
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METHODS AND MATERIALS

Plants.Five cuttings (25 cm length each) of 10 willow varieties were taken
from cold storage in February 2000, planted individually in 10-cm-diameter pots,
and maintained in a greenhouse until required for volatile analysis (between
March 6 and April 12, 2000). The following year, cuttings for the beetle feeding
preference tests were grown under similar conditions, but planted in March 2001
and used May 22, 2001. The 10 varieties wereSalix dasycladosWimm., S. vimi-
nalisBowles Hybrid,S.x sericansColes,S. burjaticaGermany,S. viminalis79046,
S.x 445 de Biardii,S. purpurea012,S. triandraBlack Maul,S. burjaticaKorso,
andS. eriocephala.

Volatile Compound Collection and Analysis.The emissions of volatile com-
pounds from individual plants were collected and measured following the proce-
dure described in Peacock et al. (2001). Briefly, the terminal 20 cm of a plant was
placed in an inverted glass beaker (155× 90 mm) held by a retort stand, and the
opening loosely sealed with aluminium foil. After 90 min, the trap was desorbed
in a SGE Unijector fitted to a Carlo Erba Mega GC into a Superox II column
that was connected to a Kratos MS80RFA mass spectrometer. After collection, the
plant was removed and, to simulate beetle damage, five of the leaves contained
within the beaker space had five holes punched into each one with a standard hole-
punch. The volatile emissions were collected for 90 min and treated as previously
described. All 10 varieties were assessed in this way, with the procedure being
replicated on three plants for each variety.

Mechanical damage, as opposed to beetle damage, was chosen to standardize
the amount and timing of damage, as it has been shown that different leaf volatiles
may be released at different times or even follow a diurnal pattern of emission
(Loughrin et al., 1997b; Turlings et al., 1998). Standardization was essential, as
the main emphasis of the study was to detect whether there were any differences in
the quantity of volatiles among varieties, which could be affected by any variations
in the timing and amount of damage produced.

Compound identities were confirmed by a library search against the
Wiley/NBS Registry of Mass Spectral Data, and the area under each peak was
estimated. To estimate the concentration of compounds detected (in nanograms),
stock standard solutions of the two major volatiles previously detected (cis-3-
hexenol andcis-3-hexenyl acetate) (both Sigma) were made up in ethyl acetate.
Serial dilutions of these solutions were then used to prepare the calibration graphs
to convert area to approximate concentration.

Beetle Feeding Preferences.Standard sized leaf disks (110 mm diameter)
of each willow variety were cut from 2-month-old (500 cm tall) potted willows.
One disk of each variety was placed in a Petri dish (14 cm diameter) lined with
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a damp filter paper to form a circle, and secured into position with a stainless
steel entomological pin. This was replicated six times (for each beetle species),
each dish with a different random arrangement of willow varieties. Ten beetles
of one species were put in the center of each dish and maintained at 15◦C. Blue
and brown willow beetles had been collected the previous day from a planting of
S. viminalisBowles Hybrid, and brassy willow beetles from a planting of poplars
at Long Ashton Research Station; they were not fed for seven hours before the
start of the experiment. After 18 hr, beetles were removed, and the leaf disks
were transferred to acetates and mounted flat under clear adhesive tape. The re-
maining leaf area of each disk was measured with an Optomax Image Analyser
(cf. Kendall et al., 1996). This was done for each of the three beetle species
separately.

Statistical Methods.Taking the feeding preference experiments for the three
species of beetle separately, analysis of variance (ANOVA) was performed on the
measurements of leaf area remaining, taking account of variation due to dishes
and position as dictated by the experimental design. For each of the three volatiles
detected in undamaged plants (cis-3-hexenyl acetate,cis-3-hexenol, and benzalde-
hyde), ANOVA was applied separately to assess any difference in quantity emit-
ted by undamaged compared with damaged plants across the different varieties.
ANOVA was also used to consider any differences in quantity of each compound
emitted by the 10 varieties after mechanical damage. The ratio ofcis-3-hexenyl
acetate tocis-3-hexenol (referred to as the GLV ratio) emitted after damage was
also analyzed in this way. The correlation between mean emission of volatile and
mean amount of leaf area remaining across pairs of these measurements for all the
varieties was made for each volatile separately and for the GLV ratio. A significant
negative correlation implied that willow varieties with less leaf area remaining (i.e.,
relatively susceptible) tended to have a high concentration of volatile compound
and GLV ratio, and vice versa.

RESULTS

Volatile Compounds.Three volatile compounds were emitted from undam-
aged plants (cis-3-hexenyl acetate,cis-3-hexenol, and benzaldehyde), which in-
creased in yield after they were damaged, as did the number of different volatile
compounds detected (Table 1). There were differences among undamaged willow
varieties for the yield of compounds: four gave no detectable volatile compounds,
while relatively low levels were collected from six. Of the three compounds tested,
the yield difference between undamaged and damaged plants was significant for
only cis-3-hexenyl acetate andcis-3-hexenol (F = 10.97 andF = 4.57,df= 10,
38; P < 0.001) and for certain varieties (Table 1, undamaged). There were also
significant differences among varieties after damage for˙ certain compounds



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344808 September 6, 2001 14:15 Style file version Nov. 19th, 1999

TA
B

LE
1.

VO
LA

T
IL

E
S

E
M

IT
T

E
D

F
R

O
M

W
IL

LO
W

a

Y
ie

ld
(n

g
±

S
E

)

S
.v

im
in

a
lis

S
.d

a
sy

cl
a

d
o

s
B

ow
le

s
S

.x
se

ri
ca

n
s

S
.b

u
rj
a

tic
a

S
.v

im
in

a
lis

S
.x

44
5

S
.p

u
rp

u
re

a
S

.t
ri
a

n
d

ra
S

.b
u

rj
a

tic
a

C
om

po
un

d
W

im
m

.
H

yb
rid

C
ol

es
G

er
m

an
y

79
04

6
de

B
ia

rd
ii

01
2

B
la

ck
M

au
l

K
or

so
S

.e
ri
o

ce
p

h
a

la

U
nd

am
ag

ed
1

3-
he

xe
na

l
—b

—
—

—
—

—
—

—
—

—
2

2-
he

xe
na

l
—

—
—

—
—

—
—

—
—

—
3

ci
s-

3-
he

xe
ny

l
7.

3±
3.

2c
—

1.
2
±

0.
9c

0.
8
±

0.
2c

—
0.

2
±

0.
2c

—
0.

3
±

0.
3

—
c

—
ac

et
at

e
4

tr
a

n
s-

2-
he

xe
ny

l
—

—
—

—
—

—
—

—
—

—
ac

et
at

e
5

ci
s-

3-
he

xe
no

l
2.

2±
1.

9c
—

1.
0
±

1.
0c

1.
2
±

0.
9

—
—

—
0.

2±
0.

2c
—

c
—

c

6
tr

a
n

s-
2-

he
xe

no
l

—
—

—
—

—
—

—
—

—
—

7
a

he
xe

ny
lb

ut
yr

at
e

—
—

—
—

—
—

—
—

—
—

8
a

he
xe

ny
l

—
—

—
—

—
—

—
—

—
—

pe
nt

an
oa

te
9

be
nz

al
de

hy
de

0.
3±

0.
2

—
0.

2±
0.

2
—

—
0.

3±
0.

3
0.

8±
0.

6
0.

3±
0.

3
—

—
D

am
ag

ed
d

1
7.

0
±

4.
6a

1.
0±

1.
0a

7.
0±

3.
8a

9.
0±

2.
1a

4.
7±

0.
3a

4.
7±

2.
4a

9.
3±

2.
4a

10
.7
±

2.
0a

14
.3
±

7.
4a

14
.3
±

5.
2a

2
6.

7
±

3.
2b

0.
2±

0.
2b

18
.3
±

9.
2a

4.
3±

0.
9b

9.
0±

2.
1a

b
3.

5±
2.

3b
5.

7±
1.

8b
5.

7±
1.

2b
5.

0±
2.

6b
18

.3
±

6.
1a

3
12

8.
0±

24
.0

d
0.

3±
0.

2c
53

.7
±

27
.2

a
46

.7
±

19
.6

ab
20

.7±
11

.3
ac

32
.0±

15
.6

ac
11

.7±
10

.7
bc

10
.7
±

3.
8c

34
.0
±

16
.7

ac
9.

5±
4.

7c
4

4.
0
±

1.
0a

—
3.

7±
2.

7a
—

0.
3±

0.
2b

—
—

—
—

—
5

57
.7
±

26
.4

a
13

.0
±

7.
0a

42
.3
±

24
.4

a
32

.7
±

18
.1

a
24

.0
±

11
.9

a
24

.7
±1

1.
7a

29
.7
±

12
.2

a
39

.3
±

18
.5

a
56

.0
±

37
.3

a
56

.0
±

28
.3

a
6

6.
3
±

2.
4a

—
14

.0
±

6.
7b

—
5.

2±
2.

7a
—

—
—

3.
8±

3.
6a

6.
3±

3.
2a

7
1.

3
±

0.
9b

c
—

0.
3±

0.
2c

0.
2±

0.
2c

—
2.

8±
1.

6a
b

—
3.

8±
1.

7a
1.

2±
0.

4b
c

—
8

—
—

0.
2
±

0.
2a

1.
7±

1.
7a

—
0.

3±
0.

2a
—

—
0.

3±
0.

3a
2.

5±
2.

3a
9

1.
8
±

0.
7a

—
0.

2±
0.

2a
0.

2±
0.

2a
1.

0±
0.

6a
0.

8±
0.

2a
0.

5±
0.

3a
1.

2±
0.

9a
0.

2±
0.

2a
0.

2±
0.

2a

a
T

he
m

ea
n

qu
an

tit
y

(n
g±

S
E

)
of

vo
la

til
e

co
m

po
un

ds
em

itt
ed

in
90

m
in

fr
om

th
e

to
p

20
cm

of
st

em
fr

om
th

re
e

pl
an

ts
of

10
w

ill
ow

va
rie

tie
s

be
fo

re
an

d
af

te
r

m
ec

ha
ni

ca
ld

am
ag

e
(n

um
be

rs
re

la
te

d
to

co
m

po
un

ds
fo

r
un

da
m

ag
ed

pl
an

ts
).

D
iff

er
en

tl
et

te
rs

in
di

ca
te

si
gn

ifi
ca

nt
di

ffe
re

nc
e

(
P
<

0.
05

)
be

tw
ee

n
va

rie
tie

s
fo

r
th

e
yi

el
d

of
ea

ch
co

m
po

un
d

se
pa

ra
te

ly
.

b
—

in
di

ca
te

s
co

m
po

un
d

w
as

no
td

et
ec

ta
bl

e.
c Y

ie
ld

s
ar

e
si

gn
ifi

ca
nt

ly
di

ffe
re

nt
(P
<

0.
05

)
be

tw
ee

n
un

da
m

ag
ed

an
d

da
m

ag
ed

pl
an

ts
fo

r
in

di
vi

du
al

va
rie

ty
.

d
F

or
co

m
po

un
d

na
m

e
se

e
a)

un
da

m
ag

ed
ab

ov
e.

1947



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344808 September 6, 2001 14:15 Style file version Nov. 19th, 1999

1948 PEACOCK, LEWIS, AND POWERS

TABLE 2. RATIO OF TWO MAJORVOLATILES EMITTED

FROM DAMAGED WILLOW VARIETIES (N= 3)

Ratio (±SE) of
cis-3-hexenyl acetate

Willow variety tocis-3-hexen-1-ol

Salix dasycladosWimm. 3.03± 0.98 ca

Salix viminalisBowles Hybrid 0.03± 0.03 a
Salixx sericansColes 1.20± 0.66 ab
Salix burjaticaGermany 1.72± 0.78 b
Salix viminalis79046 0.73± 0.17 ab
Salixx 445 de Biardii 1.32± 0.23 ab
Salix purpurea012 0.26± 0.19 a
Salix triandraBlack Maul 0.31± 0.04 a
Salix burjaticaKorso 0.73± 0.26 ab
Salix eriocephala 0.13± 0.08 a

aRatios with different letters are significantly different atP < 0.05.

(Table 1, damaged), withS. viminalisBowles Hybrid having the lowest number of
compounds and yield of all the varieties.

There were differences among willow varieties for the GLV ratio (cis-3-
hexenyl acetate tocis-3-hexenol) from damaged plants (F = 3.5, df = 8, 18;
P < 0.01).Salix dasycladoshad the (P < 0.05) highest ratio of all varieties, with
S. viminalisBowles Hybrid having the lowest (Table 2).

Beetle Feeding Preferences.There were differences for all beetle species in
their feeding preferences of the 10 willow varieties (P. vulgatissima F= 5.9,df=
9,54;P< 0.001;P. vitellinae F= 15.2,df= 9,54;P< 0.001;G. lineola F= 2.5,
df= 9,54; P < 0.02).Salix dasycladoswas the most preferred variety of bothP.
vulgatissimaandG. lineola(Table 3), whereasP. vitellinaepreferredS. burjatica
Germany andS. purpurea.

Correlations.For bothP. vulgatissimaandG. lineola, there were negative cor-
relations between the amount of leaf area remaining and the absolute concentration
of cis-3-hexenyl acetate (P. vulgatissima r= −0.88, P < 0.001;G. lineola r =
−0.84,P < 0.01). Two other compounds showed no correlation:trans-2-hexenyl
acetate (P. vulgatissima r= −0.57, P = 0.08;G. lineola r = −0.52, P = 0.12)
and benzaldehyde (P. vulgatissima r= −0.59, P = 0.07;G. lineola r = −0.54,
P = 0.10). In comparison, forP. vitellinae, there were no significant correlations
between leaf area remaining and any of the emitted compounds.

Likewise, there was a negative correlation between the GLV ratio and the
remaining leaf area after feeding byP. vulgatissima(r = −0.95,P < 0.001) and
G. lineola(r = −0.84,P < 0.01), with none forP. vitellinae.
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TABLE 3. FEEDING PREFERENCES OFPhratora vulgatissima, P. vitellinae,
AND Galerucella lineolaFOR10 POTTED WILLOW VARIETIES

Leaf area remaininga (mm)

Willow variety P. vulgatissima P. vitellinae G. lineola

Salix dasycladosWimm. 81.4± 7.8 105.1± 1.0 89.4± 6.7
Salix viminalisBowles Hybrid 100.7± 2.9 107.5± 1.1 99.8± 4.0
Salixx sericansColes 98.6± 1.8 105.9± 1.1 102.5± 1.4
Salix burjaticaGermany 92.1± 2.7 77.9± 6.3 99.8± 3.2
Salix viminalis79046 98.1± 2.2 105.7± 0.2 104.8± 0.9
Salixx 445 de Biardii 92.9± 2.5 102.7± 0.2 99.4± 0.8
Salix purpurea012 105.2± 0.9 85.5± 4.1 103.3± 0.5
Salix triandraBlack Maul 104.4± 0.6 104.2± 0.7 103.0± 1.4
Salix burjaticaKorso 101.8± 0.9 100.7± 1.6 98.6± 2.8
Salix eriocephala 104.0± 0.5 102.9± 0.7 104.0± 0.8

SED (df ) 4.3 (54) 3.6 (54) 4.0 (54)

aValues represent the mean amount of leaf area remaining (from a 110-mm diameter leaf
disk) 18 hr after beetles were placed in dishes containing a disk of each variety (N = 7).

DISCUSSION

The present findings for the willowS. dasycladoscorroborate previous re-
sults for this variety (Peacock et al., 2001), with onlycis-3-hexenyl acetate,
cis-3-hexenol, and benzaldehyde emitted from undamaged plants, increasing in
yield after damage, as did the number of different volatile compounds detected.
While this pattern of volatile emission was similar for the other willow varieties
tested, there were differences among varieties in the concentration of compounds
and GLV ratio. Correlation analysis indicated a significant relationship between
susceptibility to feeding damage byP. vulgatissimaandG. lineolaand a relatively
high concentration of bothcis-3-hexenyl acetate and GLV ratio (cis-3-hexenyl
acetate tocis-3-hexenol).

These two green leaf volatiles have previously been shown to be insect attrac-
tants (Sch¨utz et al., 1997; Rojas, 1999; Coghlan, 2000). The relationship found for
the GLV ratio is of note, as it has been suggested that specialized herbivores (like
the Colorado potato beetle and, in the present case, the willow beetle) would likely
be attracted to a blend of compounds in a definite ratio, in contrast to generalist
insects (like the Japanese beetle) (see references in Loughrin et al., 1996).

The two varieties ofS. burjaticatested differed significantly in their sus-
ceptibility to P. vulgatissimaandP. vitellinae. Salix burjaticaGermany, the more
susceptible variety, appeared to have a higher GLV ratio than the relatively resis-
tantS. burjaticaKorso (although not significant atP > 0.05). This is of interest as
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S. burjaticaGermany is one of only a small number of willow varieties that is host
to both thesePhratoraspecies. Usually the adult feeding preferences are different
between these two beetle species; this is thought to be due to differences in the
phenylglucoside content of the leaves.Salix burjaticahas relatively high levels of
these chemicals (Kelly and Curry, 1991) and, thus, should be a suitable host for
P. vitellinaebut relatively unsuitable forP. vulgatissima. However, if there were
a higher proportion ofcis-3-hexenyl-acetate tocis-3-hexenol after damage, and if
it had an attractant effect onP. vulgatissima, any difference in GLV ratio between
S. burjaticavarieties might help explain the anomaly of the similar feeding pref-
erence. Under field conditions, moreP. vulgatissimawere found onS. dasyclados
Wimm. plants that had conspecifics and beetle-feeding damage than on undamaged
plants, suggesting the occurrence of a feeding induced plant kairomone (Peacock
et al., 2001). These authors found that the GLV ratio had increased from 0.54 in
undamaged plants to 2.18 after 24 hr of beetle feeding.

While significant differences among damaged varieties for some volatile com-
pounds and correlations between these quantities and susceptibility to willow bee-
tles were found, green leaf volatiles may not necessarily be the key components
in host selection because they are emitted by almost all damaged plants. Volatile
collections were made immediately after damage, yet it may be that other, induced
compounds associated with the presence of these green leaf volatiles are involved in
host plant choice. Many green leaf volatiles are assumed to “bleed” from damaged
sites, whereascis-3-hexenyl acetate is known to be partially induced in response to
herbivory (Loughrin et al., 1994; Turlings et al., 1998). Therefore, further studies
are needed to determine the behavioral responses of beetles to induced leaves and
to compare the volatile chemicals after mechanical and beetle damage.
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Abstract—The common spiny miceAcomys dimidiatusand golden spiny mice
Acomys russatuscoexist in the extreme warm and dry parts of the Rift Valley in
Israel. However, they are temporally segregated in that the former is nocturnal,
whereas the latter is diurnal. Daily rhythms of physiological and behavioral
variables inA. russatusresponded to semiochemical signals released byA.
dimidiatus(in the urine and feces). Both species feed upon the same food items
but at different times of the 24-hr cycle. The main aim of the present study
was to test under field conditions the foraging response ofA. russatusto odors
of different ages released byA. dimidiatus. Various feeding and behavioral
variables were compared in three groups ofA. russatus. The results show that
fresh semiochemical signals released byA. dimidiatusdecrease the feeding
efficiency and increase the rate of smelling from a distance inA. russatus. These
results support the idea that temporal segregation between the two coexisting
species is at least partly through semiochemicals present in the urine and feces.

Key Words—Heterospecific chemical signals, feeding behavior, urine and
feces,Acomys, spiny mouse, arid environment.
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INTRODUCTION

The coexistence of spiny mice of the genusAcomys, the common spiny mouse
A. dimidiatus (Harrison and Bates, 1991) and the golden spiny mouse
A. russatus, has been shown to be through exclusion of the latter from nocturnal ac-
tivity by the former (Shkolnik, 1971). Attempts have been made in the last decade
to understand the mechanisms for such temporal segregation. Under laboratory
conditions whenA. russatusis kept separately fromA. dimidiatus, it manifests
body temperatures and oxygen consumption daily rhythms typical of nocturnal
species (Rubal et al., 1992). Body temperature and oxygen consumption daily
rhythms ofA. russatus, exposed to indirect chemical signals released byA. dimidia-
tus, showed a phase shift of approximately 2 hr compared with controls (Fluxman
and Haim, 1993; Haim and Fluxman, 1996). However, when studying the response
of the daily activity rhythms ofA. russatusto direct contact with urine and feces
released byA. dimidiatus, a shift of approximately 7 hr into diurnal activity was
observed (Haim and Rozenfeld, 1993). From these studies and others, it was con-
cluded that semiochemicals released from the urine and feces ofA. dimidiatusare
important in maintaining the temporal segregation between the two species.

Furthermore, the hypothesis that the nest site (resting place) could be a source
of competition between the congeners was tested under laboratory conditions
(Haim and Rozenfeld, 1995). The results supported the hypothesis, and it was
also noted thatA. russatuskeeps its resting place only by being active during the
daytime whenA. dimidiatusis inactive. Recently, Van Aarde and Haim (1999) have
shown that semiochemical signals released byA. dimidiatusmay affect aspects of
reproduction inA. russatus.

Both species utilize the same diet (Shkolnik, 1966), but it is eaten at different
times of the 24-hr cycle. However, food is probably the source of competition
between the two species. From this, we asked the following question: do semio-
chemicals of different age released byA. dimidiatushave an effect on feeding
behavior ofA. russatus? We recorded feeding behavior ofA. russatusin the field
in relation to the size and quality of food items. We studied the change in frequency
of feeding sessions and of behavioral acts in response to semiochemicals released
by A. dimidiatus.

METHODS AND MATERIALS

Study Area.Field observations were carried out at the foot of Masada cliff,
3 km from the Dead Sea shores in the Jehudean desert, which is a part of the
Rift Valley, in Israel. The study area was located close to the ruins of a Roman
camp, at about 340 m below sea level. The climate is extremely dry and hot. The
average annual precipitation is 47 mm with large year-to-year fluctuations. The
mean minimum temperature, recorded in January, was 11◦C, whereas the mean
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maximum temperature, recorded in July, reached 39◦C (Jaffe, 1988). Petri dishes
containing different food items were used (see below). The dishes were set close to
walls made of rough stones, 2 m wide at their base and 1.2 m high. The walls were
built some 2000 years ago and are inhabited by different rodent species; however,
the dominant species in the area are the spiny miceA. russatusandA. dimidiatus
(Dobly et al., 1999). Along these walls, garbage has accumulated, some of which
is presumably consumed by the mice inhabiting the walls. In order to observe
marked individuals,A. russatuswere trapped before the current study (Dobly
et al., 1999) and individually marked with an animal-marking crayon (Raidi-
Raider, Ottenbach, Germany).

Feeding Observations.Clean Petri dishes (liquid dish-washing soap, water,
and then ethanol 70%) were set on a white piece of filter paper (28× 23 cm). Each
dish contained five different items: (1) an intact grilled peanut (N = 1); (2) half a
peanut seed (N = 5); (3) corn seeds (N = 10); (4) wheat seeds (N = 15); and (5)
oat flakes (N = 15). The position of the different food items in the Petri dishes as
well as mass and energy contents are presented in Figure 1. Two Petri dishes were
positioned at a distance of 1.5 m from each other in each session, which lasted
1 hr. A total of 28 sessions were performed.

Preliminary observations indicated that mice were not disturbed by the ob-
server (Dobly et al., 1999). Direct visual observations were carried out from an
exposed spot at a distance of 3 m from 8:45 to 16:00 hr. We chose daytime in order to
observeA. russatus. Different behavioral variables were recorded (see Dobly et al.,
1999): emerging from shelter, watching, approaching a Petri dish, smelling from

FIG. 1. Presentation and composition of dietary items offered in each Petri dish used as an ar-
tificial feeding site. The types, numbers, energy contents, and total weights were as follows:
(1) intact grilled peanut (ca. 2 seeds, 1×14,000 cal, 2 g), (2) half a peanut seed (5×3200 cal,
2.5 g), (3) corn seeds (10× 750 cal, 1.6 g), (4) wheat seeds (15× 175 cal, 0.65 g), and
(5) oats (15× 100 cal, 0.35 g). The total energy percentages are given in the pie chart.
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a distance, and close sniffing. When more than one mouse was active, behavioral
patterns were recorded by using a video camera (Sony Hi8 CCD-TRV70E). Data
were analyzed frame by frame. At the end of each session, the food items left
over were counted and the Petri dishes cleaned. We also used the number of food
items touched, i.e., the number of food categories with at least one item eaten.
The energy values of the different food items were determined by using a bomb
calorimeter (Semimicro Calorimeter 1425, Parr).

Exposure to Heterospecific Odors.In 15 of 28 sessions, the observed mice
were exposed to a type of odor obtained fromA. dimidiatus. Toilet paper and feces,
obtained from traps in whichA. dimidiatuswere successfully trapped, were used
as a source of the heterospecific odors. All the collected odorous items were kept
in a sealed plastic bag. In eight cases,A. russatuswere offered, in each session
and in each dish, a combination of fresh urine (on one piece of toilet paper) with
three fecal pellets collected on the same day (we used three pellets according to
the average number available per day). In seven cases, only three fecal pellets were
used for testing the response ofA. russatusto feces alone, 24 hr after collection.
Paper was put below the Petri dishes, and the feces were put close to the dishes
on the side of the wall. Therefore, three different groups were studied: (1) control
(no odor), (2) heterospecific feces only, collected one day before exposure (old
odor) and (3) fresh heterospecific urine and feces (fresh odor). We did not compare
heterospecific odor to homospecific odor as other laboratory and field studies have
shown that only heterospecific odor has a repellent effect onA. russatus(Haim and
Rozenfeld, 1993; A. Haim and E. Baert, unpublished data). Beyond this identified
effect of homospecific versus heterospecific odors, our main purpose was to test
the unknown difference between fresh and old heterospecific odor.

Data Analyses.Results are presented as frequency, percentage, mean± stan-
dard deviation, or median with range. In order to establish differences among
studied groups, the following statistical tests were used: chi-square test, Mann-
WhitneyU test, and Kruskal-Wallis one-way ANOVA. All were one-tailed due to
the hypothesis of a negative influence of heterospecific odor on feeding. To test
the food preference inside one treatment, we used two-tailed Friedman two-way
ANOVA. To determine which pairs were the sources of the detected difference in
ANOVA tests, we calculated the critical difference necessary for significance in
each compared pair.

RESULTS

A total of eight golden spiny mice (five females and three males) were marked
and observed. At least one mouse appeared in 22 of the 28 sessions. The six sessions
with no mouse were from groups with old [two of seven (29%)] or fresh [four of
eight (50%)] odors. This distribution of appearance among the three groups is
different (chi-square test,P < 0.01, Table 1). Similarly, in all sessions with at
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least one animal observed, there were, on average, more individuals per session in
the control group than in the fresh odor group; the old odor group was intermediate
(Mann-WhitneyU test,N = 21, P = 0.045, Table 1).

No significant difference was noted among the three groups in regards to the
median time to appear or to eat (Table 1). Moreover, in three cases (two controls
and one old odor, 15% and 14%, respectively), anA. dimidiatuswas detected; all
of them appeared only once and took either an entire or half a peanut in a single
trip lasting less than 10 sec.

Not all observedA. russatusate from the Petri dish. Table 1 shows, for the
three groups studied, the number of mice that ate food, as well as the number
of food types that were touched by mice. Mice from the control group ate more
frequently than mice confronted with fresh odor (95% vs 57%, Mann-Whitney
U test, N = 27, P = 0.017). Similarly, with regard to number of food types
touched, a significant difference was noted only between control mice and those
exposed to fresh odor (Kruskal-Wallis one-way ANOVA,df = 2, N = 28, P =
0.031, Table 1).

Mice of all groups preferred the larger items with a high-energy content per
gram. The item most often taken on a first visit was the whole peanut, and then the
half peanuts. In total, a larger amount of grilled intact peanuts was eaten than oats,
corn, or wheat seeds (Friedman two-way ANOVA,df= 4, N = 28, P = 0.017).
The energy context of the five food types is presented in Figure 2. The relationship
then became clearer. The energy value of whole peanuts eaten is higher than that
of corn, wheat, or oats (Friedman two-way ANOVA,df= 4, N = 28, P = 0.008).

The analysis of behavioral patterns revealed that mice exposed to fresh odor
showed more smelling from a distance than control mice (Kruskal-Wallis one-
way ANOVA, df= 2, N = 28, P = 0.041, Table 1). However, no difference was
detected either in close sniffing or in any other recorded behavior (e.g., while the
maximum number of mice approaching a Petri dish decreased among the three
treatments, the medians were not different: no odor: 2.5 (range 1–30), old: 2.5
(1–19) fresh: 3.0 (1–10), Kruskal-Wallis one-way ANOVA,df= 2, N = 28, NS).

DISCUSSION

Food and energy consumption inA. russatushave been studied under short
and long photoperiod regimes (Haim et al., 1994). Under acclimation to a short
day, A. russatusconsumed significantly more food compared with acclimation
to a long day. The energetic demands ofA. russatusare low in relation to its
body mass, compared with mesic species. Field metabolic rates (FMR) were
compared between the twoAcomysspecies by using the doubly labeled water
technique (Degen, 1994). Daily metabolic rates ofA. russatuswere 27% lower than
those for a similar sizedA. dimidiatus. The energy content of the items offered in
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FIG. 2. Mean energy taken from the five food types by the mice under three different
treatments. The total energy available is given below each food type (Available En.). Two-
tailed Friedman two-way ANOVA, one-tailed Kruskal-Wallis one-way ANOVA, and one-
tailed Mann-WhitneyU tests were used (∗P < 0.05, ∗∗P < 0.025).

the Petri dish exceeded the energy demands, even during the winter season when
experiments were carried out.

Our results show thatA. russatusselected the largest food item (intact peanut),
which contained the highest energetic value. Such selection would be advantageous
to a diurnal animal by minimizing the time spent foraging and reducing vulnera-
bility to predation or overheating. These requirements are consistent with the high
number of distant smelling bouts and the small number of close sniffing bouts
recorded in the presence of fresh odor. The results of food selection support the
conclusion of Kerley and Erasmus (1991) that rodent preference for seeds is related
to the net rate of energy intake provided by the seed.

However, our results revealed a significant decrease in food and energy intake
as a result of exposure to fresh urine and feces released byA. dimidiatus. In a
laboratory study,A. russatusmarked its food with an oral secretion (Rozenfeld
et al., 1994). Oral marking byA. russatusmay serve to mask the original odor of
A. dimidiatus. The number of sessions in which mice appeared upon exposure to
fresh heterospecific odor and the number of mice per session were significantly
lower compared with control sessions. This suggests that odor can act from a
distance. However, it seems that under dry desert conditions, odor sources are
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not so effective. Therefore, we conclude that, at least partly, scent marking of
the habitat byA. dimidiatuscontributes to the temporal segregation of the two
species. AsA. russatusdoes not accumulate food in its resting place, the marking
of food items supports the hypothesis that such marking has a heterospecific role
(Rozenfeld et al., 1994).

From the results of this and previous studies, we conclude that heterospecific
odors released in the urine and/or feces ofA. dimidiatushave an effect on the
behavior ofA. russatus. Activity in A. dimidiatusis confined to the early hours of
the dark phase (Shkolnik, 1966). Hence, we assume that odors released at night
during the activity period ofA. dimidiatusdecline with time, so that whenA.
russatusis active, the odor effect is of little significance.

As the temporal segregation between the two species is maintained, at least
partly, by chemicals released byA. dimidiatus(Haim and Rozenfeld, 1993), we
assume that this depends on fresh urine and feces. The chemicals involved appear
to be volatile. Semiochemicals produced in the urine and feces ofA. dimidiatuscan
bring about competitive exclusion ofA. russatusfrom nocturnal activity and can
be used to exclude them from access to food and habitat resources. The isolation
of the chemical component of this signal will be important for future studies,
involving the segregation of coexisting species.
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PERCEPTION OF ASPEN AND SUN/SHADE SUGAR
MAPLE LEAF SOLUBLE EXTRACTS BY LARVAE

OF Malacosoma disstria
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C.P. 8888 Succ. A.
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Abstract— We investigated the behavioral feeding preference and the chemore-
ception of leaf polar extracts from trembling aspen,Populus tremuloides, and
from sun and shade sugar maple,Acer saccharum, by larvae of the polyphagous
forest tent caterpillar,Malacosoma disstria, a defoliator of deciduous forests in
the Northern Hemisphere. Three polar extracts were obtained from each tree
species: a total extract, a water fraction, and a methanol fraction.M. disstrialar-
vae were allowedad libitumaccess to an artificial diet from eclosion to the fifth
instar. Two-choice cafeteria tests were performed comparing the mean (±SE)
surface area eaten of the total extracts, and the following order of preference
was obtained: aspen> sun maple> shade maple. Tests with the other fractions
showed thatM. disstrialarvae preferred the total aspen extract to its water frac-
tion, and the latter to its methanol fraction. The response to sun maple was similar
to aspen. However, for the shade maple experiment, there was no difference be-
tween the total extract and its water fraction. Electrophysiological recordings
for aspen showed that the sugar-sensitive cell elicited more spikes to the water
fraction, followed by the total extract, and finally the methanol fraction. Spike
activity to stimulations of sun and shade maple extracts revealed a similar trend,
where methanol fraction> water fraction> total extract. Our findings are dis-
cussed in light of previously known information about this insect’s performance
on these host plants.
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Key Words—Malacosoma disstria, Populus tremuloides, Acer saccharum, sun
and shade leaves, polar extracts, feeding preference, cellulose discs, styloconic
sensilla, chemoreception, electrophysiology.

INTRODUCTION

The primary feeding host of the forest tent caterpillar (Malacosoma disstriaHBn.)
is trembling aspen (Populus tremuloidesMichx.), but in Québec during epidemics,
larvae are known to feed on sugar maple (Acer saccharumMarsh.). Aspen is
widespread throughout North America (Hodson, 1941), whereas sugar maple
forests occur predominantly in the northeastern portion of the continent (Rowe,
1972). Larvae ofM. disstriadevelop better on aspen compared to maple foliage
(Lorenzetti, 1993; Nicol et al., 1997). Aspen contains twice the amount of soluble
sugars of sugar maple, and these were the only constituents of the foliage that
could be correlated with the insect’s performance (Lorenzetti, 1993). This is con-
sistent with the work of Lindroth et al. (1993), who showed that in aspen leaves,
contents of sucrose and hexose (glucose and fructose) and total nonstructural car-
bohydrates (all expressed in percent dry mass) were more than three times higher
than in the leaves of sugar maple. Other common chemical constituents of aspen
include tremulacin and salicortin, which constitute 85% of the total phenolic glyco-
sides (Lindroth et al., 1987). Long-chain fatty alcohols andα-tocopherylquinone
(α-TQ) have also been identified (Lin et al., 1998a,b). Lindroth and Hemming
(1990) reported that poor performance (prolonged duration of instars and reduced
growth) of the polyphagous gypsy moth (Lymantria disparL.) can be attributed to
levels of tremulacin that are>3% in poplar leaves. Some maples (Acer palmatum,
A. platanoides, andA. rubrum) are known to contain galloylcyanidin glycosides
(Shi-Bao, et al., 1992; Abou-Zaid and Nozzolillo, 1999). Sugar maple is charac-
terized by high levels of hydrolyzable (ellagitannins, gallic acid, gallotannins) and
condensed tannins (Baldwin et al., 1987; Lindroth et al., 1993). In contrast, aspen
leaves possess significantly lower levels of condensed tannins and no traces of
hydrolyzable tannins (Lindroth et al., 1987, 1993).

Differences in foliar concentrations of sugars can be found within a tree,
depending on vertical distribution (Futuyama and Saks, 1981; Coley, 1983; Lincoln
and Mooney, 1984; Ellsworth and Reich, 1992; Dudt and Shure, 1994). Fortin
(1994) observed that when larvae ofM. disstriawere fed foliage that had been
exposed to the sun versus exposed to shade, there were differences in pupal weights
and in larval development time. Recently, Fortin and Mauffette (in preparation)
demonstrated that in four consecutive years, the biological performance ofM.
disstria was superior on foliage located on the crown of mature sugar maple
compared to that found at the base of the tree. They argue that this might be
due to higher amounts of total nitrogen and soluble sugars present at the summit
of the crown, which would result in a more nutritious diet for the insect.
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Many phytophagous caterpillars perceive sugars, in particular sucrose, as
a cue for the selection of a favorable food plant, and sugar-sensitive chemore-
ceptors are ubiquitous in all lepidopteran larvae that have been studied to date
(Schoonhoven, 1967, 1987). In current behavioral experiments withM. disstria
larvae, we found that sucrose was preferred over water at all concentrations tested
(0.1–500 mM). We also found that sucrose elicited a high firing frequency from
cell 1 (sugar cell) on the medial styloconic sensillum of the galea at ecologically
relevant concentrations. It is known that neural input from these sensilla on the
mouthparts of lepidopteran caterpillars is necessary for unimpaired food selection
(Ma, 1972; Hanson and Dethier, 1973; Schoonhoven and Blom, 1988; De Boer,
1993). However, there is limited information available on the sensory perception
of plant extracts by maxillary styloconic sensilla, probably because the neuro-
physiological results are difficult to interpret, due to their considerable variability
(Schoonhoven et al., 1991), and to changes in spike shape of the same cell, es-
pecially at high frequencies (Frazier and Hanson, 1986). Despite these obstacles,
unambiguous results have been obtained in several studies where foliage extracts
were used as stimuli in electrophysiological (Ohsugi et al., 1978; Toufexis et al.,
1996) and behavioral studies (Cobbinah et al., 1982; Albert and Parisella, 1988;
Guertin and Albert, 1992; del Campo and Renwick, 1999).

Since there is more information available on the responses of caterpillars
to single compounds, and we know that an insect is exposed to a mixture of
compounds when feeding on leaves, we examined the responses ofMalacosoma
disstria larvae to extracts from two host plants. The specific objectives were to
assess behavioral preferences ofM. disstriato polar extracts from aspen and from
sun and shade sugar maple foliage and to perform feeding and electrophysiological
tests with the constituents obtained from each polar extract and from further frac-
tions of these extracts. We hypothesized that larvae would prefer the total extracts
in the following order: aspen> sun maple> shade maple since aspen contains
higher sugar levels, followed by sun maple, and then by shade maple. We also
hypothesized that the methanol fraction whould be the least preferred since it con-
tains mostly phenolic compounds, such as condensed tannins, which are generally
believed to act more as deterrents than as phagostimulants (Feeny, 1976; Rhoades
and Cates; 1976; Swain; 1979). Finally, we expected that the electrophysiological
data would concur with the behavior.

METHODS AND MATERIALS

Insects. Malacosoma disstrialarvae were obtained from the Great Lakes
Forest Research Center in Sault-St-Marie, Ontario, Canada, and reared on an
artificial diet (Addy, 1969) that was slightly modified as follows: raw linseed
oil was replaced by wheat germ oil, and whole wheat germ was replaced by whole
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wheat flour. We used 5 instead of 8.4 g of cholesterol, 50 instead of 84 g of
alphacel, and 42 instead of 70 g of agar. We also added 1.7 g of methyl paraben,
a preservative. Larvae were kept in Petri dishes (100× 15 mm) in an incubator at
24◦C and on a 16L:8D cycle. The Petri dishes were cleaned every two days and
fresh diet was provided.

Foliage. Trembling aspen (Populus tremuloidesMichx.) and sugar maple
(Acer saccharumMarsh.) foliage was collected on May 18, 1999, at three different
locations in southwestern Qu´ebec (the region of collection is delimited by the
municipalities of Ste-Barbe, Dundee, and Huntington, approximately 60 km south
of Montréal). Although collected at an early date, the foliage of both species was
well developed and close to full expansion in the case of maple. The spring of 1999
was especially early. It was estimated that leaf age was at least two weeks, but leaves
could have been as old as three weeks for some trees. Under natural conditions,
leaves of that age are generally fed upon by fourth instarM. disstrialarvae.

Aspen trees were either growing in small stands adjacent to the sampled
maple stands, or they were growing directly at the edge of these. At each location,
foliage was collected from two or three trees of each species. Sugar maple foliage
was collected from both the top (sun leaves) and the bottom (shade leaves) of the
crown. Samples of sun and shade leaves were kept separate. Foliage collected from
aspen trees consisted of only sun leaves. In addition to the aspen trees sampled
as above, other samples were also collected from an aspen stand in the Montr´eal
area (Rivière-des-Prairies). In all cases, sampling was conducted between morning
and early afternoon, and leaves were immediately placed on ice in a cooler. Upon
arrival in the laboratory, small subsamples were weighed and placed in an airflow
dryer, left to dry completely, and reweighed to calculate the water content (Table 1).
The remainder of each sample was weighed and placed overnight in an−80◦C
freezer. The next day samples were retrieved and crushed into small bits while still
frozen, and immediately placed to thaw in pure HPLC grade methanol (1:10 w/w).
The extraction flasks were sealed and kept in the dark for four days, with frequent
gentle stirring over this period.

Polar constituents from the foliage were obtained as shown in Figure 1. The
samples in methanol were filtered, the solids were washed with fresh methanol
several times, and the whole volume of methanol (filtrate and wash) was extracted
several times with hexane until no appreciable change in color was visible in

TABLE 1. WET AND DRY WEIGHTS OFTHREETYPES OFFOLIAGE

Aspen Shade maple Sun maple

Fresh weight (g) 821.8 768.4 853.6
Dry weight (g) 267.4 223.9 280.9
% Water content 67.5 70.9 67.1
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FIG. 1. Procedure for the preparation of polar extracts from the three host plants.

the methanol. The hexane was discarded, and the methanol containing the polar
constituents was roto-evaporated to complete dryness under reduced pressure at
a temperature of 50◦C. The dry extracts were dissolved in a minimal amount
of bidistilled demineralized water (H2Obddm), and freeze-dried. The powdered
extracts were collected, weighed, placed in brown-glass bottles, and stored at 4◦C.
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Extracts were further separated to obtain two fractions, one mainly containing
soluble sugars, amino acids, and other highly polar constituents, and the other
containing less polar constituents, such as tannins and flavonoids. First, a known
amount of extract (ca. 3 mg) was dissolved in 100 ml H2Obddm and extracted with
ethyl acetate as many times as was necessary to see no significant coloration in
the ethyl acetate. All volumes of ethyl acetate were pooled, roto-evaporated to
dryness at 50◦C, and kept in the dark at 4◦C. This procedure was performed to
reduce the amount of constituents dissolved in water. The extracted volume of
water was then run by gravity through a conditioned (100 ml acetone followed by
100 ml acetonitrile) and equilibrated (100 ml H2Obddm) column packed with 10 g
of C18 sorbent (Waters Sep-Pak cartridge). The column was washed with 100 ml
H2Obddm, which was collected and pooled with the previously collected volume of
water containing the polar extract, and set aside in the dark at 4◦C. The column was
washed with 100 ml of methanol, followed by 100 ml of acetonitrile to recondition
the column. These volumes were collected in the flask from the ethyl acetate
extraction performed earlier, pooled, and set aside in the dark at 4◦C. The column
was once more equilibrated by running 100 ml H2Obddm, and the water fraction
was run through the column again, followed by all the steps previously described.
This procedure was repeated six times. At the end, the fraction containing the
less polar constituents (the methanol fraction) was roto-evaporated to dryness at
50◦C, resuspended in the appropriate volume of H2Obddm, and freeze-dried. The
powdered methanol fraction was collected, weighed, placed in brown glass bottles,
and stored at 4◦C. The fraction containing the more polar constituents, (the water
fraction) was roto-evaporated at 50◦C to the final volume necessary to arrive at
the concentration (w/w on a dry matter basis) present in the foliage at the time of
collection. The water fraction was placed into a small opaque vial and stored at
−20◦C.

For the behavioral experiments, total extracts and their fractions were recon-
stituted in distilled water to attain a final concentration equivalent to that found
in the foliage at the time of collection (dry weight). A drop of methanol was then
added to the extracts and their fractions to increase solubilization. For the electro-
physiology, concentrations were adjusted to foliar concentrations on a fresh weight
basis, and all extracts and their fractions were prepared in a solution of potassium
chloride (10 mM) to ensure adequate electrical conductance.

Behavior. All experiments were conducted in the morning, over a four-day
period. For each day, 10–15 larvae were selected from the Petri dishes as mid-fifth
instars and starved for one day prior to bioassays to ensure maximum response.
They were transferred into an arena consisting of a two-choice situation arranged
in the following manner: four Millipore HA 0.045-µm cellulose disks, 9 mm in
diameter, were suspended individually on pins 0.5 cm above the floor of the arena.
A 20-cm× 5-cm Petri dish served as a cover to the whole setup to keep the
larvae from roaming about. Disks were wetted with 20-µl aliquots of extracts or
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their fractions and arranged in an alternating manner with the water controls or
the other extract solutions. This amount was just sufficient to saturate the whole
disk. For every treatment, a minimum of 20 disks were used to determine the
average dry weight of each disk containing a specific extract in water, or water
alone, after all the water had evaporated. These average weights were used as
the initial disk weight prior to feeding by larvae. The setup was transferred to
an incubator maintained at the same growth conditions that the larvae had been
exposed to, and larvae were allowed to feed for 4 hr, then removed from the
arenas, after which time the disks were allowed to dry completely and weighed
on a Sartorius single-pin balance to a precision of±0.001 mg. The amount of
each disk (eaten) was calculated as the difference between the initial and final
dry weights of the disk, and this value was used to express the mean surface area
eaten of the test and control disks for each experiment. Only insects that ate>50%
of the total disk area, control disks included, were considered for analysis. This
cafeteria test was a modification of that of Jermy et al. (1968), and a similar setup
is also seen in Albert and Jerrett (1981) and Albert and Parisella (1985). Statistical
analysis was done with Number Cruncher Statistical Software (J. L. Hintze, 865
East North, Kaysville, Utah 84037, USA). Parametric tests were used since the
data were normally distributed. Comparisons of the treatments versus. water or
treatments among themselves were done by using a randomized two-samplet test
(P < 0.05) to examine whether there was a preference between the two choices
of the extracts tested. Data also were subjected to a one-way ANOVA (P < 0.05)
to verify whether there were any differences among the three extracts, i.e., aspen
and sun and shade maple.

Electrophysiology.All experiments were performed in the morning. About
10–15 mid-fifth instar larvae were selected from the Petri dishes prior to an exper-
iment. Standard tip-recording was used (see Panzuto and Albert, 1997). The head
and the first three thoracic segments were severed from the rest of the body of
the larvae, and a glass microcapillary pipet containing insect saline (Schnuch and
Hansen, 1989) was fitted into the opening and subsequently into the walls of the
hypopharynx to expose the mouthparts. Special care was taken to avoid damaging
the gustatory nerve. This preparation was placed onto a reference electrode under
a compound microscope, with the larva ventral side up, to facilitate viewing and
contact. A second glass micropipet was filled with a test solution. In preliminary
experiments, we determined that the lateral styloconic sensilla of the galea did
not respond to our extracts, while the medial styloconic sensilla consistently re-
sponded to all extracts. Action potentials were recorded for 1 sec on digital audio
tape, digitized by using the SAPID Tools program (Smith et al., 1990), and then
visually analyzed by counting the number of neural impulses from cell 1 (sugar-
sensitive neuron), cell 2 (amino acid-sensitive neuron), and cell 3 (salt-sensitive
neuron) in the traces. There were no cell 4 (water-sensitive neuron) responses to
the stimuli used in our study. The physiological responses of cell 1 were analyzed
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TABLE 2. RESPONSE(SURFACEAREA EATEN) IN

TWO-CHOICE TESTS BYFIFTH-INSTAR M. disstriaREARED ON

ARTIFICIAL DIET TO THREETOTAL EXTRACTS VSWATER

Surface area eaten
(mm2, mean± SE)

Extract Treatment Water Pa N

Shade maple 268.5± 14.8 11.8± 7.7 0.0022 6
Sun maple 254.2± 15.7 1.4± 0.82 <0.0001 9
Aspen 287.2± 14.7 16.4± 12.16 <0.0001 14

aTwo-samplet test.

statistically with a one-way ANOVA within the various extracts and their fractions
as main effect. Another one-way ANOVA was performed to compare sugar cell
response to the three extracts (i.e., aspen and sun and shade maple) and to their
fractions (e.g., aspen and sun and shade water fractions). In addition,a posteriori
tests (Newman-Keuls multiple comparison) were run to separate further the means.
Statistical significance was accepted atP < 0.05 throughout.

RESULTS AND DISCUSSION

In two-choice feeding tests of total extracts of aspen, sun maple, or shade
maple, larvae ofM. disstriastrongly and consistently preferred the disks contain-
ing extracts over those containing only water (Table 2). However, there was no
difference in the responses to the three extracts (one-way ANOVA,df = 2,26;
F = 1.25; P = 0.3018). When total extracts of the different hosts were tested
against each other, sun maple was preferred over shade maple, and aspen was
preferred over both sun and shade maple (Table 3), thus confirming our first pre-
diction: aspen> sun maple> shade maple. These findings are consistent with
our current knowledge ofM. disstria’s performance on aspen compared to sugar
maple foliage (Lorenzetti, 1993; Lindroth et al., 1993; Nicol et al., 1997). As-
pen leaves have high soluble sugar levels during the larval growth period ofM.
disstria; these constitute about 8.5% of the dry matter of aspen leaves compared
to <3.5% for sugar maple (Lorenzetti, 1993). Aspen also has fewer (3% of dry
weight) condensed tannins (Bryant et al., 1987), compared to mature sugar maple
(30% of dry weight) (Schulz, 1983), which the larvae would normally encounter
while in their fifth instar in mid-June. Phenolic compounds, particularly phenolic
glycosides, salicin, salicortin, tremuloidin, and tremulacin are common in aspen
and constitute 2–6% of fresh leaf weight (Lindroth, 1991). Although sugar maple
is not known to contain such compounds, 1-O-galloyl-α-L-rhammose has been
identified in red maple, (Abou-Zaid and Nozzolillo, 1999). Nicol et al. (1997)
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TABLE 3. RESPONSE(SURFACEAREA EATEN) IN TWO-CHOICE TESTS FOR

FIFTH-INSTAR M. disstriaREARED ONARTIFICIAL DIET TO TOTAL EXTRACTS OFONE

HOSTSPECIES VSANOTHER

Surface area eaten
(mm2, mean± SE)

Extract A B Pa N

Shade maple (A)
vs sun maple (B) 109.7± 22.8 223.3± 25.0 0.0021 10

Sun maple (A)
vs aspen (B) 100.8± 23.2 253.1± 19.7 0.0007 9

Shade maple (A)
vs aspen (B) 89.1± 19.2 239.2± 12.1 0.0001 13

aTwo-samplet test.

measured the performance ofM. disstriaon aspen and on sugar and red maple
foliage. They found that larvae reared on aspen ate smaller amounts of foliage
than those reared on sugar maple, yet they grew 22.5 times the size of the latter.
They also found that larvae refused to eat foliage of red maple, and all starved
in less than two weeks. They concluded that red maple foliage contains one or
more strong antifeedants and that sugar maple does not contain such antifeedants
but has a “physiological growth inhibiting component.” They argue that the effect
of this component on reduced growth leads to compensatory feeding by larvae,
thus accounting for the greater amounts of feeding on sugar maple foliage. A
similar study in our lab also showed better growth, survival, and fecundity for
larvae ofM. disstriareared on aspen compared to sugar maple (Lorenzetti, 1993).
We suggest that the higher amounts of condensed tannins in sugar maple and of
soluble sugars in aspen could explain these observations through a combination
of chemosensory as well as physiological effects. The sugar-sensitive cell in the
medial styloconic sensillum of the galea gave the highest firing frequency to the
water fraction from aspen, an intermediate response to the total extract, and the
lowest response to the methanol fraction (Figure 2). During our extraction process,
the first sugars to come out of the separation column in sugar maple are sucrose,
then glucose, galactose, and finally fructose (Gougeon, personal communication).
The methanol fraction should contain the aglycones, monoglycosides, condensed
tannins, etc., and the latter, in particular, are known to reduce the digestibility of
proteins in many insects (Swain, 1979). This is consistent with the argument of
Nicol et al. (1997) that larvae show compensatory feeding on sugar maple and
develop poorly compared to those fed on aspen foliage. Our electrophysiological
results show that the water fraction from aspen provides the best stimulus for the
sugar-sensitive cell in the medial styloconic sensillum, and the methanol fraction
is the least stimulative.
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FIG. 2. Mean impulses/sec+ SE for cell 1 in medial styloconic sensilla of fifth-instar
M. disstria larvae in response to stimulation with aspen total extract and its water and
methanol fractions (numbers above histograms represent sample size for each stimulus).

When we compared the responses of larvae to the total extract, water, and
methanol fractions of the three types of foliage, the following trends were observed.
Total extract of a given foliage was always preferred over the methanol fraction
(Table 4). The water fraction was usually preferred over the methanol fraction,
although not significantly so in the case of aspen. The total extract was preferred
over the water fraction for aspen and for sun maple, but not for shade maple. The
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TABLE 4. RESPONSE IN(SURFACEAREA EATEN) IN TWO-CHOICE TESTS FOR

FIFTH-INSTAR M. disstriaREARED ONARTIFICIAL DIET TO TOTAL EXTRACTS

AND THEIR RESPECTIVEFRACTIONS

Surface area eaten
(mm2, mean± SE)

Extract A B Pa N

Aspen total extract (A) 56.5± 14.1 29.6± 16.4 0.0123 10
vs water fraction (B)

Aspen total extract (A) 101.6± 7.5 8.8± 5.0 <0.0001 12
vs methanol fraction (B)

Aspen methanol fraction (A) 6.6± 2.3 24.0± 7.3 0.1259 9
vs aspen water fraction (B)

Sun maple total extract (A) 57.2± 8.1 26.6± 11.3 0.0079 12
vs sun maple water fraction (B)

Sun maple total extract (A) 40.4± 8.2 2.3± 1.3 <0.0001 15
vs sun maple methanol fraction (B)

Sun maple methanol fraction (A) 6.9± 2.3 56.9± 5.4 <0.0001 15
vs sun maple water fraction (B)

Shade maple total extract (A) 40.1± 4.6 36.1± 8.3 0.4792 11
vs shade maple water fraction (B)

Shade maple total extract (A) 38.3± 5.6 6.0± 1.6 <0.0001 14
vs shade maple methanol fraction (B)

Shade maple methanol fraction (A) 8.9± 1.8 40.0± 5.6 <0.0001 15
vs shade maple water fraction (B)

aTwo-samplet test.

preference for total extracts over methanol suggests that the more polar compounds
are most important in stimulating ingestion, supporting our second hypothesis.
There are some subtle differences in the insects’ responses to sun versus shade
maple extracts, notably that shade maple total extract is not preferred over the
water fraction. This foliage is presumably lacking, or has reduced levels, some
of the phagostimulants such as sugars, amino acids, etc. compared to sun maple.
WhenM. disstria larvae are reared on shade maple versus sun maple foliage, the
result is lower pupal weights and longer developmental times (Fortin, 1994). These
differences are attributed to the presence of higher levels of soluble sugars, that are
responsible for the insect’s better performance on sun maple foliage (Fortin et al.,
1997; Fortin and Mauffette, in preparation). It is known that sun and shade maple
leaves differ in biochemical properties (Lincoln and Mooney, 1984; Ellswoth and
Reich, 1992; Dudt and Shure, 1994). Sun/shade differences in herbivory have also
been observed in other insects (Janzen, 1975; Coley, 1983; Louda and Rodman,
1983; Louda et al., 1987; Fitzgerald, 1995). For example, the congener eastern
tent caterpillar,M. americanum, will rarely attack black cherry leaves that are
grown in shade (Fitzgerald, 1995). In fact, larvae reared on these leaves produce
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FIG. 3. Representative traces from stimulation of a medial styloconic sensillum of
M. disstria with total aspen, sun maple and shade maple extracts. A= amino acid cell
(cell 2); S= sugar cell (cell 1); s= salt cell (cell 3). All traces durations are 500 msec.

pupae that weigh only 67% of those reared on sun leaves (Futuyama and Saks,
1981).

Samples of the electrophysiological responses of the medial styloconic sen-
sillum to the total extracts are shown in Figure 3. These reveal a response from
three of the four neurons innervating this sensillum. These are cell 1 (sugar), cell 2
(amino acid), and cell 3 (salt), which can be differentiated from each other on the
basis of their characteristic spike shapes. Cell 1 is monophasic (no prominent neg-
ative flank) and has a large amplitude, whereas cell 2 has a lower amplitude. Cell 3
spikes are biphasic, i.e., possess a steep negative flank, and have small amplitudes
(Figure 3). In all of our tests, we found no effect of the extracts on the responses of
cell 3 (salt), which fluctuated between 1 and 10 impulses/sec and were likely the
result of stimulation by the 10 mM KCl solvent present in all solutions. A similar
effect was seen for the responses of cell 2 (amino acid), whose means were only
4–8 impulses/sec for all aspen extracts, 8–13 impulses/sec for maple total extract
and water fractions, and 19 to 23 impulses/sec for the maple methanol fractions. In
only one case, the shade methanol fraction, did cell 2 respond with a higher firing
frequency that was different from total extract and water fractions of that foliage;
but when we compared the responses of cell 2 for each of the sun and shade maple
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extracts, they were not different. However, the responses from cell 1 (sugar) were
consistently much higher, ranging from 13 to 59 impulses/sec, and accounted for
most of the sensillum’s response.

The highest firing frequency (59 impulses/sec) from cell 1 (sugar) was ob-
tained with the aspen water fraction (Figure 2), and the total extract and methanol
fraction from aspen produced intermediate and mimimum firing rates, respec-
tively. These responses were all different from each other (one-way ANOVA;
df = 2, 30; F = 29.15;P = <0.001 and Newman-Keuls multiple comparison).
For sun maple, maximal responses from cell 1 (49 impulses/sec) were obtained
with the methanol fraction; intermediate and minimum responses were obtained
with the water fraction and the total extract, respectively. The response to the
methanol fraction differed from the others (one-way ANOVA;df = 2, 28; F =
6.37; P = 0.0052). An a posteriori Newman-Keuls test showed no difference be-
tween the responses to the total sun maple extract and the water fraction. A similar
response was found for shade maple with the methanol fraction eliciting maximal
firing from cell 1. Again this differed from the responses to total extract and water
fraction (one-way ANOVA;df= 2, 28; F = 4.29; P = 0.0237), while the latter
two did not differ from each other.

As stated earlier, cell 1 response is lowest to the methanol fraction for aspen,
and this concurs with the feeding behavior. However, cell 1 response is highest
for the aspen water fraction, and this differs from the behavior where the insect
preferred the aspen total extract over the water fraction. This suggests that cell 1
is contributing important information, but that a sensory input other than cell 1 in
the medial styloconic sensillum is also responsible for modulating this response.
The latter is even more probable in the case of the electrophysiological responses
to sun versus shade maple. The lower responses of cell 1 to the total extracts and
the water fractions of both sun and shade maple compared to aspen is consistent
with the behavioral data, i.e., that larvae prefer total extracts from aspen over the
others. This is consistent with the literature, which shows that larvae perform best
on aspen. However, we cannot explain the high firing frequencies of cell 1 to
both maple methanol fractions, and we are not aware of any compounds in these
fractions that might have the required binding properties necessary to stimulate
this sugar-sensitive cell.

Both behavioral and physiological experiments indicate that aspen is the pre-
ferred choice forM. disstria larvae. We find it intriguing that cell 1 in the medial
styloconic sensillum ofM. disstria larvae was the only chemosensory neuron
to consistently show differences in response to the various aspen extracts, since
these extracts must contain a wide variety of chemicals. Larvae also distinguished
between sun and shade maple extracts in the feeding tests, yet the electrophysio-
logical responses from cell 1 to the extracts from these two types of foliage were
almost identical. It is generally assumed that the sensory input from both lateral
and medial styloconic sensilla of caterpillars is the most important in informing the
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animal as to its correct food plant, as was clearly shown in the tobacco hornworm,
Manduca sexta(De Boer, 1993). This is not the case in the forest tent caterpillar;
the preference for sun over shade maple, for example, is likely to be mediated
by another chemosensory field such as the epipharyngeal sensilla or the maxillary
palps. More work is needed before we can fully understand the effects of these host
plant chemicals on chemosensory inputs and the feeding behavior ofM. disstria
larvae.
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Universiẗatsstrasse 1, Geb. 26.23
D-40225 D̈usseldorf, Germany

2Lehrstuhl f̈ur Tierökologie und Tropenbiologie
Bayrische Julius-Maximilians-Universität Würzburg

Biozentrum, Am Hubland
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Abstract—The plant genusMacarangais known for its manifold mutualis-
tic associations with ants. The plants provide food for the ants and in turn get
protection from herbivores. Depending on the strength of the plant–ant interac-
tion, the plant’s investment in ants and the biotic defense derived from them is
more or less effective. We conducted a comparative study on tannin content in
12 Macarangaspecies that were selected based on their associations with ants
(three nonmyrmecophytes and nine myrmecophytes, three of which start their
ontogeny as nonmyrmecophytes). Different developmental stages were investi-
gated in threeMacarangaspecies. Extracts of every individual plant analyzed
for tannins were also tested for their effects on larval growth employing larvae of
the common cutworm (Spodoptera littoralis). The studiedMacarangaspecies
differed significantly in their tannin contents as well as in the effects of their
leaf extracts on the growth ofS. littoralis larvae. A correlation analysis shows
a connection between tannin contents and larval growth. High tannin contents
and, thus more effective chemical defense, were observed in nonmyrmecophytic
Macarangaspecies associated only facultatively with ants as compared to obli-
gate myrmecophytes. Our study supports the hypothesis of a trade-off between
chemical and biotic defense in the genusMacaranga.

Key Words—Ant–plant associations, biotic defense, chemical defense, her-
bivory, Macaranga, tannins.
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INTRODUCTION

Plants face pronounced biotic pressure from phytophagous animals (e.g.,
Marquis and Braker, 1994) and have, therefore, evolved effective biotic and/or
abiotic (physical and chemical) means to counter these pressures in order to en-
hance their fitness (e.g., Adler, 2000). The chemical defenses of plants are highly
diverse (e.g., Rosenthal and Berenbaum, 1991). A widespread form of indirect (bi-
otic) defense is mutualistic interactions with ants (H¨olldobler and Wilson, 1990;
Davidson and McKey, 1993) that defend plants from herbivores (e.g., Schupp,
1986; Fiala et al., 1989, 1991; Gaume et al., 1997; Gaume and McKey, 1999),
from plant pathogens such as fungi (Letourneau, 1998; Heil et al., 1999, 2000,
2001) and, in some cases, even from other competing neighboring plants (Fiala
et al., 1989, 1991). The ants, in turn, benefit from food [extrafloral nectar (for an
overview see: Beattie, 1985; Huxley and Cutler, 1991)] or food bodies produced
by the plants (e.g., Rickson, 1980; Fiala and Maschwitz, 1992a; Heil et al., 1997).

The genusMacaranga(Euphorbiaceae) consists of approximately 250 mainly
pioneer species that occur in the tropics of the Old World (Whitmore, 1969, 1975)
with the center of distribution in (sub-)tropical Asia and the Pacific (Whitmore,
1969, 1975; Fiala, 1996). This genus is known for a wide range of mutualistic
associations with ants, ranging from facultative to strictly obligate ones (Fiala et al.,
1989; Fiala and Maschwitz, 1990). In the nonmyrmecophytic (but myrmecophilic)
species, different opportunistic ant species visit the plants and forage on food
bodies and extrafloral nectar. The plants in turn may gain protection due to the
ants’ foraging behavior. Myrmecophytic species not only produce food but also
permanently house specialized ants in their internodes (so-called domatia) (Fiala
and Maschwitz, 1992b). Here the interaction is obligate for both partners. The ants
protect the plants from phytophagous insects and probably from plant pathogens
(Fiala et al., 1989, 1994; Heil et al., 1999, 2001). A fewMacarangaspecies change
their life-style from myrmecophilic to myrmecophytic at later ontogenetic stages.
This change is accompanied by morphological and physiological alterations. Small
plants with thin, solid stems mainly secrete extrafloral nectar that attracts different
ant species. These species can be colonized by their specific ants only when the stem
diameters increase (e.g., in the case ofM. hosei, at a height of approximately 70 cm).
Colonizable plants subsequently start to produce food bodies and usually reduce
the production of extrafloral nectar (Fiala, 1996; Fiala et al., 1999). The efficacy
of the biotic defense of these different life styles seems to be most pronounced in
myrmecophytic species (Fiala et al., 1994; Heil et al., 2001).

Both means of antiherbivore defense (abiotic defense with physical or chem-
ical means and the biotic defense via mutualistic partners) are metabolically costly
for the plants. For maintenance of the biotic defense, especially the production of
food bodies with their high content of lipids (Rickson, 1980), amino acids and
energy-rich carbohydrates (Heil et al., 1998) have to be provided by the plants.
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Consequently, the number, biomass, and quality of food bodies differs among
Macarangaspecies and is highest in the myrmecophytic species (Heil et al., 1998).
For example, Heil et al. (1997) found an investment in food bodies that accounts
for up to 5% of the total assimilation of myrmecophyticMacaranga trilobaplants.
The production of M¨ullerian bodies in the neotropical ant-plantCecropiaalso
causes significant costs to the plants (Janzen, 1973).

Costs involved in the production of defensive compounds can not be ac-
curately quantified. It is reasonable to assume, however, that the production of
secondary metabolites reduces the amounts of nutrients and photosynthetic prod-
ucts that otherwise could promote growth and reproduction (Simms and Rausher,
1989). Rhoades (1979) postulates a balance between the costs for defense and
the ecological benefit of reduced herbivory. Plants with effective biotic defense
are expected to reduce their investment in abiotic (chemical) defense mechanisms
since an investment in both would be an unnecessary metabolic burden on the
plant (Janzen, 1966; Gershenzon, 1994). Some studies provide support for this
assumption. In neotropical acacias, Rehr et al. (1973) found lower contents of
cyanogenic glycosides in myrmecophytic species in comparison to nonmyrmeco-
phytic ones (but see also Seigler and Ebinger, 1987). Another potential trade-off
between chemical and biotic defenses in neotropical myrmecophytic acacias has
been demonstrated by Heil et al. (2000), who reported reduced chitinase activity
in the myrmecophytesM. triloba andM. hoseicompared to other plant taxa. In
addition, leaves of the myrmecophyticLeonardoxa africanahad lower tannin con-
tents than those of the nonmyrmecophyticL. gracicaulis(Bidal, 1997). According
to Janzen (1973), in the neotropicalCecropia, the lack of latex-bearing ducts is
probably one of the reasons for the herbivore susceptibility following ant removal
experiments.

In the genusMacaranga, there is almost no information regarding a pos-
sible reduction of chemical defense as a result of the symbiotic relationship
with ants. However, regarding resource allocation by the plant into effective
means of biotic defense, such as food bodies or extrafloral nectar, a high invest-
ment of the nonmyrmecophytes into chemical defense should be expected. Turner
(1995), for example, found lower contents of condensed tannins in two myrme-
cophytes (M. hypoleucaandM. triloba) as compared to three nonmyrmecophytic
species employed in this investigation (M. conifera, M. gigantea, andM. heynei).
Nomura et al. (2000) reported a less pronounced abiotic defense in three myrme-
cophytic species compared to two nonmyrmecophytes, as indicated by the growth
performance of cutworm larvae on an artificial diet spiked with the respective
leaf powders. In the same publication, the authors also determined the intensity
of physical defense ofMacarangaspecies by measuring leaf toughness of se-
lected species. Again, the nonmyrmecophytes had tougher leaves than the myrme-
cophytes. In a feeding experiment with fresh leaves, only two of the myrme-
cophytes allowed the development of pupae (Nomura et al., 2000). The diet
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containing plant material of the otherMacarangaspecies analyzed proved lethal
to the larvae. These data support the hypothesis of a more pronounced abiotic
defense in the nonmyrmecophytes compared to myrmecophytic species of the
genusMacaranga. However, no broad comparative phytochemical analyses exist
within the genusMacaranga. For the first time, in this study we tested for sec-
ondary compounds with relevance to antiherbivore defense using 12Macaranga
species, which included three nonmyrmecophytes and nine myrmecophytes (three
of which started their ontogeny as nonmyrmecophytes). In this study, we fo-
cused on tannins, which have previously been shown to be among the secondary
compounds accumulated byMacarangaspecies (Lin, 1993, 1994; Lin et al.,
1990a,b).

METHODS AND MATERIALS

Sampling Sites and Selected Species.Leaves for phytochemical investiga-
tion were collected in Malaysia between September and December 1998. Six
species were collected in the area around the Ulu Gombak Field Studies Centre
of the University of Malaya northeast of Kuala Lumpur (3◦17′ N, 101◦44′ E): the
nonmyrmecophytesM. gigantea, M. heynei, M. tanarius, and the myrmecophytic
M. hullettii, M. triloba, andM. hosei(the latter being colonized only later in its
ontogeny). (M. triloba probably has to be renamedM. bancana, T. C. Whitmore
and S. J. Davies, personal communication.) Plants were mainly found along for-
mer logging roads in secondary forest and along the road to Genting Highlands.
M. pruinosa, which also becomes inhabited by ants at a later stage, was obtained
from a peat swamp forest in the north of Kuala Selangor (3◦24′ N, 3◦44′E). In the
eastern part of Malaysia in the Mount Kinabalu park in Sabah, Borneo (6◦5′N,
160◦33′E), four obligate myrmecophytic species [M. angulata(Davies, 1999),
M. hypoleuca, M. indistincta, M. winkleri] as well as one species with changing
life-style (M. pearsonii) were collected. Plants were identified following Whitmore
(1975). We used the youngest two to six leaves of 1.5- to 2.5-m-high plants. In
three species, additional ontogenetical comparisons were carried out. From the
species with the changing life-style (M. hoseiandM. pruinosa), we also analyzed
young saplings that were not yet inhabited by ants and young trees (M. pruinosa
only). In addition, we studied trees (6–12 m high) ofM. tanarius, which at that de-
velopmental stage produce no more extrafloral nectaries. For the collected species,
leaves from at least 10 individuals (with the exception of the grown-up trees and
not colonizable plants ofM. pruinosawhere five individuals were collected) were
combined for subsequent phytochemical studies.

Myrmecophytes that start their ontogeny as nonmyrmecophytes and are,
therefore, colonized later by ants are referred to as late myrmecophytes, compared
to the early myrmecophytes, which are already colonized as small saplings.
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Processing of Plant Material.Fresh plant material was dried in a drying oven
(40–45◦C) on the peninsula and under a fan in Borneo. It was subsequently stored
in air-tight Ziploc bags over silica gel. Dried leaf material was ground with a mill
and sieved. Nerves of bigger leaves were removed prior to grinding.

Tests for Alkaloids, Cyanogenic Glycosides, and Saponins.To test for other
classes of secondary compounds that might interfere with development of insects,
quick tests for alkaloids, cyanogenic glycosides, and saponins were conducted. For
alkaloids, dried and powdered plant material of one individual of each collected
species was extracted with 20 ml sulfuric acid over night. After filtration, the extract
was alkalized with 25% NH3 (pH 10–11). Extrelut 3 columns (Merck) were used for
eluation of alkaloids with dichloromethane. Thin-layer chromatography (silica gel
60 F254, 0.2 mm; Merck) with Dragendorff spray reagent (German Pharmacopoea,
DAB 9) was used to detect alkaloids. To test for cyanogenic glycosides, the sodium
picrate test (Brinker and Seigler, 1989) was used on fresh plant material of one
individual of each species. To test for hemolytic saponins, a blood agar test was
used on three individuals of each species.

Tannin Quantification.For tannin quantification, the skin-powder method
of the German Pharmacopoea (DAB 7) in combination with photometric quan-
tification using Folin’s reagent was used in a modified way as follows: 0.75 g
plant powder of each individual was extracted with 150 ml hot water (in a wa-
terbath at 90◦C) for 30 min. After cooling to room temperature, the extract was
diluted to 250 ml and filtered. The first 50 ml of each filtrate was rejected in
order to allow for saturation of the filters with tannins. For the determination of
total phenolics, 5 ml of the remaining filtrate was diluted with water to 25 ml.
To 0.5 ml of this solution, 100µl wolframium phosphoric acid was added, and
the mixture was diluted to 5 ml with sodium carbonate solution (15%). Af-
ter 1.5 min, the absorption of the solution was measured atλ 715 nm. In the
same way, the absorption of the remaining phenolics was measured after bind-
ing the tannins to skin powder. 10 ml extract was shaken with 0.1 g skin powder
CRS (European Directorate for the Quality of Medicines, Strasbourg, France)
for 1 hr. For each extract, the content of total phenolics and phenolics, after
removal of tannins, was determined three times. Pyrogallol was used as ref-
erence. Pyrogallol (50 mg) was dissolved in 100 ml water. 5 ml of this solu-
tion were diluted to 100 ml with water, all under light exclusion due to the
light sensitivity of the compound. To 5 ml of the resulting solution, 1 ml wol-
framium phosphoric acid and sodium carbonate solution was added to give a
total of 50 ml. After 1.5 min, the absorption atλ 715 nm was measured. Ab-
sorption of pyrogallol was measured three times for each determination of tannin
content.

The content of the leaf tannin (T =13.12∗ (A1− A2)/AR ∗m) was calculated
from the absorption of the total phenolics (A1), the remaining phenolics (A2), the
reference substance (AR), and the mass of plant material (0.75 g leaf powder) (m).
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In addition, the content of tannins present in two methanolic plant extracts
was measured. Two plants (oneM. heyneiand oneM. triloba with tannin contents
of 30.17% and 2.83%, respectively, as determined in the water extract) were used.
From each plant, 0.75 g powdered leaf material was extracted with an adequate
amount of methanol over 12 hr. The dried methanolic extract was processed by
using the regular skin-powder method for tannin quantification (see above). With
this method theM. heyneiplant specimen showed a content of 23.69%, whereas
virtually no tannins were detected in the extract ofM. triloba.

To prove the linearity of the applied method for tannin quantification, the
water extract of one plant individual was dissolved with water to 25, 50, and
75% of the original concentration. Each concentration was tested in triplicate with
the skin-powder method as described above. This dilution experiment showed a
linear correlation between tannin content and the result of the quantification in the
whole range of results between less than 3% and more than 30% tannins (linear
Spearman Rank correlation;r = 0.99877;N = 4; coefficient: 1.0;P < 0.01) and
thereby proved the suitability of the method.

Extraction for Bioassay.Depending on the amount of plant powder available,
0.5, 1.0, 2.0, or 5.0 g of plant material was extracted three times with 20, 40, 50,
or 100 ml methanol, respectively. The leaf material of severalM. hoseisaplings
had to be combined to get enough crude extract for the bioassay.

Bioassay.For the bioassay, newly hatched caterpillars of the common cut-
worm Spodoptera littoralis(so-called neonates) were used. These polyphagous
pest insects were reared in the laboratory on an artificial diet under controlled
conditions (see Srivastava and Proksch, 1991). A known amount of artificial diet
was treated with the equivalent of 10 mg of crude extract. Each plant individual
was tested with 20 neonates, which fed on the prepared food for eight days. Af-
terwards, the surviving caterpillars were counted and weighed. The survival and
growth rates of the test caterpillars were compared with control larvae that had
been exposed to diet treated with the solvent (methanol) only. Of the seedlings of
M. hosei, only a pool of the collected leaves could be tested withSpodopteradue
to the small amount of plant material. The same pool of dried leaf powder was
extracted three times, and each of the extracts was also tested three times.

In one experiment, the tannin content of the extracts of two plants with a
relatively strong effect on the growth rates of the caterpillars (oneM. triloba and
M. winkleri ) was removed with skin powder prior to incorporation into the diet.
The crude extract equivalent to 0.3 g plant powder was extracted with 60 ml hot
water (following the protocol of the skin-powder method with a smaller amount).
After centrifugation, the water fraction was filled with water to give 100 ml, and
1 g skin powder was added and shaken for 60 min. After filtration the residue was
combined with the remaining methanol residue and freeze dried. For the bioassay
with Spodopteralarvae, 10 mg of each of the two extracts were used and tested
three times.
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As positive control, amounts of 0.25, 0.5, 1.0, 2.0, 3.0, and 4.0 mg pure
tannic acid were tested (three times each) with the bioassay. As expected, the
pure tannic acid in the artificial diets (used instead of plant extracts) also had an
negative effect on the growth ofSpodoptera. The effect was dependent on the
concentration (r = 0.98626) with a nonlinear course.

Statistical Analysis.The tannin contents of theMacarangaplants and the
growth rates of theSpodopteralarvae in the bioassay were compared by using a
univariate ANOVA with the LSD post-hoc test. Correlations between the measured
tannin content and the effects of the plant extracts on the growth of the larvae were
analyzed with Spearman Rank correlation.

RESULTS

Tannin Quantification.Analysis revealed significant differences among the
various species analyzed with regard to tannin contents (Figure 1, univariate
ANOVA: N = 149,P < 0.001). The nonmyrmecophyticM. heynei, in particular,
had strikingly high tannin contents (up to 33% of the dry weight). However, the

FIG. 1. Tannin contents of the investigatedMacarangaspecies: tan= M. tanarius; gig=
M. gigantea; hey= M. heynei; hos= M. hosei; pru= M. pruinosa; pea= M. pearsonii;
tri = M. triloba; hyp= M. hypoleuca; hul = M. hullettii; ang= M. angulata; ind = M.
indistincta; win = M. winkleri; T = adult trees; S= saplings, not colonizable plants.
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myrmecophytic species that start their ontogeny as nonmyrmecophytes (M. hosei
less thanM. pruinosa) had high tannin contents (up to 25% of dry weight) as well.
These proved to be even higher than those from most of the nonmyrmecophytes
(exceptM. heynei). The tannin content ofM. pearsoniifrom the same section was
comparable to that of the majority of the nonmyrmecophytes analyzed (except
M. heynei) and higher than the tannin contents observed for some of the “early”
myrmecophytes (Figure 1). In general, a tendency for lower tannin contents was
observed for the early myrmecophytes when compared to nonmyrmecophytes. Sig-
nificant differences in tannin contents (P< 0.05), however, were only found for
the early myrmecophytesM. triloba, M. hypoleuca, andM. winkleri, compared to
the remaining species analyzed (non-myrmecophytes as well as myrmecophytes).
Within the group of early myrmecophytes, which are already colonized at juvenile
stages of their life cycle, striking differences in tannin contents were found:M.
triloba, M. hypoleuca, andM. winkleri had lower tannin contents when compared
to other early myrmecophytes analyzed (univariate ANOVA;P< 0.05 for each
combination, exceptM. winkleriandM. indistincta; P= 0.270), whereas they did
not differ from each other (P> 0.05).

When comparing different ontogenetic stages ofMacarangaspecies (M.
tanarius, M. hosei, andM. pruinosa), differences of tannin contents were only
found among juvenile plants ofM. tanarius (2 m height) and adult trees (uni-
variate ANOVA; P = 0.011). No such differences were observed among small
saplings ofM. hoseiand already colonizable plants of this species (univariate
ANOVA; P = 0.278) or among the different ontogenetical stages analyzed for
M. pruinosa(univariate ANOVA;P > 0.05 for each combination).

Bioassay.Most Macarangaextracts had a negative effect on the growth of
Spodoptera littoralislarvae as judged from the weights of the treated larvae com-
pared to controls. However, the bioassays also showed differences among the
species analyzed with regard to the extent of reduction of larval growth when com-
pared to controls (Table 1; Figure 2; univariate ANOVA:N = 153, P < 0.001).
These differences are in most cases, paralleled by similar differences in tannin
contents.

Some of theMacarangaspecies analyzed (M. tanarius, M. pruinosa, M. hul-
lettii, andM. angulata) were particularly active in reducing larval growth. However,
the feeding experiments did not reveal a clear correlation between the influence on
larval growth and life form (myrmecophytes versus nonmyrmecophytes). For ex-
ample, within the group of nonmyrmecophytes, the extract ofM. giganteacaused
a lower reduction of larval growth than that observed for the extracts ofM. tanarius
andM. heynei. The myrmecophytes with late colonization showed similar effects
on larval growth compared toM. tanariusand M. heynei. Among the myrme-
cophytes with late colonization,M. pruinosacaused the strongest reduction of
larval growth. The highest growth rates of larvae were found when treated with
extracts of the myrmecophytic species, especially with those ofM. triloba and
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FIG. 2. Growth rates ofSpodoptera littoralislarvae grown on artificial diet treated with
extracts of differentMacarangaspecies (mean growth rate of controls is set to 100%).
Abbreviations as in Figure 1 legend.

M. winkleri. Surprisingly, high growth reduction was caused by extracts of the
myrmecophytesM. angulata, M. hullettii, andM. indistincta.

For some of theMacarangaspecies (e.g.,M. triloba andM. winkleri), con-
siderable intraspecific variability of tannin contents as well as of their effects on
larval growth were found. No significant differences with regard to larval growth
were found when testing extracts derived from different ontogenetic stages ofM.
tanarius, M. hosei, andM. pruinosa(univariate ANOVA;P > 0.05).

Correlation Between Tannin Contents and Influence on larval Growth. There
was a general correlation between the amounts of tannincontentsin the different
Macarangaspecies and the extent to which larval growth was reduced (Figure 3;
N = 136; P < 0.001). This correlation (Figure 4), however, was statistically sig-
nificant only forM. pruinosasaplings that were not colonizable and for larger
plants ofM. pruinosa(N = 5; P < 0.05), M. triloba (N = 11; P < 0.001),M.
indistincta (N = 10; P < 0.05), andM. winkleri (up to 2 m height) (N = 11;
P < 0.001). A relatively strong correlation of tannin contents and larval growth
was also observed for young trees ofM. pruinosa(N = 11; P = 0.066) andM.
tanarius(N = 11;P = 0.066). When a tannin-free extract ofM. triloba (following
removal of tannins with skin powder) was incorporated into the artificial diet and
offered to neonate larvae, the larval growth rate was similar to that of the controls
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FIG. 3. Connection between tannin contents of individualMacarangaplants and growth
rates ofSpodoptera littoralislarvae.

(100%) compared to a growth rate of only 8.4% for the respective extract prior
to tannin removal. A similar result was obtained forM. winkleri (larval growth
rate of 4.5% compared to 100% following removal of tannins). Both chosen plants
originally had the strongest effect on larval growth of the respective species.

Tests for Presence of Alkaloids, Cyanogenic Glycosides and Saponins.Be-
sides tannins,Macarangaspecies were also tested for alkaloids, cyanogenic gly-
cosides, and saponins. A weak indication for the presence of alkaloids (following
spraying of TLC plates with Dragendorff reagent) was only found forM. tanarius
andM. winkleri, whereas no hints for the presence of cyanogenic glycosides or
saponins could be obtained for any of the species analyzed.

DISCUSSION

Consumption of tannins by herbivores is generally associated with depressed
growth rates and reduced efficiency of food utilization (Hagerman and Butler,
1991). In Coley’s (1986) studies ofCecropia peltata, leaf tannin concentrations
were negatively correlated with herbivory rates on seedlings and also with the
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FIG. 4. Connection between mean tannin contents of analyzedMacarangaspecies and
mean growth rates ofSpodoptera littoralislarvae: Abbreviations as in Figure 1 legend.

number of newly produced leaves. High tannin levels also reduced herbivory in
Psychotria horizontalisand were negatively correlated with growth, suggesting
metabolic costs for tannin production (Sagers and Coley, 1995). It was also sug-
gested that tannins play an important role in the defense of plants against bacterial
or fungal infections (Bernays et al., 1989).

Some of theMacarangaspecies investigated in our study are extremely rich in
tannins, exhibiting tannin contents≥30% dry weight of leaves (Figure 1). Tannin-
rich extracts ofMacarangaspecies severely depressed the growth of larvae of
Spodoptera littoralisthat were used as experimental insects in this study despite
their well-known tolerance of many plant secondary compounds (Figure 2). This
effect could be reversed by the removal of tannins from the extracts, leading to
larval growth rates comparable to those of control larvae.

In general, there was a negative correlation between larval growth rates and
the tannin contents ofMacarangaspecies (Figure 3), even though this negative cor-
relation was not significant for every species studied (Figure 4). For some species
(e.g.,M. angulata), the reduction of larval growth was stronger than originally
expected based on the analyzed tannin contents. Even though tannins play a major
role in the chemical defense ofMacarangaspecies (as shown in the tannin removal
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experiment), it can not be excluded that other secondary compounds contribute
to their defense. Tests for the presence of alkaloids, cyanogenic glycosides, and
saponins with hemolytic activity inMacarangaconsistently gave negative or in-
conclusive results. For a second group ofMacarangaspecies (e.g.,M. gigantea),
larval growth rates were higher than expected from their respective tannin contents.
It is possible that qualitative differences in the different species are responsible
for this unexpected result. In this context, it is interesting to note that Ayres et al.
(1997) reported differences in tannin structure among congeneric plant species that
were responsible for differences of antiherbivore activity of the respective tannins.

When the tannin contents of the variousMacarangaspecies were analyzed
with regard to their respective life forms, it became obvious that most of the early
myrmecophytes had lower tannin contents than those observed for the nonmyrme-
cophytes (Figure 1) although these differences were not significant for every pair
of species studied. Superior growth performance ofSpodopteralarvae on an arti-
ficial diet spiked withMacarangaleaf powder from myrmecophytic species com-
pared to leaf powder from nonmyrmecophytes was also reported by Nomura et al.
(2000), who studied three myrmecophytic and two nonmyrmecophytic species.
Two of them,M. winkleri andM. gigantea, were also treated in our study. Un-
fortunately, our results are not directly comparable to those of Nomura et al.
(2000), since they used different amounts of dried leaf powder (based on leaf area
rather than on dry weight) in the artificial diets. The highest amounts of leaf pow-
der incorporated into artificial diet originated from the nonmyrmecophytic species
(Nomura et al., 2000), which might have biased the results obtained (higher growth
rates on extracts from myrmecophytic species compared to extracts from non-
myrmecophytic species). Nomura et al. (2000) correlated their cutworm survival
results on artificial diet treated with one of the three myrmecophytic species ana-
lyzed with the intensity of the biotic defenses of the respective species. In another
study (Itioka et al., 2000), the myrmecophytic species recorded to be most inten-
sively defended by ants (M. winkleri) had the weakest effect on larval survival.
In our investigation, which covers several species with the same ant inhabitants,
a more complex pattern than that reported by Nomura et al. (2000) emerges. We
found high tannin content and indications for more intense chemical defense in
M. hypoleuca, a sister species toM. beccarianaused in the studies mentioned
above. Both plants are inhabited by the same morphospecies [Fiala et al., 1999
(probably Crematogaster decamera)]. However, otherMacarangaspecies an-
alyzed in our study and inhabited by the same ant species (Fiala et al., 1999)
show different tannin contents and vary with regard to their influences on lar-
val growth. Thus, our study, with its large sample sizes of 10 or 11 plants from
13 species, revealed a more differentiated picture, even within the group of myrme-
cophytes.

The myrmecophytes from our study that are colonized by ants only at later
stages of their ontogeny (with the exception ofM. pearsonii) had strikingly high
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contents of tannins compared to the early myrmecophytes and to the nonmyrme-
cophytic species (Figure 1). The former species apparently do not rely as heavily
on biotic defense by ants as compared to the early myrmecophytes.M. pruinosa,
which belongs to the group of late myrmecophytes and has an exceptionally high
tannin content, features a rather low percentage of ant inhabitation even at later
ontogenetic stages, when its stem structure would, in principle, allow colonization
(Fiala et al., 1999).M. hoseiandM. pearsonii, however, which had a lower tannin
content thanM. pruinosa, are usually inhabited by ants as soon as colonization is
possible. Interestingly, investment into ant food (nutrient value of food bodies) was
lowest inM. pruinosawhen compared to other late myrmecophytes (Heil et al.,
1998).

The theory of optimal defense postulates a protection of plant parts or tissues
in relation to their value to the plant (Rhoades, 1979). The resource availability
hypothesis (Coley et al., 1985) predicts a pattern of defense corresponding to the
supply of nutrients and light at the plants’ location. At locations rich in resources
(e.g., light and/or nutrients), plants are able to compensate for tissue losses caused
by herbivores more easily. Furthermore, following Herms and Mattson (1992),
there is competition between biosynthetic pathways involved in growth (primary
metabolism) and the production of secondary metabolites. According to these the-
ories, plants pursue different strategies: depending on resource availability and
growth rates, plants may be able to compensate for tissue losses caused by her-
bivory by increased biomass production or by protection through physical means
and/or secondary metabolites or, as in the case of ant plants, by mutualistic ants.
In a comparative study of three pairs of pioneer and forest gap species inCecropia
myrmecophytes, Folgarait and Davidson (1994) report faster plant growth and
higher investment in biotic defense in pioneer species than in gap species, which
possess longer-lived and tougher leaves. These considerations complicate the inter-
pretation of results obtained in our study onMacaranga. Interspecific differences
with regard to plant growth rates and with regard to the amounts of macronutrients
present in leaves (N, S, P, C) were found among threeMacarangaspecies from
one study site: for example,M. tanariushas a growth rate that is two times higher
than that ofM. triloba and three times higher than that ofM. hosei(Heil, 1998).M.
giganteaalso grows fast (Davies, 1996; Fiala, unpublished results). These findings
could serve as an adequate explanation for the rather low tannin contents in the
high disturbance pioneersM. tanariusandM. giganteacompared to myrmeco-
phytic species such asM. angulata, M. hullettii, andM. indistincta, which grow
in less disturbed forests.

In conclusion, our results indicate a tendency for a trade-off between chemical
and biotic defense inMacarangaspecies featuring different life forms. As Heil
et al. (1997, 1998) demonstrated, myrmecophytic plants invest more of their photo-
synthetic assimilates, i.e. sugars, into nutrition for ants and thus into biotic defense.
Metabolic costs of nutrition of defending ants can be quite high (Heil et al., 1997),
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but, on the other hand, defense by specific, obligate ant inhabitants seems to be
efficient and fulfills a number of different defense functions for the plants. Thus,
metabolic costs for additional chemical defense can be reduced. The differences
in tannin contents of juvenile and mature trees ofM. tanarius (Figure 1) also
point to a change of resource allocation. Leaves become smaller and tougher as
the plants mature. Nitrogen and phosphate contents decrease but carbohydrates
increase with age (Heil, 1998). In larger trees ofM. tanarius, the development of
extrafloral nectaries ceases and the opportunistic ants no longer visit these plants
(Fiala and Maschwitz, 1991). The investment of these plants seems to shift from
biotic towards abiotic defense.

In some of the analyzed species, especially inM. triloba andM. winkleri,
we found remarkable intraspecific variation of tannin contents (Figure 1), which
might be due to different resource qualities but may also reflect genetic differences.
Perhaps these species are particularly euryotopic, i.e., they can be found at locations
differing widely with regard to their resources. As predicted by the C/N balance
hypothesis (Bryant et al., 1983; Folgarait and Davidson, 1994, 1995), intraspecific
differences in defenses can be caused by different resource qualities since an excess
of carbon (caused by a high light regime at the plants location) compared to other
nutrients (mainly nitrogen) can promote the carbon-based defense (like the tannins
investigated in this study) of the plant.

Macarangais a genus with a remarkable diversity of ecophysiological and
life-history attributes, with variation even among sympatric species (Davies, 1998).
This diversity strongly contrasts with the lack of molecular differentiation, espe-
cially in the group of obligate myrmecophytes (sectionPachystemons. stricto)
(Davies, 1996; Blattner et al., 2001). Apparently, these species share close phylo-
genetic relationships but have diverged ecologically. Our study shows a great deal
of intrageneric variation among the defensive mechanisms in this genus. Mutual-
istic relationships with ants may have contributed to this diversity.
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Abstract—The taste responsiveness of six squirrel monkeys, five pigtail
macaques, four olive baboons, and four spider monkeys to polycose, a starch-
derived polysaccharide, was assessed in two-bottle preference tests of brief du-
ration (2 min). In experiment 1, the monkeys were given the choice between
tap water and defined concentrations of polycose dissolved in tap water. In ex-
periment 2, the animals were given the choice between polycose and sucrose,
fructose, glucose, lactose, and maltose presented in equimolar concentrations
of 100 and 200 mM, respectively. The animals were found to prefer concentra-
tions of polycose as low as 10 mM (pigtail macaques), 30 mM (olive baboons
and spider monkeys), and 60 mM (squirrel monkeys) over tap water. Relative
taste preferences were stable across the concentrations tested and indicate an
order of relative effectiveness (sucrose> polycose≥maltose) in squirrel mon-
keys, spider monkeys, and olive baboons that is similar to the order of relative
sweetness in humans. Pigtail macaques, however, displayed an order of relative
effectiveness (maltose> polycose≥ sucrose) that differs markedly from that
found in the other primate species tested and is similar to relative taste pref-
erences found in rodents such as rats. Both the high sensitivity of the pigtail
macaques to polycose and their vivid predilection for this polysaccharide and its
disaccharide constituent maltose suggest thatMacaca nemestrina, unlike other
primates, but like rodents, may have specialized taste receptors for starch.

Key Words—Gustatory preference thresholds, relative taste preferences,
polycose.

*To whom correspondence should be addressed; e-mail: Laska@imp.med.uni-muenchen.de

1997

0098-0331/01/1000-1997$19.50/0C© 2001 Plenum Publishing Corporation



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344812 September 26, 2001 11:18 Style file version Nov. 19th, 1999

1998 LASKA, KOHLMANN, SCHEUBER, SALAZAR, AND LUNA

INTRODUCTION

Carbohydrates, in the form of sugar and starch, represent a major source of
metabolic energy for a great number of animal species. With the exception of
some fruits, plants usually contain much more starch than sugar (Hizukuri, 1996).
However, whereas taste perception of sugars has been the subject of considerable
research at both the behavioral and the electrophysiological level in a variety of
species (Spector, 2000), studies on the taste of starch have been restricted to the rat.
One possible reason for this bias may be the fact that sugars have a highly attractive
taste both for humans and many other species, whereas starch has a rather bland
taste for humans and has been assumed to be tasteless and, thus, unattractive to
other animals as well (Kare, 1971; Pfaffmann, 1977).

Comparative studies of sugar taste sensitivity and preference have revealed
marked differences among species. With regard to sensitivity, for example, pref-
erence thresholds for sucrose may differ by more than two orders of magnitude,
even between closely related species belonging to the same order of mammals,
such as the spider monkey and the slow loris (Laska et al., 1996; Glaser, 1986).
While many species display a strong preference for the taste of sugars, others,
such as cats and chickens, are indifferent to soluble carbohydrates (Kare, 1971;
Beauchamp et al., 1977). Species have also been found to differ in their relative
preference for individual sugars. Among species that prefer sucrose, some, such as
rats, spiny mice, and gerbils, show a preference for maltose, while others, such as
dogs, armadillos, or cows, are either indifferent or averse to maltose (Kare, 1971;
Feigin et al., 1987).

In contrast to the wealth of knowledge about differences among species
regarding their responsiveness to sugars, little is known as to whether species also
differ in their sensitivity and preference for starch and other polysaccharides.

In a series of landmark studies, Sclafani and coworkers have shown that rats
are strongly attracted to starch and starch-derived polysaccharides such as polycose
(Sclafani and Clyne, 1987). Further, they showed that rats have a markedly lower
taste preference threshold for polycose than for sugars such as sucrose (Sclafani
and Nissenbaum, 1987), and that, at least at concentrations up to 300 mM, they
clearly prefer this polysaccharide to sucrose and other mono- or disaccharides
(Sclafani and Mann, 1987). These results, along with other findings, led the au-
thors to conclude that rats have two types of carbohydrate taste receptors, one
for polysaccharides and one for sucrose, which produce qualitatively distinct gus-
tatory sensations (Nissenbaum and Sclafani, 1987). Recent electrophysiological
studies lend support to this idea, as they have demonstrated the neural activity
profile of the rat evoked by polycose and other starch-derived polysaccharides to
be markedly different from those of other taste stimuli termed sweet by humans
(Giza et al., 1991; Sako et al., 1994).
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The presumed function of polysaccharide taste receptors is to facilitate the
identification of starch-rich foods (Sclafani, 1991). This latter supposition is sup-
ported by findings that showed other rodents, such as gerbils, hamsters, and spiny
mice, which also feed on grains and other parts of plants containing high amounts
of starch, display similar preferences for polysaccharides as rats (Feigin et al.,
1987; Rehnberg et al., 1996).

Given the paucity of data on taste sensitivity and preference for polysaccha-
rides in species other than rodents, we decided to test the gustatory responsive-
ness of four species of nonhuman primates to polycose. This highly water-soluble
mixture of glucose chains withα-1,4 linkages (2% glucose, 7% maltose, 55%
maltooligosaccharides of 3–10 glucose units, and 36% maltopolysaccharides of
>10 glucose units) is produced from an acid enzyme hydrolysis of corn starch and,
apart from its frequent use as a taste stimulus in studies of gustatory performance
in rodents, it is also used as a dietary supplement in humans.

The four primate species employed here, squirrel monkeys, spider mon-
keys, olive baboons, and pigtail macaques, are known to differ—at least to some
degree—in their dietary habits (Clutton-Brock and Harvey, 1977; Caldecott, 1986;
Chapman, 1987; Ross, 1992), allowing us to address the question of whether pos-
sible differences in taste responsiveness to polysaccharides in nonrodent mammals
may reflect an evolutionary adaptation to dietary specialization.

Thus, the aims of the present study are threefold: (1), to assess whether differ-
ent species of nonhuman primates are attracted to polycose; (2), to determine taste
preference thresholds for this substance as a first and conservative approximation of
gustatory sensitivity; and (3), to assess relative preferences for this polysaccharide
in direct comparison with five food-associated mono- and disaccharides.

The possibility of including two New World primate species and two Old
World primate species in this study allowed us to address additionally the question
of whether the degree of phylogenetic relatedness rather than dietary specialization
may affect the taste responsiveness of nonhuman primates to polysaccharides.

METHODS AND MATERIALS

Animals.Testing was carried out with six male adult squirrel monkeys (Saimiri
sciureus), two male and three female adult pigtail macaques (Macaca nemestrina),
two male and two female adult olive baboons (Papio hamadryas anubis), and one
male and three female adult spider monkeys (Ateles geoffroyi). Animals of all four
species were housed as social groups in enclosures with adjacent single cages that
could be closed by sliding doors to allow temporary separation of animals for
individual testing [for details of maintenance see Laska (1996, 2000) and Laska
et al. (1996, 1999a,b)]. Animals were fed commercial monkey chow, fresh fruit,
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and vegetablesad libitum but were deprived of water overnight before testing
on the following morning. The amount of food offered daily to the animals was
such that leftovers were still present on the floor the next morning and, thus, it was
unlikely that ravenous appetite affected the animals’ ingestive behavior in the tests.

Procedure.Gustatory responsiveness to polycose (reagent grade, Ross Prod-
ucts, Columbus, Ohio) was assessed by using a two-bottle preference test of short
duration (Richter and Campbell, 1940). Twice each day, approximately 1 and 2 hr
before feeding, the animals were separated and allowed 2 min to drink from a pair
of simultaneously presented graduated cylinders with metal drinking spouts.

In experiment 1, monkeys were given a choice between tap water and
defined concentrations of polycose dissolved in tap water. Testing started at a con-
centration of 200 mM and proceeded in the following steps (100, 50, 20, 10 mM,
etc.) until the animals failed to show a significant preference. Subsequently, inter-
mediate concentrations were tested in order to determine the preference threshold
value more exactly. To keep up the animals’ motivation and willingness to coop-
erate, testing did not follow a strict descending staircase procedure but followed a
pseudorandomized scheme in which trials with high and, thus, presumably readily
perceptible and attractive concentrations of polycose were alternated with low and
presumably less attractive concentrations.

In experiment 2, monkeys were given a choice between equimolar concen-
trations of polycose and sucrose, fructose, glucose, maltose, and lactose (reagent
grade, Merck, Darmstadt, Germany). In order to assess whether preferences are
stable at different concentration levels, two test series were performed at 100 and
200 mM, respectively.

In both experiments, each pair of stimuli was presented 10 times, and the po-
sition of the stimuli was randomized in order to counterbalance possible position
preferences. All animals had served in previous studies using the same method
(Laska, 1994, 1996, 1997, 1999, 2000; Laska et al., 1996, 1998, 1999a,b, 2000).
They were trained to enter the single cages voluntarily and were completely ac-
customed to the procedure.

The experiments reported here comply with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health Publication no. 86-23, revised
1985) and also with current German and Mexican laws.

Data Analysis.For each animal, the amount of liquid consumed from each
bottle was recorded, summed for the 10 test trials with a given stimulus combi-
nation, converted to percentages (relative to the total amount of liquid consumed
from both bottles), and 66.7% (i.e., 2/3 of the total amount of liquid consumed)
was taken as the criterion of preference. This rather conservative criterion was
chosen for reasons of comparability of data, as the same criterion had been used
in previous studies using the same method with the same primate species (Laska,
1994, 1996, 1997, 1999, 2000; Laska et al., 1996, 1998, 1999a,b, 2000), and in
order to avoid misinterpretation of data due to a too-liberal criterion.
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Additionally, two-tailed binomial tests (Siegel and Castellan, 1988) were
performed, and an animal was only regarded as significantly preferring one of the
two stimuli if it reached the criterion of 66.7% and consumed more from the bottle
containing the preferred stimulus in at least 8 of 10 trials (binomial test,P< 0.05).

Preliminary analysis of the data indicated that there were no reliable differ-
ences in choice behavior and liquid consumption between the males and females
of a species nor between the first and the second presentation of the day. Intrain-
dividual variability in the amount of liquid consumed across the 10 test trials with
a given stimulus combination was low and averaged less than 20%. Thus, a the-
oretically possible bias in the overall preference score due to excessive drinking
in aberrant trials did not occur. Therefore, the data for the males and females of
a species obtained in the 10 test trials were combined and are reported as group
means and standard deviations.

Comparisons of the rank order of preference for the five saccharides tested
across species and concentrations, respectively, were made by calculating Spear-
man rank-order correlation coefficients (rs), which were tested for significance by
computingz scores (Siegel and Castellan, 1988).

RESULTS

Experiment 1.Figure 1 shows the taste preference thresholds for polycose to
be 10 mM in the pigtail macaques, 30 mM in the spider monkeys and the olive
baboons, and 60 mM in the squirrel monkeys. All animals of a given species signif-
icantly discriminated these concentrations from tap water, and in some cases single
individuals even scored slightly lower preference threshold values. All animals,
however, failed to show a significant preference for the lowest concentrations pre-
sented, suggesting that the preference for higher concentrations was indeed based
on the chemical nature of the stimulus. In most cases, interindividual variability
of scores was low for both sub- and suprathreshold concentrations tested (cf. SDs
in Figure 1).

Across-species comparisons of the degree of preference for polycose dis-
played by the four primate species showed that at concentrations of 50, 100, and
200 mM, respectively, the pigtail macaques were more attracted to the polysac-
charide than the other species.

Experiment 2. Figure 2 shows the mean group preferences of the four primate
species given a choice between polycose and maltose, sucrose, fructose, glucose,
and lactose, presented at equimolar concentrations of 100 mM.

Squirrel monkeys significantly preferred sucrose and fructose over polycose
and showed a trend to prefer polycose over maltose, glucose, and lactose that fell
short of statistical significance. Spider monkeys significantly preferred sucrose
and fructose over polycose, polycose over glucose and lactose, and showed a
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FIG. 1. Taste responsiveness of six squirrel monkeys, five pigtail macaques, four spider
monkeys, and four olive baboons to aqueous solutions of polycose tested against tap water.
Each data point represents the mean value (±SD) of 10 test trials of 2 min per animal.

nonsignificant trend to prefer polycose over maltose. Olive baboons significantly
preferred sucrose over polycose; polycose over maltose, glucose, and lactose; and
showed a nonsignificant trend to prefer polycose over fructose. Pigtail macaques
significantly preferred maltose over polycose; polycose over fructose, glucose,
and maltose; and showed a trend to prefer polycose over sucrose that fell short of
statistical significance.

Interindividual variability within a given species was remarkably low, as can
be inferred from the small SDs, and with only few exceptions all animals of a
species either reached the criterion of preference (>66.7% of total consumption,
plus binomial test,P < 0.05) in a given task or all failed to do so.
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FIG. 2. Relative taste preferences of six squirrel monkeys, five pigtail macaques, four spider
monkeys, and four olive baboons given a choice between aqueous solutions of polycose
and sucrose, fructose, glucose, maltose, and lactose presented at equimolar concentrations
of 100 mM. The shaded portion of a bar indicates the preference for a given saccharide and
the white portion of a bar indicates the preference for polycose. Each bar represents the
mean value (±SD) of 10 test trials of 2 min per animal.

Across-species comparisons of the patterns of preferences displayed by the
four primate species showed that the preference rankings of squirrel monkeys,
spider monkeys, and olive baboons for the five mono- and disaccharides tested
against polycose were the same (sucrose> fructose> maltose> glucose>
lactose) and, thus, significantly correlate with each other (Spearman,P < 0.05 for
all pairs). The preference ranking of pigtail macaques for the same sugars tested
against polycose (maltose>sucrose> fructose> lactose>glucose) was markedly
different from that of the other three species (Spearman,P > 0.05 for all pairs).

Figure 3 shows the mean group preferences of the four primate species given
a choice between equimolar concentrations (200 mM) of polycose and maltose,
sucrose, fructose, glucose and lactose.

Squirrel monkeys significantly preferred sucrose and fructose over polycose
and failed to show any preference in the combinations of polycose versus maltose,
glucose, and lactose. Spider monkeys significantly preferred sucrose over polycose,
polycose over glucose and lactose, and showed a nonsignificant trend to prefer
fructose and maltose over polycose. Olive baboons significantly preferred sucrose
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FIG. 3. Relative taste preferences of six squirrel monkeys, five pigtail macaques, four spider
monkeys, and four olive baboons given a choice between aqueous solutions of polycose
and sucrose, fructose, glucose, maltose, and lactose presented at equimolar concentrations
of 200 mM. The shaded portion of a bar indicates the preference for a given saccharide and
the white portion of a bar indicates the preference for polycose. Each bar represents the
mean value (±SD) of 10 test trials of 2 min per animal.

over polycose, polycose over glucose and lactose, and showed a nonsignificant
trend to prefer polycose over maltose and fructose. Pigtail macaques significantly
preferred polycose over fructose, glucose, and maltose and showed a trend to prefer
maltose and sucrose over polycose that fell short of statistical significance.

Interindividual variability within a given species was remarkably low as
can be inferred from the small SDs, and, with only few exceptions, all animals
of a species either reached the criterion of preference in a given task or all failed to
do so.

Across-species comparisons of the patterns of preferences displayed by the
four primate species revealed that the preference rankings of squirrel monkeys, spi-
der monkeys, and olive baboons for the five mono- and disaccharides tested against
polycose were the same (sucrose> fructose>maltose> glucose> lactose) and,
thus, significantly correlate with each other (Spearman,P < 0.05 for all pairs),
whereas the preference ranking of the pigtail macaques for the same sugars tested
against polycose (maltose>sucrose> fructose> lactose>glucose) was markedly
different from that of the other three species (Spearman,P > 0.05 for all pairs).
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Within-species comparisons of the patterns of preference across the two con-
centrations tested revealed that the preference rankings of all four primate species
for the five mono- and disaccharides tested against polycose remained the same at
100 mM and 200 mM and thus correlate significantly with each other (Spearman,
P < 0.05 for all four pairs).

There was, however, a general trend (16 of 20 cases) for the preferences to
be less pronounced with the higher concentration tested (200 mM) compared to
the lower concentration (100 mM).

DISCUSSION

Table 1 compares the taste preference threshold values for polycose obtained
in the present study with those for maltose and sucrose obtained with the same
method in the four primate species tested here, with those of other mammalian
species obtained by using a similar method, and with detection or recognition
threshold values obtained for humans, with psychophysical procedures. A com-
parison of the preference threshold values for polycose showsMacaca nemestrina
to be the most sensitive nonhuman primate species tested so far. Remarkably, their
preference threshold value for this polysaccharide is even lower than the recogni-
tion threshold value of humans (Hettinger et al., 1996) in which, to the best of our

TABLE 1. TASTE PREFERENCETHRESHOLDS FORPOLYCOSE,
MALTOSE, AND SUCROSE INFOUR PRIMATE SPECIESTESTED

AND IN OTHER MAMMALIAN SPECIES

Threshold (mM)

Species Polycose Maltose Sucrose

Saimiri sciureus1,2a 60 90 10
Ateles geoffroyi1,3 30 20 3
Papio hamadryas anubis1,4 30 20 10
Macaca nemestrina1,5 10 10 10
Rattus norvegicus6 0.1 2.5 2.6
Rattus norvegicus7 <1 5 5
Meriones unguiculatus7 5 >10 5
Mesocricetus auratus7 <1 >10 >10
Acomys cahirinus7 5 10 >10
Homo sapiens8,9 30 38 10

a1Present study,2Laska (1996),3Laska et al. (1996),4Laska et al.
(1999),5Laska (2000),6Sclafani and Nissenbaum (1987),7Feigin
et al. (1987),8Hettinger et al. (1996), study established a recognition
threshold for polycose,9ASTM (1973) study established detection
thresholds rather than preference thresholds for maltose and sucrose.
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knowledge, no proper detection threshold value has been determined. More impor-
tantly, pigtail macaques are the only primate species tested so far whose preference
threshold value for polycose and maltose is as low as that for sucrose. Thus, they
differ from the other primates tested that all, including humans, display lower
thresholds for sucrose compared to polycose and its disaccharide constituent mal-
tose. The pattern of preference threshold values displayed by the pigtail macaques
for these three saccharides is similar to that reported in rodents such as rats, ham-
sters, gerbils, and spiny mice, which all have been shown to be at least as sensitive
to polycose and maltose as to sucrose (Sclafani and Nissenbaum, 1987; Feigin
et al., 1987).

The reliability of the preference thresholds established here is supported by
one of the few earlier studies that assessed taste responses of nonhuman primates to
polycose. Using 24-hr solution versus water tests, Sunderland and Sclafani (1987)
reported that squirrel monkeys prefer polycose over water at concentrations of 100
and 200 mM, but not at 10 and 50 mM. Bonnet macaques prefer this polysaccharide
over water at all four concentrations.

Although all rodent species tested so far show lower preference threshold val-
ues for polycose than the pigtail macaques and, thus, all primates tested here, the
similarity in the across-substance patterns of sensitivity betweenMacaca nemest-
rina and rats, hamsters, gerbils, and spiny mice (cf. Table 1) suggests that this
primate species, and perhaps also other members of the genusMacaca, may have
specialized taste receptors for starch and starch-derived polysaccharides that other
primates are thought to lack (Sclafani, 1991).

This supposition is supported by our findings in the second experiment.
Table 2 compares the relative taste preferences for suprathreshold concentrations
of polycose, maltose, and sucrose in the four primate species tested here with those
of other mammalian species obtained with the same or a similar method and with
ratings on relative sweetness obtained in humans with psychophysical procedures.

Squirrel monkeys, spider monkeys, and olive baboons clearly preferred su-
crose over equimolar concentrations of polycose and maltose and, thus, show a
pattern of relative preferences that is similar to the ranking of relative sweetness of
these three saccharides found in humans (Feigin et al., 1987). Pigtail macaques, in
contrast, were at least as attracted to the polysaccharide and its disaccharide con-
stituent as to sucrose. Their pattern of relative preferences is similar to that found
in rats. Using solution versus solution tests of brief duration, a method almost
identical to the one employed here, Sclafani and Mann (1987) showed that, at
concentrations of 30, 100, and 300 mM,Rattus norvegicusprefers polycose and
maltose over sucrose and that this ranking of relative preference is reversed only
when presenting the saccharides at equimolar concentrations of 500 mM.

The reliability of the relative preferences reported here is supported by ear-
lier studies that assessed relative taste preferences for food-associated mono- and
disaccharides in squirrel monkeys (Laska, 1997), spider monkeys (Laska et al.,
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TABLE 2. RELATIVE TASTE PREFERENCES FORPOLYCOSE, MALTOSE,
AND SUCROSE INFOUR PRIMATE SPECIESTESTED AND IN OTHER

MAMMALIAN SPECIES

Species and concentration (mM) Rank order of preference

Saimiri sciureus1a

100 sucrose> polycose≥ maltose
200 sucrose> polycose= maltose

Ateles geoffroyi1

100 sucrose> polycose≥ maltose
200 sucrose≥ maltose≥ polycose

Papio hamadryas anubis1

100 sucrose> polycose> maltose
200 sucrose> polycose≥ maltose

Macaca nemestrina1

100 maltose> polycose≥ sucrose
200 maltose= polycose= sucrose

Rattus norvegicus2

30 polycose> maltose> sucrose
100 polycose≥ maltose≥ sucrose
300 polycose≥ sucrose≥ maltose
500 sucrose> maltose≥ polycose

Saimiri sciureus3

100 sucrose> maltose= polycose
Macaca radiata3

100 polycose= maltose= sucrose
Homo sapiens4

100 sucrose> maltose= polycose
200 sucrose> maltose> polycose

a1Present study,2Sclafani and Mann (1987),3Sunderland and Sclafani (1988),
4Feigin et al. (1987) study established relative sweetness rather than preference.

1998), and pigtail macaques (Laska, 2000). Using the same method as in the
present study, i.e., solution versus solution tests of brief duration,Saimiri sciureus
andAteles geoffroyipreferred sucrose over maltose at equimolar concentrations
of 50, 100, 200, and 400 mM, respectively, whereasMacaca nemestrinapreferred
maltose over sucrose at all four concentrations.

In line with these findings, Sunderland and Sclafani (1987) reported that
squirrel monkeys showed a significantly higher degree of preference for sucrose
than for polycose or maltose in 24-hr solution versus water tests using concen-
trations of 10, 50, 100, and 200 mM, respectively, whereas bonnet macaques dis-
played preferences for maltose and polycose that were at least as strong as those
for sucrose.

The question arises as to possible reasons why the pigtail macaques differ
from the other primates tested in their responsiveness to polycose. Old World
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primates and New World primates have been shown to differ in their ability to
perceive substances such as aspartame and thaumatin, which both taste sweet to
humans, suggesting that phylogenetic relatedness might account for differences
or correspondences in taste perception among species (Glaser, 1993). However,
in the present study, olive baboons, an Old World primate species like the pigtail
macaques, showed the same pattern of relative preferences for polycose as squirrel
monkeys and spider monkeys, two New World primate species. Thus, it seems
unlikely that membership in one of these taxa is responsible for the observed
differences among species.

Differences in dietary habits have been shown repeatedly to provide plausi-
ble explanations for differences in taste performance among species (Kare, 1971;
Pfaffmann, 1977). Among New World primates, for example, the degree of fru-
givory has been found to correlate positively with sensitivity to food-associated
mono- and disaccharides (Laska, 1996). This seems to make sense in terms of
optimal foraging theory, as frugivorous species rely on soluble carbohydrates to
meet their energy requirements more than nonfrugivores (Laska et al., 1996).

Sclafani (1991) proposed that the high sensitivity and preference for polycose
and other starch-derived polysaccharides observed in the rat may also be explained
by dietary habits. Anatomical features such as teeth and gut morphology suggest
that members of the genusRattusare primarily granivorous, i.e., they feed on a
starch-rich diet, lending support to this hypothesis. Although considerable infor-
mation on the dietary habits of the four primate species employed in the present
study are at hand (Clutton-Brock and Harvey, 1977; Caldecott, 1986; Chapman,
1987; Ross, 1992), no definitive conclusions can be drawn at to whether differences
in feeding specializations may account for the observed differences in polycose
responsiveness, because unfortunately, none of the studies reported the propor-
tion of starch-rich plants in the diet of any species. Furthermore, pigtail macaques
do not seem to differ markedly in the proportion of fruits and seeds in their diet
(72% of total intake) from olive baboons (63%) and spider monkeys (80%), but
only from squirrel monkeys (26%) (Clutton-Brock and Harvey, 1977). Using the
proportion of animal matter in the diet as an indicator of the maximally possible
proportion of starch-containing plants also shows the squirrel monkey (72%) to
be markedly different from the other three species (1–10%), (Clutton-Brock and
Harvey, 1977), but nevertheless the squirrel monkeys showed the same pattern of
relative preference for polycose as the spider monkeys and the olive baboons. Thus,
the ultimate reason for the observed differences in polycose responsiveness be-
tween pigtail macaques and olive baboons, spider monkeys, squirrel monkeys, and
humans remains elusive. One can speculate, however, as to the possible proximate
reason.

In addition to behavioral studies measuring voluntary intake of sapid so-
lutions, two lines of evidence lend further support to the idea that rats have
specialized taste receptors for starch and stach-derived polysaccharides. Firstly,
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studies using conditioned taste aversion paradigms showed that rats display lit-
tle cross-generalization between polycose and sucrose, but some degree of cross-
generalization between polycose and its disaccharide constituent maltose
(Nissenbaum and Sclafani, 1987; Sako et al., 1994). Similar results were obtained
using the same method in the hamster, another rodent species that cross-generalized
between glycogen and maltose, but not between glycogen and sucrose (Rehnberg
et al., 1996). A more recent study showed cross-generalization between sucrose
and polycose in the same rodent species, suggesting that the two substances share
common perceptual taste characteristics (Formaker et al., 1998). Secondly, elec-
trophysiological studies have shown that the rat’s chorda tympani responses to
sugars were strongly suppressed by gurmarin, an antisweet peptide, whereas this
substance had essentially no effect on polycose responses (Sako et al., 1994). Ap-
plication of KHCO3 onto the rat’s tongue enhanced chorda tympani responses to
sugars, but not to polycose (Sako et al., 1994). In line with these findings, single
unit activity in the nucleus tractus solitarius of the rat in response to polycose was
markedly different from that in response to substances representing the traditional
four basic taste qualities (Giza et al., 1991).

To the best of our knowledge, studies on conditioned taste aversion using
polycose in nonhuman primates have not been performed, but findings from elec-
trophysiological studies in cynomolgus and rhesus macaques lend some support to
the idea that members of the genusMacacamight have specialized taste receptors
for starch and other polysaccharides. Plata-Salaman et al. (1993) recorded the ac-
tivity of single neurons in the gustatory cortex ofMacaca fascicularisin response
to 19 chemicals sweet to humans. They found that all 19 substances formed a co-
herent cluster in the taste space generated from the correlations among patterns of
neural activity evoked by the stimuli, suggesting relative similarity of taste qual-
ity across substances. Whereas simple carbohydrates such as glucose, fructose,
sucrose, and maltose formed the center of this cluster, polycose was somewhat
distant from these sugars, indicating some degree of difference in taste quality.

The results of the present study demonstrate that all four species of nonhu-
man primates employed here are clearly attracted to aqueous solutions of polycose.
Further, we showed that pigtail macaques have lower taste preference thresholds
for this starch-derived polysaccharide compared to squirrel monkeys, spider mon-
keys, and olive baboons and that their pattern of relative preference (maltose>

polycose≥ sucrose) differs from that of the other three primate species (sucrose>

polcose≥maltose). These findings suggest thatMacaca nemestrina, unlike other
primates, but similar to rodents, may have specialized taste receptors for starch.
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Abstract—The beet armyworm,Spodoptera exigua(Hübner), can utilize a num-
ber of different host plants for oviposition and larval development, but some
host plants are preferred over others. This study, using cage choice tests and ol-
factometer assays, demonstrates the beet armyworm’s preference for pigweed,
Amaranthus hybridusL., over cotton,Gossypium hirsutumL. Cage and olfac-
tometer choice assays indicated that olfaction plays an important role in host
selection by ovipositing females. First instars exhibited no feeding preference,
but the more mobile third instars showed a significant feeding preference for
excised pigweed leaves. The higher quantities and more diverse accumulations
of free amino acids in pigweed might, in conjunction with other physiochemical
and mechanical attractant and deterrent factors in the two-plant species system,
play roles in the tendency of the beet armyworm to select pigweed over cotton
and in providing a superior array of easily absorbed amino acids as compared
to cotton.

Key Words—Gossypium hirsutum, cotton,Amaranthus, pigweed, beet army-
worm,Spodoptera exigua, host plant selection, oviposition, free amino acids.

INTRODUCTION

The beet armyworm,Spodoptera exigua(Hübner), is known to feed on more than
50 plant species from over 10 families worldwide (Wilson, 1932; Smits et al.,
1987). It originated in southern Asia and was introduced to the United States in
Oregon in 1876 and again in California in 1882 (Wilson, 1932). It has since become
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a pest of many crops in the United States and Mexico. In cotton, the beet armyworm
is deleterious especially when pesticide applications disrupt beneficial arthropod
populations (Eveleens et al., 1973; Raulston et al., 1997). However, Ali and Gaylor
(1992) determined that beet armyworm larvae took longer to develop, had lower
pupal weight, and required a greater number of stadia when raised on cotton,
Gossypium hirsutumL., as compared to artificial diet or pigweed,Amaranthus
hybridusL., a preferred wild host (Taylor, 1931). Similarly,Amaranthusspp. and
Portulaca oleraceaL. were found to be the most suitable hosts forSpodoptera
latifascia(Walker) based on larval and pupal weights, survival, and development
times in contrast to host plants such as maize,Zea mays(L.), sorghum,Sorghum
bicolor (L.), Ixophorus unisetus(Presl.) Schlect.,Ipomoeasp., andMelampodium
divaricatum(Rich. ex. Pers.) Dc. (Portillo et al., 1998).Spodoptera latifasciawas
unable to utilize sorghum and maize sufficiently to sustain growth and develop-
ment, but no evidence of decreased oviposition preference for these crop hosts was
observed (Portillo, 1994). Despite heavy damage to sorghum and maize caused by
S. latifascia, these crop plants are relatively unsuitable hosts for larval development
(Portillo et al., 1998).

It is known that cotton leaves contain chemicals, including volatile terpenoids,
that attract and/or deter herbivorous arthropods (Harborne, 1988). Gossypol has
been shown to reduce beet armyworm larval weights, increase the length of the
egg to adult development interval, and cause mortality (Bottger and Patana, 1966).
Hairs, trichomes, nectaries, other deterrents and attractants (Schuster and Maxwell,
1974; Reynolds et al., 1975; Hassan et al., 1990; Ring et al., 1993), and various
ecological factors (Berdegu´e et al., 1998) can also influence preference for one
plant or another.

Host plant free amino acid accumulations have been associated with higher
numbers of nematodes (Showler et al., 1990) and arthropods (Jayaraj and Seshadri,
1967; Blua et al., 1994). Gravid beet armyworms appear to prefer to oviposit on
drought-stressed cotton (Ruberson et al., 1994; Ruberson, 1996), and it is known
that water-deficit stress in many plants results in elevated levels of some free
amino acids (Labanauskas et al., 1981; Shen et al., 1989; Gzik, 1996). Feeding
behavior of tobacco budworm,Heliothis virescens(F.), corn earworm,Heliothis
armigera(Hübner), andSpodoptera littoralis(Boisdval) adults was correlated with
the electrophysiological response of sensilla on the proboscis. Responses of the
sensilla to amino acids and sugar were correlated to feeding behavior of each of
these species (Blaney and Simmonds, 1988).

This study compares the oviposition and feeding preference of beet army-
worm adults and larvae for pigweed or early squaring cotton. The free amino acid
analyses of both plant species might indicate that, in addition to volatiles and other
chemical and mechanical defenses, free amino acid accumulations might play a
role in host plant selection and contribute to the nutritional value of the preferred
host plant species being compared.
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METHODS AND MATERIALS

Oviposition Preference.Beet armyworm larvae were obtained from a labo-
ratory colony at the Kika de la Garza Subtropical Agricultural Research Center in
Weslaco, Texas, and reared on a soybean-wheat germ diet (Shaver and Raulston,
1971). The insects were maintained in environmental chambers at 30◦C, 85%
relative humidity, and a 13L : 11D photoperiod. Pupae were sexed and placed in
individual cups until adult emergence. On the day of emergence, females were
paired individually with single males in 0.5-liter cardboard containers. The next
day, females were placed alone in a container lined with wax paper as oviposition
substrate. Each container was monitored daily for the appearance of the first egg
mass, which signified the presence of a gravid female moth. Different females
were used for each replication.

Gravid beet armyworm females were provided a choice of cotton or pigweed
for oviposition in 1.8-× 1.8-× 1.1-m cages. Since maximum egg-laying occurs
during the first and second nights of ovipositional activity (Fye and McAda, 1972;
Tisdale and Sappington, 2000), only females that had initiated ovipositional activ-
ity on the previous night were used in the oviposition choice assays. Four 7.5-liter
pots of cotton plants (three per pot) at early squaring (diameter 3–5 mm), and
four pots of pigweed plants (three per pot) at heading stage were randomly placed
within each cage. Four gravid beet armyworm females were placed in each cage
and allowed to oviposit for 48 hr, then each plant was inspected for egg masses.
The assay was replicated 30 times during May–July 2000.

In order to determine whether female beet armyworms select the host plants
by olfaction, a 78-× 32-× 38-cm introduction chamber with screen ventilation on
three sides and Plexiglas on the front was connected to two separate 90-× 40-×
40-cm plywood choice chambers (each with a wire mesh back door) using two
25-cm-diameter× 35-cm-long white plastic tubes; one tube connected one choice
chamber to the Plexiglas front panel of the introduction chamber, and the other
tube connected from a second choice chamber to the front panel of the intro-
duction chamber. An electric fan (20 cm diam.) was placed 1.5 m behind each
choice chamber so that airflow through the tubes was about 0.4 m/sec. The intro-
duction chambers were positioned at the open entrance of a 4.9-m-wide workshop
door so that volatiles blown through the chambers would dissipate into the at-
mosphere (pilot tests using colored smoke demonstrated air flow). A 7.5-liter pot
containing three pigweed plants at the heading stage was placed at random in one
of the choice chambers and a 7.5-liter pot containing three cotton plants at the early
squaring stage was placed in the other choice chamber. The plants were not tall
enough to be seen through the plastic connecting pipes. Five gravid female beet
armyworm moths were placed in the introduction chamber. After 48 hr, the host
plants in the choice chambers and the walls of the choice chambers were examined
for egg clusters. This experiment was replicated 30 times.
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Feeding Preference of Larvae. Ten beet armyworm first instars were placed in
covered, ventilated Petri dishes containing one cotton leaf of intermediate age and
one pigweed leaf of similar size (17.40± 0.13 and 17.14± 0.15 cm2, respectively,
N= 40,P= 0.203) each with the petiole inserted through the cap of a 0.6-ml plastic
vial of water to maintain leaf turgor. The two leaves were placed 2 cm apart, and
the larvae were introduced 2 cm away from either leaf. This arrangement was
replicated 100 times. After being stored for 24 hr at ambient room temperature
(≈23.9◦C, 13L : 11D photoperiod), larval positions relative to the leaves were
recorded.

In a separate Petri dish assay, one third instar was placed equidistant from a
pigweed leaf and a cotton leaf. Larval position relative to the leaves was recorded
after 1, 4, 6, and 24 hr. Each of the 30 replications was comprised of 10 Petri dishes.

Analysis of Free Amino Acids.Fully extended leaves among the topmost six
leaves on the plant were taken from six different cotton plants at the squaring stage,
and leaves from six different pigweed plants at head stage were collected. These
12 samples were immediately used to obtain 1 g leaf material per sample and
completely homogenized with 10 ml 0.1 N HCl using a Virtishear homogenizer
(Virtis, Gardiner, New York). At least 5 g homogenate from each sample was
placed in separate 10-ml tubes and centrifuged at 10,000 rpm for 30 min. Samples
were stored at−80◦C.

One ml of supernatant from each sample was passed through a
0.5-µm filter fitted to a 5-ml plastic syringe. Samples were placed in the au-
tosampler of an Agilent (Agilent Technologies, Atlanta, Georgia) reversed-phase
high-performance liquid chromatograph (HPLC) with a binary pump delivering
solvent A [1.36 g sodium acetate trihydrate+ 500 ml purified HPLC grade water
+ 150µl triethylamine (TEA)+ sufficient acetic acid to bring pH to 7.2± 0.05]
and solvent B [1.36 g sodium acetate trihydrate+ 100 ml purified HPLC grade
water (acetic acid added to this mixture to bring pH to 7.2± 0.05)+ 200 ml
acetonitrile+ 200 ml methanol] at 0.3 and 0.45 ml/min on a concave gradient
through a C18 fluorescence column. Absorbances at 262 and 338 nm were mon-
itored on a variable wavelength detector for 40 min/sample. The autosampler
measured and mixed a total of 6µl sodium borate buffer (0.4 N, pH 10.2 in wa-
ter), 1µl 9-fluorenylmethylchloroformate (FMOC), and 1µl orthophthalaldehyde
(OPA) derivatizing agents, and 2µl of sample; then 2µl was injected for chro-
matographic separation of free amino acids. Identification and quantification of
derivatized free amino acids was achieved by calibrating with a standard mixture
of amino acids. Peak integration accuracy was enhanced by manual establishment
of peak baselines.

For normally distributed data, statistical differences were determined using
the pairedt test, and for nonparametric data, Yates’ correctedχ2 test was used
(Analytical Software, 1998). All experiments were conducted between March and
July 2000.
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RESULTS

Oviposition Preference.In the cage assay, beet armyworm females oviposited
4.69 times more egg clusters on pigweed than on cotton (Table 1). On pigweed,
the mean number of eggs was 4.55 times higher than that deposited on cotton, and
the number of eggs per cluster was 1.12 times higher on pigweed than on cotton.
In the olfactometer assay, 3.27 times more egg clusters were found on pigweed
than on cotton (Table 1). Pigweed had 3.44 times more eggs compared to cotton,
and the number of eggs per cluster was 1.03 times higher on pigweed than on
cotton. There were 2.05 times more egg clusters deposited on the choice chamber
walls and the plant pots in the cotton chambers (1.23± 0.21) than in the pigweed
chambers (0.60± 0.14;χ2 = 2.74;df= 29, P = 0.098)

Feeding Preference of Larvae.First-instar beet armyworms showed no pref-
erence for excised cotton (4.68± 0.24 larvae/leaf) or pigweed (4.29± 0.23 lar-
vae/leaf) leaves (χ2 = 0.76,df= 99, P = 0.38). Once first instars found either of
the hosts, they stayed on them. However, third instars displayed a preference for
pigweed over cotton (χ2

24hr= 44.8,df= 29, P < 0.0001) at each of the four time
intervals (Figure 1). After 24 hr, pigweed leaves that had been chosen were usually
chewed to the midribs and some larvae consumed the petioles inside of the plastic
water capsules rather than moving over to untouched cotton leaves. Those larvae
that fed on the cotton leaves consumed a visually estimated 25% or less than the
pigweed leaf area eaten.

TABLE 1. EGGS, CLUSTERS, AND EGGS/CLUSTEROVIPOSITED BY BEET

ARMYWORMS ONPIGWEED AND COTTON: CAGE AND OLFACTOMETER

CHOICE ASSAYS

Experiment and host Eggsa Clustersa Eggs/clusterb

Cage
Cotton 115.2± 36.0c 2.2± 0.6c 48.7± 5.2c

Pigweed 524.5± 33.3c 10.2± 0.8c 54.4± 2.6c

χ2 4375.2 85.5
t 0.49
P <0.0001 <0.0001 0.63

Olfactometer
Cotton 137.0± 14.6c 2.9± 0.3c 48.5± 2.0c

Pigweed 471.9± 53.8c 9.5± 1.1c 49.9± 1.3c

χ2 2989.0 55.2
t 0.51
P <0.0001 <0.0001 0.61

aMeans for cotton and pigweed (N= 30) compared within each assay usingχ2.
bMeans in cage and olfactometer assays for cotton (N = 17 and 27, respectively ) and
pigweed (N= 30 of each plant). Compared within each assay usingt test.

cMean± SE.
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FIG. 1. Numbers of third instar beet armyworms (±SE) (one larva used per dish, 10 dishes
per replication) on pigweed and cotton leaves over time in excised leaf choice assay (N= 30).

Analysis of Free Amino Acids.Free alanine, arginine, aspartic acid, glutamic
acid, glycine, histidine, isoleucine, leucine, phenylalanine, proline, serine, threo-
nine, and valine were detected in either or both cotton and pigweed (Table 2). Free
cysteine, lysine, methionine, and tyrosine were not found in any of the samples.
Other free amino acids, such as tryptophan, could not be detected. Twelve of the
17 detectable free amino acids were found in pigweed. Ten to 12 of the detectable
free amino acids were found in cotton; the variation occurred because, in some
cotton plants, free histidine and free phenylalanine were absent.

Pigweed leaves contained 1.86 times (t = 3.91,df= 5, P = 0.0002) the quan-
tity of total free amino acids as compared to cotton. The greater accumulation of
total free amino acids in pigweed over cotton largely resulted from higher con-
centrations of arginine (5.28 times,t = 7.19,df= 5, P = 0.0008), glutamic acid
(1.85 times,t = 3.53,df = 5, P = 0.0168), glycine (4.03 times,t = 2.73,df =
5, P = 0.0415), histidine (98.03 times,t = 8.12,df = 5, P = 0.0005), leucine
(absent in cotton,t = 3.94,df = 5, P = 0.0104), proline (2.27 times,t = 2.76,
df = 5, P = 0.0396), and serine (2.25 times,t = 2.39,df = 5, P = 0.0621). In
cotton, four free amino acids occurred in significantly higher quantities than in
pigweed: alanine (absent in pigweed,t = 11.11,df= 5, P = 0.0001), isoleucine
(2.88 times;t = 3.79;df= 5; P = 0.0128), phenylalanine (2.65 times,t = 9.45,
df= 5, P= 0.0002), and threonine (3.07 times,t = 5.16,df= 5, P = 0.0086).

Amino acids that are indispensable to insects are arginine, histidine, iso-
leucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and
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TABLE 2. FREEAMINO ACID (FAA) CONCENTRATIONS INPIGWEED

AND COTTON LEAVES

Concentration (pmoles/µl extract,
mean± SE)

FAA Pigweed Cotton Pa

Alanine 0 1029.2± 3.7 0.0001
Arginine 4898.0± 500.2 927.02± 71.14 0.0008
Aspartic acid 1741.1± 137.6 2343.4± 278.4 0.1279
Glutamic acid 4819.0± 391.6 2603.2± 348.2 0.0168
Glycine 196.5± 53.9 48.8± 3.8 0.0415
Histidine 3808.4± 463.5 38.8± 1.5 0.0005
Isoleucine 316.1± 49.9 909.4± 109.6 0.0128
Leucine 54.6± 13.8 0 0.0104
Phenylalanine 121.7± 9.8 322.7±14.2 0.0002
Proline 49.7± 5.4 21.9± 8.0 0.0396
Serine 1272.6± 195.0 566.6± 138.4 0.0621
Threonine 164.1± 32.8 503.4± 38.8 0.0036
Valine 109.0± 23.1 116.9± 27.9 0.7670
Total free essential 9471.8± 980.5 2818.2± 184.5 0.0020

amino acids
Total FAAs 17551.0± 1675.5 9431.3± 576.0 0.0112

aLevel of significance shown in right column determine by pairedt test;N= 6.

valine, although there are variations with regard to different insect species
(Chapman, 1971). The HPLC was able to detect all of the free essential amino
acids except tryptophan. Of the nine detectable free essential amino acids, cotton
had up to six (arginine, histidine, isoleucine, phenylalanine, threonine, and valine),
and pigweed had seven (arginine, histidine, isoleucine, leucine, phenylalanine,
threonine, and valine). In addition to having one more free essential amino acid
than cotton, pigweed had 3.36 times higher concentration of total free essential
amino acids (t = 5.92;df = 5; P = 0.0020) than cotton (Figure 2). In cotton, free
essential amino acids constituted 29.88% of the total amount of free amino acids;
in pigweed free essential amino acids comprised 53.97% of the total quantity of
detectable free amino acids. Three of cotton’s six free essential amino acids were
significantly more abundant in cotton than in pigweed: isoleucine, phenylalanine,
and threonine.

DISCUSSION

Whatever the interplay of mechanisms or cues that govern beet armyworm
oviposition preference for one host plant or another, the extent to which the beet
armyworm propagates itself is in the balance. Many insects prefer to oviposit on
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FIG. 2. Picomoles (±SE) of total free amino acids in pigweed and cotton contrasted to
quantities of free essential amino acids (N = 6). Cotton and Pigweed had significantly
different (p ≤ 0.05) quantities of total free amino acids, and total free essential amino acids.

certain plant species because those hosts enhance larval development and sur-
vival by providing a suitable diet (Singer, 1972, 1983), although there are ex-
ceptions (Wiklund, 1974; Courtney, 1981). Berdegu´e et al. (1998) demonstrated
that beet armyworm choice of oviposition host was not molded by the nutri-
tional quality of the two common host plants studied,Chenopodium muraleL.
and Apium graveolensL. Thompson (1988) described four ecologically based
hypotheses that suggest selection pressures acting alone or together help explain
host plant preferences, in addition to nutrition and attractive and deterrent plant
volatiles.

In the time hypothesis, which seems to best explain the result of the beet
armyworm’s choice betweenC. muraleandA. graveolens(Berdegué et al., 1998),
females may oviposit on unsuitable novel hosts without the benefit of evolutionary
time to select away from detrimental behavior. Examples of this involve introduced
insects with novel plants or the introduction of exotic plants where the insects are
indigenous (Straatman, 1962; Chew, 1977; Rodman and Chew, 1980; Legg et al.,
1986). The patch dynamic hypothesis predicts that eggs will be laid mostly on the
plant host that they encounter more frequently, but this fails to explain examples of
strong preference for scattered weed species in large monocultures (Koike et al.,
1996). In the enemy-free-space hypothesis, herbivores might prefer nutritionally
inferior host plants if they offer superior protection from natural enemies (Kester
and Barbosa, 1991; Fox and Eisenbach, 1992; Benrey and Denno, 1997). Further,
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volatiles emitted by cotton leaves damaged by feeding larvae can alert biological
control agents to their presence (Elzen et al., 1984; Tumlinson et al., 1992). The
parasite/grazer hypothesis suggests that herbivores that can develop on more than
one host are less likely to exhibit strong host plant oviposition preferences than are
herbivores that can develop on only one host plant (Thompson, 1988). Although
the beet armyworm adult and larval choice of pigweed over cotton could involve
one or more of these explanations, they do not identify the cues that the insect
responds to in making the choice.

Cotton leaves and squares emit volatile terpenoids and other compounds
(Thompson et al., 1971), the composition of which can change in response to vari-
ous stimuli (Heath and Manukin, 1992; Surburg et al., 1993). Loughrin et al. (1995)
found that 23 volatiles are emitted from cotton leaves by damaged beet armyworm
larvae (terpenes and lipoxygenase-hydroperoxidase lyase-derived volatiles pre-
dominated). Although there were no apparent differences in volatile emission
among different varieties of undamaged cotton, average volatile emission from
damaged leaves of a naturalized variety was about 7 times higher than from dam-
aged leaves of commercial varieties. In choice tests, however, the larvae preferred
feeding on leaves of the commercial cultivars. Huang and Renwick (1992) showed
that the oviposition preference for host plants ofPieris rapaeL. andP. oleracea
Harris were explained in most cases by the presence of stimulants and deterrents in
plant extracts. The twoPieris species apparently evolved differential sensitivities
to the chemical stimuli that trigger or deter oviposition. The balance of positively
and negatively interpreted sensory signals evoked by plant chemicals appears to
have played an important role in acceptance or rejection of a plant by bothPieris
species. Such intermingling of cues, however, makes definitive identification of
chemical causal agents challenging. Attraction of tobacco budworm (Tingle and
Mitchell, 1992), pink bollworm,Pectinophora gossypiella(Saunders) (Wiesenborn
and Baker, 1990), and the boll weevil,Anthonomus grandisBoheman (Geuldner
et al., 1970; Chang et al., 1985; Dickens, 1990) to cotton blossom volatiles has
been demonstrated, and green leaf volatiles linalool, myrcene, and benzaldehyde
were shown to elicit responses in the beet armyworm (Dickens et al., 1993). Cotton
plants with gossypol, however, were less preferred as hosts to many herbivorous
arthropods (Bottger et al., 1964; Maxwell et al., 1965; Lukefahr and Martin, 1966).
Hedin et al. (1991) showed that female tobacco budworm moths oviposited in the
terminals of the cotton plant; the hatched larvae migrated to the terminal area and
then to small squares on which they fed, finally burrowing into the anthers where
they developed. Calyx crowns of resistant lines are high in terpenoid aldehydes,
including gossypol. The cage and olfactometer assays in this study suggest that
volatiles emitted from cotton and pigweed play roles in the tendency for beet
armyworms to oviposit on pigweed, which lacks gossypol. That the numbers of
egg clusters deposited on cotton choice chamber walls and plant pots were dou-
ble those on the pigweed choice chambers further suggests that, although not
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statistically significant (P= 0.098), cotton may be less preferred than pigweed
once the moths entered the choice chambers.

Yoshida and Parella (1992) concluded that factors other than total nitrogen
and leaf moisture may influence the nutritional ecology ofS. exiguain the case
of various chrysanthemum varieties. As little as 0.1% concentration of gossypol
in the diet reduced weights of larval beet armyworm, boll weevil, cotton boll-
worm,H. zea(Boddie), cabbage looperTrichoplusia ni(Hübner), and salt-marsh
caterpillarEstigmene acrea(Drury) and increased the number of days required for
development from eggs to adults (Bottger and Patana, 1966). Gossypol, generally
accepted as being an element of cotton’s resistance to some pests (Lukefahr and
Martin, 1966), was found to be present in equal quantities in both susceptible and
resistant lines, while the hemigossypolone and heliocides H1 and H2 were greatly
increased in resistant lines (Hedin et al., 1991).

In the case of the common cutworm,S. lituraF., larvae fed less as the quality of
their diet declined. The longer development time, involving extra stadia, permitted
the larvae to consume as much as those raised on a better diet (Itoyama et al.,
1999). This accounts for the conclusion of Ali and Gaylor (1992) that cotton is a
relatively poor host plant for the beet armyworm. In this experiment, first-instar
beet armyworms fed on the plant, cotton or pigweed, that they first encountered
regardless of nutritional value, or the presence of deleterious chemicals or any
mechanical defenses (e.g., trichomes and hairs). The limited mobility of first-
instar beet armyworms makes them highly dependent on the female parent’s ability
to select the most nutritious host. The more mobile third-instar beet armyworm
(Smits et al., 1987), however, exhibited a significant tendency to feed on pigweed
even after 1 hr had elapsed following their release. The mechanism for making
the selection, however, could not be determined in this study. Many of the larvae
moved about the Petri dish and over both leaves before settling onto one or the
other to feed. However, the third instars did tend to choose the plant species with
the higher amounts of more diverse free amino acids. Third-instar beet armyworms
can move from one plant to another, but it is likely that the need for mobility arises
primarily when the larvae defoliate leaves and must move on to find other leaves
on the same plant. In the case of first- and third- instar beet armyworms, survival
and vitality of progeny probably depend heavily on host selection by the gravid
female.The results of Itoyama et al. (1999) also agree with the observation that
beet armyworm third instars consumed less cotton leaf area than pigweed leaf area
during 48 hr intervals. Nevertheless, similar to the findings of Portillo (1994) using
S. latifascia, the beet armyworm will oviposit on cotton and can inflict economic
damage.

In this two-plant system, it appears that gravid beet armyworms tend to neg-
atively interpret the blend of volatiles emanating from cotton leaves and, thus,
apparently orient mostly toward pigweed, although it might also be that the insect
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orients toward pigweed because it is a superior food source. Cavin and Rodriguez
(1988) found thatβ-carbolene alkaloids are found worldwide among many plant
families. Chronic dietary exposure tests of harman, harmine, and other simpleβ-
carbolene alkaloids for activity against beet armyworm revealed potent antifeedant
and possible toxic effects. It seems that in this study, pigweed did not repel or deter
oviposition and larval feeding, and, in agreement with Ali and Gaylor (1992), lar-
val development did not appear to be impeded by nutritional deficiencies or toxins.
Blaney and Simmonds (1988) correlated feeding behavior of tobacco budworm,
corn earworm, andS. littoralis adults with the electrophysiological response on
sensilla on the proboscis. Assuming that beet armyworms can detect amino acids
and sugars, that such detection has a role in determination of host plants for ovipo-
sition, and that foliar free amino acid content is detected by the sensilla, the greater
levels of important unbound amino acids in pigweed help to explain the oviposi-
tion preference for pigweed. Al-Zubaidi and Capinera (1984) demonstrated that
beet armyworm larval development time and mortality were decreased and egg
production was increased by nitrogen application to host plants, including pig-
weed. Foliage became more digestible and efficiency of conversion of ingested
and digested food increased as nitrogen levels increased. Nitrogen application to
plants has been shown to result in increased levels of free amino acids (Magalhaes
et al., 1995).

Insect physiologists have shown that individual amino acids differ greatly
in their effect on insect performance; subsets of amino acids are the mechanis-
tic basis of the correlations between total plant nitrogen and insect performance.
Synthetic diets mimicking amino acid distribution in anthers were found to be
successful for tobacco budworm larval growth and development (Hedin et al.,
1991). At least to some extent, nutritional strength has been linked with insect
host plant preference (Scribner and Slansky, 1981; Bernays and Chapman, 1994),
and higher levels of readily available (unbound) nitrogen presumably improve
insect development (Helms et al., 1971). Similarly, host plant increases in con-
centrations of certain free amino acids have been shown, in some cases, to be
preferred by herbivorous insects. Studies show that plants stressed by moisture
(Labanauskas et al., 1981; Shen et al., 1989; Gzik, 1996; Showler, in prepara-
tion) and diseases (Seitz and Hochster, 1964; Jensen, 1969; Lodh et al., 1971)
accumulate significantly higher quantities of some free amino acids, especially
proline. McQuate and Connor (1990) demonstrated that mildly water-deficit-
stressed soybeans were preferred by larvae of Mexican bean beetle,Epilachna
varivestisMulsant. Beet armyworm eggs were reported as being most concen-
trated on stressed cotton plants in fields (Ruberson et al., 1994; Ruberson, 1996).
Jayaraj and Seshadri (1967) found that nymphs ofEmpoasca kerriPruthi were con-
sistently more abundant on the leaves of pigeon pea,Cajanus cajan(L.) Millsp.,
infected with a mosaic virus than they were on healthy plants. The infected leaves
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had a higher content of total nitrogen, peptides, and free amino acids than the
healthy plants. Several species of aphids have been shown to benefit more from
plants infected with viruses than from uninfected plants (Kennedy, 1951; Ajayi
and Dewar, 1982; Blua et al., 1994), and other studies demonstrate altered free
amino acid concentrations in virus-infected plants (Singh et al., 1974; Showler
et al., 1990).

Insects absorb nitrogen through the gut primarily in the form of free amino
acids or very small peptides (Brodbeck and Strong, 1987). Thus, the initial cost
of proteolysis is saved if amino acids are ingested in this form. The distinction
between free amino acids and those bound in proteins may be important for in-
sects that are physiologically incapable of ingesting large peptides (e.g, aphids),
but this issue is separate from the energy costs of proteolysis. In terms of optimiz-
ing insect development, it is probable that the balance between different amino
acids is particularly important (Chapman, 1971). Vanderzant (1958), for example,
found that although pink bollworm larvae could survive on a diet that included
only the essential amino acids, growth was slow and adults were small. The inclu-
sion of certain dispensable amino acids was necessary for optimum growth and
development, and in some cases, amino acids such as glycine have been shown
to be essential (Hinton et al., 1951; Davis, 1956). It is suggested that beet army-
worm larvae obtain a less diverse source of readily available (unbound) essential
amino acids on cotton (because cotton leaves lack free leucine and sometimes
free histidine and free phenylalanine) than on pigweed. Those essential amino
acids that are not available in the soluble form in pigweed (alanine, lysine, and
methionine) and cotton (leucine, lysine, and methionine) can be acquired in vary-
ing extent through proteolysis of foliar proteins. Pink bollworm larvae raised on
a diet in which one of the essential amino acids was omitted grew slowly and
failed to survive beyond the second instar (Vanderzant, 1958). Increased glutamic
acid caused growth stimulation in pink bollworm, and this could also be the case
with the higher concentrations of glutamic acid in pigweed than in cotton.
Vanderzant (1958) also determined that increased arginine and histidine was as-
sociated with larger pink bollworm larvae, so it is possible that the higher ac-
cumulation of free essential amino acids and total free amino acids could make
pigweed more nutritious and attractive to the beet armyworm. The greater diver-
sity and abundance of free essential amino acids in pigweed, in combination with
other governing factors, might have a role in host selection, and corresponds to
evidence that pigweed is a superior host for developing beet armyworm (Ali and
Gaylor, 1992).
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Abstract—The partnership in theCrematogaster–Macarangaant–plant interac-
tion is highly species-specific. Because a mutualistic relationship on aMacaranga
plant starts with colonization by a foundress queen of a partnerCrematogaster
species, we hypothesized that the foundress queens select their partner plant
species by chemical recognition. We tested this hypothesis with four sympatric
Macarangaspecies and theirCrematogasterplant-ant species. We demonstrated
that foundressCrematogasterqueens can recognize their partnerMacaranga
species by contact with the surface of the seedlings, that they can recognize
compounds from the stem surface of seedlings of their partner plant species,
and that the gas chromatographic profiles are characteristic of the plant species.
These findings support the hypothesis that foundress queens of theCremato-
gasterplant-ant species select their partnerMacarangaspecies by recognizing
nonvolatile chemical characteristics of the stem surfaces of seedlings.

Key Words—partner-plant selection, partner-plant recognition, ant–plant inter-
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INTRODUCTION

Myrmecophytism, a type of ant–plant interaction, is one of the most conspicuous
examples of the coevolution of mutualism between an animal and a plant (Huxley
and Cutler, 1991; Davidson and McKey, 1993). In the mutualistic interactions, the
ants (plant-ants) protect their host plants from herbivores and clinging vines, while
the host plants (myrmecophytes) provide nest sites and, in some cases, food for
the ants (Janzen, 1966; Buckley, 1982; Davidson and McKey, 1993). Myrmeco-
phytism is often obligate: plant-ants and myrmecophytes cannot survive or have
difficulty in surviving without each other. Many characteristics of both plant-ants
and myrmecophytes are highly specialized and adapted for the mutualistic inter-
action (Davidson and McKey, 1993).

Macaranga(Euphorbiaceae) is a tree genus including more than 25 species
of myrmecophytes, found predominantly in the tropical areas of South East Asia
(Whitmore, 1969; Fiala and Maschwitz, 1991, 1992a). Most myrmecophytes have
obligate mutualistic relationships with the species-specific specialist ant (plant-
ant) species of the generaCrematogasterand Camponotus. The plants harbor
partner plant-ants in their hollow stems and produce food bodies that the plant-
ants harvest as their main food (Fiala et al., 1989; Fiala and Maschwitz, 1991,
1992b). In many obligate myrmecophytic species, the mutualistic and symbiotic
interactions begin with the foundress ant queens colonizing the plant partners at
a very early stage of plant growth. The queens produce ant workers who patrol
the host trees and exclude herbivores (Fiala et al., 1989). Both host plants and
plant-ants are dependent on each other for survival (Fiala and Maschwitz, 1990;
Fiala et al., 1999).

In some cases, many myrmecophytic species have evolved within a particular
genus, such asAcacia(Leguminosae),Cecropia(Cecropiaceae), andMacaranga
(McKey and Davidson, 1993). TheMacaranga–Crematogastersystem, however,
is the only case where the partnership between plant and ant species is highly
species-specific in a wide variety of myrmecophytic species within a single genus
(Fiala et al., 1999). One species ofMacarangahas mutualistic relationships mainly
with only one or two species ofCrematogasterplant-ants, and one ant species in-
teracts with a narrow range ofMacarangaspecies, in some cases just one or
two species (Fiala et al., 1999). Although several species of obligate myrmeco-
phytic Macarangaspecies often coexist in similar habitats in a locality (Davies
et al., 1998; Itioka et al., 2000), the species-specificity is well maintained (Itino
et al., unpublished data). What factors affect the species-specific partnership in
Macaranga–Crematogastermyrmecophytism? The first objective of this study
was to test whether foundress queens ofCrematogasterplant-ants can distinguish
betweenMacarangaspecies.

It is well known that ants use various semiochemicals, such as pheromones
and cuticular hydrocarbons, for communication in their socialized colonies and
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for recognition of nestmates, trophobionts, and prey organisms (Traniello, 1980;
Jessen and Maschwitz, 1986; Bonavita et al., 1987; H¨olldobler and Carlin, 1987).
We also know that closely related but different plant species have different
nonvolatile chemicals on their surfaces. Thus, it is likely, in theMacaranga–
Crematogastersystem, that foundress queens may recognize their host plant species
chemically. The second objective of this study was to examine whether chemical
cues, characteristic of eachMacarangaspecies, are used for host plant recognition
by Crematogasterfoundress queens.

To examine these two objectives, we conducted three experiments on four
obligate myrmecophytic species ofMacarangaand their specificCrematogaster
plant-ants: (1) preference experiments to observe how foundress queens of each
ant species respond to seedlings presented experimentally; (2) chemical analy-
ses of extracted from the stem surfaces ofMacarangaseedlings; and (3) pref-
erence experiments using esters extracted from the stem surfaces ofMacaranga
seedlings to test whether foundress queens use these as chemical cues for host plant
recognition.

METHODS AND MATERIALS

Study Site. All experimental plants and ants were collected in lowland mixed
dipterocarp forest in Lambir Hills National Park, Sarawak, Malaysia (4◦20′N,
113◦50′E, altitude 55–70 m). The details of the study site were described by
Watson (1985), Inoue and Hamid (1994) and Kato et al. (1995). At least 20 species,
including at least 11 myrmecophytic species, ofMacarangaoccur at the study site
(Nagamasu and Momose, 1997).

Life History.We investigated fourMacarangaspecies:M. winkleri, M. tra-
chyphylla, M. beccariana, andM. hypoleuca, which are all abundant at the study
site. Although the preferred light and soil conditions differ widely among the four
species (Davies et al., 1998), it is not uncommon to find seedlings and mature trees
of multiple species sharing a single microhabitat, such as a tree gap or a riverbank
(Itioka, personal observation). All the experiments, except for chemical analysis,
were conducted during September and October 1998 and March 1999.

The four species are all obligate myrmecophytes that harbor specific plant-
ant species of theCrematogastergenus. The details of the basic biology of the
mutualistic interactions between typical obligate myrmecophytes ofMacaranga
and theirCrematogasterplant-ants have been described by Fiala et al. (1989)
and Fiala and Maschwitz (1990, 1991, 1992a,b). TheMacarangaplants produce
pearly secreta, called food bodies, on the backs of young leaves or stipules. These
food bodies, which the symbiont ants utilize as their main food resource, are rich
in carbohydrates, sugars, and lipids (Rickson, 1980; Fiala and Maschwitz, 1992b;
Heil et al., 1997). In return, the symbiont ants protect their host plants from
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phytophagous insects and clinging vines (Fiala et al., 1989). When they reach
10–30 cm in height, the hollow stems ofMacarangaseedlings swell and then
form domatia between the nodes. At this stage, foundress ant queens settle on
the seedlings, although the average heights of seedlings that ant queens begin to
colonize depends on species. A foundress makes a hole in the wall of a domatium,
enters the domatium, closes the hole, and starts to make her new colony. Thereafter,
the mutualism begins.

Each of the fourMacarangaspecies associates with a unique plant-ant species
at the study site. TheCrematogasterant species associated with the fourMacaranga
species have not yet been described, although they have been distinguished by anal-
ysis of mtDNA (Itino et al., unpublished data). At the study site, the ant species
inhabitingM. beccarianaandM. hypoleucaare almost identical toCrematogaster
decamera. Those inhabitingM. trachyphyllaandM. winkleriare a species closely
related toC. borneensisand an undescribed non-decamera Crematogasterspecies,
respectively (Seiki Yamane, personal communication; see Itioka et al., 2000 for
further details). Although the two species resemblingC. decameraare morpholog-
ically indistinguishable, they can be clearly distinguished from the species inhab-
iting M. trachyphyllaandM. winkleri by the morphology of queens and workers.

Host Plant Recognition by Ant Queen (Preference Experiments).To examine
whether foundress ant queens recognize and differentiate among different con-
generic plant species, we offered seedlings of each of the fourMacarangaspecies
to foundress ants of eachCrematogasterplant-ant species. Seedlings that were less
than 30 cm in height and not yet colonized by ants were collected at random from
several tree gaps and riverbank areas within the study site. The seedlings were
potted in a shade house at a distance from the forest ridge. We used cloth shades
to match the light levels in the shade house to those of a typical forest gap. We
allowed the seedlings to grow until they bore one to three domatia and used them
for the preference experiments described below. Nulliparous ant queens were col-
lected from domatia of intact and 10- to 20-cm-high seedlings of eachMacaranga
species in the field, and kept in a plastic bag for one day before they were used. We
considered a queen with no offspring in the domatia to be nulliparous. We omitted
queens that were in domatia with lignified entrance holes, which indicated that a
long time had elapsed after the queens’ settlement. We checked the species of the
ant queens morphologically. When we found nonspecific plant-ant queens in the
collection, which was rare, we omitted them. Single ant queens were placed on
the youngest well-developed leaf of a potted seedling and observed to see whether
they entered the stem of the offered seedling within an hour or within a day. Each
individual queen was used in the experiments only once or twice; each queen was
placed once on a seedling of the same species from which she was collected and
once on a seedling of one of the other three species. The order of the two trials
was randomized and the interval between the trials was an hour. The experimental
seedlings were used only once for the experiments.
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Chemical Analyses of Surface Extracts ofMacarangaSeedlings.To inves-
tigate the differences in chemical characteristics that might be used as cues for
host recognition by the foundress ant queens, we obtained extracts from the stem
surfaces of seedlings of each species. Seedlings were collected and cultivated in
the shade house as above, then the hollow stems were cut out. The stem part that
covered two or three consecutive nodes (domatia) was sampled from each seedling.
Each stem sample was soaked in ethyl acetate for 30 min. The extracts from each
stem sample were analyzed separately by gas chromatography (GC) and used as
samples in the bioassays (see below). We sampled stem pieces from at least seven
seedlings of each species.

Each ethyl acetate extract was evaporated completely and then dissolved
in 40 µl hexane. We added 100 ng docosane as an internal standard and then
analyzed 2µl of each sample by GC in a GC-14A gas chromatograph (Shimadzu
Inc.) equipped with a flame ionization detector and a DB-1 glass capillary column
(30 m× 0.25 mm ID; 0.25µm film thickness; J&W Scientific Inc.). Helium was
used as the carrier gas. The oven temperature was programmed as follows: 80◦C
for 1 min, increasing by 20◦C/min to 320◦C and held there for 10 min.

Bioassays Offering Extracts ofMacarangaSeedling to Ant Queens.To ex-
amine whether the chemicals extracted fromMacarangaseedlings can be used as
chemical cues for host plant recognition by ant queens, we offered the extracts from
the stem surfaces to foundress queens. Ethyl acetate extracts of eachMacaranga
species were applied to tube-shaped filter papers (60 mm× 5 mm ID) and allowed
to dry completely. The quantity of extract was equivalent to the extract from the
stem part of a node. About 1 hr after the application of the extract, single ant
queens were placed on the center of a glass tray (90 mm ID× 20 mm) with the
extract-impregnated paper tube, and their behavior was observed for 30 min. Talc
was applied to the wall of the glass tray so that the ant queen inside could not
climb up the wall. When the ant queen climbed the paper tube and touched it with
her antennae, we regarded the behavior as showing interest and recorded the time
during which she showed such behavior and stayed on the paper tube. A paper tube
treated with pure ethyl acetate was used as a control treatment. Experimental ants
were prepared and collected in the same way as in the preference experiments,
and the trial schedule was also the same. Each ant queen was used twice: she
was offered a paper tube containing the extract of her host species once and one
containing the extract of one other species or a control once, in random order.

RESULTS

Host Recognition by Ant Queen.We defined a partnerMacarangaspecies
for a particular experimental ant queen as theMacarangaspecies of the seedling
from which the queen was derived. The frequencies with which ant queens of the
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TABLE 1. COMPARISON OFANT QUEEN PREFERENCES TOSEEDLINGS OFDIFFERENT

MacarangaSPECIESa

Ant species (plant species that ant queens associate with)
Plant species of

offered seedlings M. winkleri M. trachyphylla M. beccariana M. hypoleuca

M. winkleri 77.8 (18) 15.3 (13) 42.9 (7) 40.0 (5)
M. trachyphylla 0 (8) 71.0 (31) 50.0 (4) 60.0 (5)
M. beccariana 0 (7) 13.3 (15) 91.3 (23) 81.3 (25)
M. hypoleuca 0 (7) 0 (4) 77.8 (18) 84.0 (25)

aPercentage of ant queens that entered the offered seedlings of each species; the number of experimental
ant queens is given in parenthesis.

three species that associate withM. winkleri, M. trachyphylla, andM. beccariana
entered the stem domatia of the partnerMacarangaspecies were higher than those
at which queens entered the stem domatia of the other two nonpartnerMacaranga
species (Table 1; Fischer’s exact test,χ2= 20.263, P< 0.0001 for queens from
M. winkleri andχ2= 19.177, P< 0.0001 for queens fromM. trachyphylla, and
χ2= 8.694, P= 0.0069 for queens fromM. beccariana). The queens derived from
M. winklerirejected all seedlings of the three nonpartnerMacarangaspecies, inclu-
dingM. hypoleuca. Some individual ant queens derived fromM. trachyphyllaand
M. beccariana, however, entered the seedling domatia of nonpartnerMacaranga
species, although they showed a significant preference for their original part-
ner species as shown above. Ant queens fromM. trachyphylladid not enter the
seedlings ofM. hypoleucaat all, whereas queens fromM. beccarianaentered them
frequently (77.8%, 14/18 queens). For queens derived fromM. beccariana, there
was no difference between the frequency of entrance intoM. beccarianaseedlings
and intoM. hypoleucaseedlings (Fischer’s exact test,χ2= 1.479, P= 0.377).
The frequency with which ant queens derived fromM. hypoleucaentered the
seedling domatia ofM. hypoleucawas not higher than the frequency with which
they entered the domatia of the three nonpartner species (Fischer’s exact test,
χ2= 1.545, P= 0.324). The difference was smallest in the case ofM. beccariana;
ant queens derived fromM. hypoleucaentered the seedling domatia ofM. hypoleuca
andM. beccarianawith almost equal frequency.

Chemical Analyses of Extracts of Surfaces ofMacarangaSeedling.Figure 1
shows gas chromatograms of the extracts from the seedling stem surfaces of the

FIG. 1. Gas chromatograms of ethyl acetate extracts from the surface of the fourMacaranga
species. The chromatograms presented are those that contain the least “noisy” peaks of all
the individual seedlings of each species. Arrows mark the main peaks that are found in the
samples from each seedling of that species in notable amounts. Asterisks indicate the peaks
of the internal standard, docosane C22 (100 ng).
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FIG. 2. The ant queen preferences among the extracts of the fourMacarangaspecies.
The preference is expressed by the mean duration of antennal touches by the ant queen of
the given paper tube. Vertical lines on the bars indicate standard errors. Sample sizes are
indicated above the bars.

four Macarangaspecies. All seedlings of a species had the same main GC peaks
without exception. The four main GC peaks ofM. winkleri were not found in
any gas chromatograms of the other three species, and similarly the four main
peaks in the gas chromatograms ofM. trachyphyllawere not found in the other
three species.M. hypoleucaandM. beccarianashowed seven and six main GC
peaks, respectively; six were the same for these two species and were not found
in the other two species. Moreover, the relative proportions of the six peaks (peak
heights) were similar inM. hypoleucaandM. beccariana.

Bioassays Offering Extracts ofMacarangaSeedlings to Ant Queens. More
than 90% of bioassayed ant queens stayed longer on the paper tubes treated with the
extracts of their partner species than on those treated with the nonvolatile extracts of
their nonpartner species or controls (Figure 2;t test:df = 14, t = 5.791, P< 0.0001
for ants from M. winkleri; df = 14, t = 2.162, P= 0.0484 for ants fromM.
trachyphylla; df = 12, t = 6.315, P< 0.0001 for ants fromM. beccariana; df =
22, t = 6.963, P< 0.0001 for ants fromM. hypoleuca).

DISCUSSION

Recent work on the specificity in the partnership betweenMacarangamyrme-
cophytes andCrematogasterplant-ants (Fiala et al., 1999; Itino et al., unpub-
lished data) has verified that theMacaranga–Crematogastermyrmecophytism is
highly species-specific. To clarify the mechanisms of this species specificity, it
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is necessary to investigate the colonizing process of the partner myrmecophytes
by foundress queens, since a mutualistic relationship (symbiosis) on a particular
Macarangaplant starts with colonizing or settling of a seedling by a foundress
queen. The recognition of the partner plants by foundress queens is a crucial phase
in the process.

The results of the preference experiments, in which foundress queens were
artificially placed on seedlings, suggest that foundress queens of someCremato-
gasterspecies can recognize their partnerMacarangaspecies by contact with the
plant surface at the colonizing phase. Foundress queens derived fromM. winkleri
andM. trachyphyllaseedlings showed clear acceptance of their original partner
Macarangaspecies but rejected nonpartner species. Simultaneously, however, the
results suggest that the recognition of or preference for the original partner myrme-
cophyte is not complete in some cases, especially with foundress queens derived
from M. beccarianaandM. hypoleucaseedlings. These foundress queens more
frequently accepted the nonoriginatingMacarangamyrmecophytes as nest sites
than did the ant queens derived fromM. winkleri andM. trachyphylla. Moreover,
foundress queens fromM. beccarianaandM. hypoleucaseemed almost equally
to acceptM. beccarianaandM. hypoleuca. The ability to distinguish between
M. beccarianaandM. hypoleucaby contact with seedlings seems to be weaker
in the foundress queens derived from either of these two species than in the other
two ant species. Thus, the ants vary in the intensity of their preferences for or in
their ability to recognize particular partner species ofMacarangaby contact with
the plant surface.

There are two possible reasons for the differences among the ant species and
among the plant species in the results of the preference experiments: the phyloge-
netic relationships between theMacarangaspecies and the strength of the mutual-
istic relationships. BecauseM. beccarianaandM. hypoleucaare considered to be
phylogenetically closely related species (S. J. Davies, personal communication),
the queens derived from these two species tend to have a weaker preference for
a particular one. The characteristics that ant queens use to discriminate among
partner plants may be similar in the two plant species. In fact, as mentioned below,
the characteristics of nonvolatile chemicals on the stem surfaces of these two plant
species are almost identical. On the other hand,M. winkleri is phylogenetically
more remote from the other three species, which may be why ant queens derived
fromM. winkleriare the most persistent in their preference for their original partner
species.

The strength of the mutualistic relationship or interdependency may be an
important factor in the persistent preference by foundress queens for a particular
partner species. It is reasonable to infer that ant species that are most dependent on
partner myrmecophytes have been selected for their superior ability to distinguish
their own partner plant species because they have a particularly strong preference
for the partner species. AmongM. winkleri, M. trachyphylla, andM. beccariana,
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the myrmecophytism—the intensity of the mutual dependency between plant and
ant—is highest onM. winkleri and next highest onM. trachyphylla(Itioka et al.,
2000; Nomura et al., 2000). Although the intensity of the interdependency be-
tweenM. hypoleucaand its plant-ant has not yet been investigated, it seems to
be the weakest in these fourMacarangaspecies. Because the microhabitat of
M. hypoleucais the most shady and, therefore, its growth is slowest, the food sup-
ply provided for its plant-ants appears to be lower than that of the others (Murase,
personal observation), and the plant-ant is observed to be the least aggressiveness
(Itioka, unpublished data).

Together with the clear results of the preference experiments, the results
of the bioassay offering extracts ofMacarangaseedlings to ant queens suggest
that foundress queens recognize their own specific partner-plant species from the
chemical characteristics of the plant surface and that they use compounds of low
volatity on the stem surfaces ofMacarangaseedlings in the recognition. These
findings are supported by the differences among the gas chromatographs of the
surface extracts. The fact that the GC profiles ofM. winkleri andM. trachyphylla
are distinct from those of the other species is consistent with the finding that
foundress queens derived from these two species much less frequently failed to
recognize their own original partner species. Further, the similarity of the chemical
patterns ofM. beccarianaandM. hypoleucais consistent with the finding that these
two species are equally accepted as partner plants by foundress queens derived
from either of them. It may be difficult for these two ant species to distinguish
their own partner species from a closely related species. Thus, the extent to which
the chemical patterns differ correlates with the ability of foundress queens to
distinguish the partner plant in the preference experiment.

Our results demonstrate that high-boiling compounds on the stem surface
play an important role as semiochemicals in the recognition of the partner-plant
species by plant-ant foundress queens; however, this does not exclude other mech-
anisms from being involved in the process of selection and recognition of the
partner plant species. Differences in microhabitat; in the ant’s reproductive, dis-
persal, and colonization seasons (or the plant’s receptive season for ant coloniza-
tion); characteristics of volatile chemicals of seedlings; morphology, coloration,
and physical features of seedling surfaces, etc., might all be used by foundress
queens. These factors should be investigated in the future. However, differences
in microhabitat are unlikely to be involved in the selection of the partner species
by foundress queens in our system, because, except forM. hypoleuca, the spatial
distribution of seedlings of theMacarangaspecies studied overlapped markedly
at the microhabitat level (unpublished data). This is different from the habitat
segregation in the myrmecophytism betweenCecropia plants and their plant-
ants reported by Yu and Davidson (1997). In the case ofM. hypoleuca, differ-
ences in microhabitat, coloration of foliage, and leaf surface texture might be
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cues in selection and recognition by plant-ants, because onlyM. hypoleuca
favors a shady habitat, such as the forest floor, and has whitish, lustrous and waxy
leaves.
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Abstract— The sex pheromone of the citrus fruit borerEcdytolopha aurantiana
has been identified by gas chromatography coupled to an electroantennographic
detector (GC-EAD). The electron impact mass spectral (EI-MS) fragmentation
of the major EAD-active peak gave identifying features for a monounsaturated
acetate. Further analyses by chemical ionization mass spectrometry (CI-MS),
vapor-phase infrared spectroscopy (GC-IR), along with chemical derivatiza-
tion (DMDS reaction), led to full characterization of the major component
as (E)-8-dodecenyl acetate (E8–12 : Ac). The second constituent was identi-
fied as the related alcohol, (E)-8-dodecenol (E8–12 : OH). The two compounds
were indistinguishable from the authentic synthetic standards in chemical and
EAD analyses. Samples of the two compounds were obtained by a facile syn-
thesis utilizing lithium chemistry. Field tests showed that captures in traps
baited with a mixture ofE8–12 : Ac andE8–12 : OH at 100 : 1 and 10 : 1 ratios
were not significantly different from the catches in traps having two virgin fe-
males. Dosage tests showed better performance of traps baited with 1 mg than
those with 0.1 mg of the pheromone blend, either in 100 : 1 or 10 : 1 ratio.
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INTRODUCTION

The citrus fruit borerEcdytolopha aurantianaLima (Lepidoptera: Tortricidae) is
an economically important pest in Latin America, in particular, in Brazil, where it
causes crop losses to orange growers estimated at US$ 50 million/yr (Anonymous,
2000). Recent studies on the sexual behavior and field ecology ofE. aurantiana
on citrus trees suggest that a female-released sex pheromone may be useful for
monitoring populations of the citrus fruit borer (Bento et al., 2001). A synthetic
pheromone system would allow growers to minimize the number of insecticide
sprays, which, without a reliable monitoring system, becomes an economically
and environmentally costly way to prevent crop damage. This prompted us to
undertake the identification, synthesis, and field evaluation of the citrus fruit borer
pheromone.

METHODS AND MATERIALS

Analytical Procedures. Low-resolution electron impact mass spectrometry
(EI-MS) was carried out with a HP 6890 gas chromatograph (GC; Agilent, for-
merly Hewlett-Packard, Palo Alto, California) linked to a mass selective detector
(MSD 5973; Agilent). Chromatographic resolution was done on a HP-5MS col-
umn (30 m× 0.25 mm; 0.25µm) that was operated at 70◦C for 1 min, increased
to 270◦C at a rate of 10◦C/min, and finally held at this temperature for 10 min.
Chemical ionization (CI) was performed on a HP 5890 II Plus GC connected to a
Mass Engine 5989B (Agilent). The reactant gas was 5% ammonia diluted in he-
lium. Samples were separated on a HP-5MS column (30 m× 0.25 mm; 0.25µm).
The oven temperature was set at 60◦C for 1 min, increased to 200◦C at a rate
of 5◦C/min, increased again to 270◦C at 10◦C/min, and finally held at this tem-
perature for 10 min. Vapor-phase Fourier transform infrared (FTIR) spectra were
recorded with a HP 6890 GC coupled to a FTIR system equipped with a light pipe
interface, FTS-40A, GC/C32 (Bio-Rad, Cambridge, Massachusetts). The GC was
equipped with a HP-5 column (30 m× 0.32 mm; 0.25µm) operated at 70◦C for 1
min, increased to 250◦C at a rate of 10◦C/min, and finally held at this temperature
for 10 min. The light pipe and the transfer line were set at 230◦C and 250◦C,
respectively. In all GCs, helium was used as carrier gas at 1 ml/min, except for
the GC-FTIR, for which the flow rate was 2 ml/min. GC with electroantenno-
graphic detection (EAD) was performed according to the method of Struble and
Arn (1984). A HP 5890 II Plus GC was modified to have the effluent from the
capillary column split into EAD and flame ionization detector (EAD/FID, 3 : 1).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344815 September 6, 2001 9:59 Style file version Nov. 19th, 1999

CITRUS FRUIT BORER SEX PHEROMONE 2043

E. aurantianaantennae were placed in the previously described acrylic stage (Leal
et al., 1992). The stage was set inside the glass transfer line (2 cm away from the
GC outlet) and connected with gold wires to an amplifier (gain 5) and filtered
through a passive filter (cutoff frequency 0.12 Hz). The signal was fed into an
A/D 35900E interface (Agilent). FID and EAD signals were acquired with a 3365
Series II Chemstation (Agilent). To obtain EAD responses for synthetic (Z)- and
(E)-8-dodecenyl acetate (10 ng of each), six to eight samples of the two isomers
were injected successively within 5–6 min in split mode.

Pheromone Extraction and Isolation.For extraction, hexane (Fisher, Pesticide
Residue Grade) was distilled in an all-glass distillation apparatus. The last segments
of the abdomen (segments VIII and IX) of 400 three-day-old virgin females were
extracted with distilled hexane (4 ml). Extractions were done between 6:00 and
8:00 PM, coinciding with the mating time ofE. aurantiana, as previously observed
in a greenhouse (Bento et al., 2001). The crude extract was subjected to flash
column chromatography on a Pasteur pipet filled with silica gel (Wakogel C-200;
Wako, Tokyo, Japan) and eluted successively with solutions of ether in hexane (0,
1, 3, 5, 10, 15, 20, 50, and 100%). All fractions were concentrated to ca. 1 virgin
female-equivalent per microliter.

Derivatization. An aliquot of the ether–hexane (5 : 95) fraction (50µl) was
concentrated in a 1-ml V-vial (Wheaton, Millville, New Jersey) by a slow stream of
argon. The residual material was dissolved in distilled dimethyl disulfide (DMDS,
80 µl), and a small crystal of iodine (ca. 200µg) was added. A magnetic spin
vane was introduced, and the vial was sealed with a Teflon-lined cap. The reaction
mixture was stirred at 60◦C overnight. After cooling to room temperature, hexane
(100 µl) was added and the reaction was quenched and washed with sodium
thiosulfate (5%; 50µl). The organic phase was dried over anhydrous sodium
sulfate, concentrated to 50µl, and analyzed by GC-MS.

Syntheses.For identification purposes, commercially available (Z)- and (E)-8-
dodecenyl acetate (IPO-DLO, Wageningen, The Netherlands) were used. (Z)- and
(E)-Dodecenol were obtained by alkaline hydrolysis (KOH/MeOH) of the corre-
sponding acetates. For field experiments, samples of (E)-8-dodecenyl acetate1and
(E)-8-dodecenol2were prepared utilizing lithium chemistry (Figure 1). A solution

FIG. 1. Scheme for the preparation of (E)-8-dodecenol (2) and (E)-8-dodecenyl acetate (1)
for the field evaluations.
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of (E)-2-hexenyl acetate4 (24 g, 90 mmol) and Li2CuCl4 (0.31 g, 1.44 mmol) in
THF (14.4 ml) was added to 100 ml of a solution of MgBr(CH2)6OTHP (26 g,
90 mmol) in THF at 10◦ (Figure 1). After stirring for 3 hr, the reaction mixture was
poured into dilute HCl and extracted with ether. The organic layer was washed with
brine, dried over anhydrous sodium sulfate, and concentrated under vacuum to give
3. The crude product was stirred withp-toluenesulfonic acid monohydrate (PTS;
0.86 g, 4.5 mmol) in methanol (MeOH; 100 ml). After stirring for 2 hr, K2CO3 (1.3
g, 9 mmol) was added and stirring was continued for 2 hr. The reaction mixture
was filtered, concentrated, and distilled to give2 (6.6 g, 36 mmol; bp 107◦/1.5 mm
Hg) in overall 40% yield. EI-MS data: 55(100%), 41(55), 42(10), 43(14), 53(10),
54(39), 56(15), 57(13), 66(8), 67(98), 68(55), 69(35), 70(8), 71(6), 79(9), 81(90),
82(84), 83(20), 95(57), 96(45), 97(9), 109(24), 110(18), 123(9), 124(6), 138(5),
166(8). IRνmax (cm−1): 2960 (s), 2925 (s), 2860 (s), 1740 (s), 1675 (w), 1240 (s),
965 (s).

To a solution of2 (1.84 g, 10 mmol) and pyridine (1.19 g, 15 mmol) in CH2Cl2
(30 ml) at 10◦, CH3COCl (1.02g, 13 mmol) was added. After stirring for 2 hr, the
reaction mixture was poured into water and extracted with ether. The ether layer
was washed with brine, dried over anhydrous sodium sulfate, concentrated, and
distilled to give1 (2.21 g, 9.8 mmol; 98% yield; bp 104◦/1.5 mm Hg). EI-MS data:
82(100%), 41(39), 43(63), 54(33), 55(70), 56(10), 61(8), 67(90), 68(45), 69(25),
81(87), 83(20), 95(58), 96(63), 97(10), 109(29), 110(26), 123(13), 124(9), 137(7),
138(6), 166(29). IRνmax (cm−1): 3640 (s), 2962 (s), 2926 (s), 2862 (s), 1675 (w),
1050 (s), 965 (s). The sample was devoid of theZ-isomer as determined by chemical
derivatization withm-chloroperbenzoic acid (Attygale, 1998). Under the above GC
conditions, the epoxide derived fromE8–12 : Ac appeared at 13.95 min, and no
trace peak was detected at 14.18 min, the retention time for the epoxide derived
from Z8–12 : Ac.

Field Experiments.Tests were done in commercial citrus groves in S˜ao Paulo,
Brazil. The ratio of the two components (1 mg) was tested at the Fazenda S˜ao João,
in Altair, which has 13-year-old, 3.5-m-high trees (variety: Valencia) planted in a
5-×8-m fashion. On the other hand, two dosages (0.1 and 1 mg) and two ratios
(10 : 1 and 100 : 1) of the pheromone components were tested at the Fazenda Entre
Rios, in Gavião Peixoto, which has 5-year-old, 3-m-high trees (variety: Pera Rio)
planted in a 7-×3.5-m arrangement. The test compounds were incorporated in a
Fuji Flavor slow-releasing device made of ES fiber (Chisso Co. Ltd, Tokyo, Japan)
and covered with polyethylene film. The pheromone dispensers were loaded into
Sticky Delta traps (Fuji Flavor Co. Ltd. Tokyo, Japan), which were suspended at 3
or 3.5 m. The treatments were replicated four times over three consecutive days in
a completely randomized block design and with an intertrap distance of 40 m. All
treatments, including 2-day-old virgin females, were renewed daily. To stabilize
the variance, capture data were transformed to log (x+ 1), in particular, because
of the occurrence of zero catches in the unbaited traps (Snedecor and Cochran,
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1989). The figures were drawn with the original data (before transformation). The
means of the transformed data were tested for significance by ANOVA with JMP
Software, Version 2 (SAS Institute, Cary, North Carolina). Treatments followed by
the same letters are not significantly different at the 5% level in the Tukey-Kramer
honestly significant difference test.

RESULTS AND DISCUSSION

The response-guided strategy for the isolation of the citrus fruit borer sex
pheromone, i.e., fractionating crude extract and monitoring the biological activ-
ity of each fraction with a bioassay, was unrewarding. Although observations of
the typical behavioral responses of moth to pheromones, namely, wing-fanning,
precopulatory behavior, and attraction, led us to the active fractions, activity was
observed in multiple fractions for which GC-MS analyses showed many peaks,
including homologous compounds. For example, the ether–hexane (5 : 95) fraction
contained various monounsaturated acetates. It is unlikely these homologous com-
pounds can be clearly separated by further purification by silica gel column so as
to allow unambiguous identification of the pheromone components. On the other
hand, gas chromatography–electroantennographic detection (GC-EAD), with the
male E. aurantianaas the sensing element, allowed rapid identification of the
active compounds. Analyses of the crude extract showed two EAD-active peaks,
which appeared at 10.9 and 12.4 min (Figure 2). The results were consistent when
GC-EAD was repeated either with the same or different antennae (N = 16). The

FIG. 2. Responses from flame ionization detector (FID, top) and electroantennographic
detection (EAD, bottom; sensing element: maleE. aurantianaantenna) to a hexane extract
from abdominal tips of females (ca. 5 female-equivalents).
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FIG. 3. Mass spectral data from the EAD-active peaks (Figure 2) at 12.4 min (A) and
10.9 min (B). Inset: MS of the major EAD-active peak after derizativation (DMDS adduct).

two EAD-active peaks were also detected in the fraction separated by silica gel
column, the major compound being detected in the 3, 5, and 10% fractions and the
minor compound in the 15 and 20% fractions. These are the biologically active
fractions (above), but attraction was found only when two fractions (one of each
group) were tested together.

The fragmentation pattern of the major EAD peak (Figure 3A) suggested that
it was an acetate, as evidenced by the diagnostic peaks atm/z61 from elimination
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of the alkyl moiety and transfer of two hydrogen atoms to the fragment containing
the oxygen atom. The quasimolecular ion (M+−60) at m/z 166 indicated that
the compound was a monounsaturated acetate with a molecular weight of 226.
Chemical ionization mass spectrometry (CI-MS), with ammonia as the reactant
gas, gave a base peak atm/z244, which confirmed the molecular weight of 226.
These findings suggested that the major EAD-active compound was dodecenyl
acetate, in agreement with a library (Wiley) search, in which the best fit was 8-
dodecenyl acetate. GC-MS analysis of the DMDS adducts showed the molecular
weight atm/z 320 (Figure 3A, inset), an increment ofm/z 94, suggesting the
incorporation of two SCH3 in one unsaturation in the parent compound. In addition,
the base peak atm/z217 and the peak atm/z103 indicated that the unsaturation was
located at position 8. Therefore, the compound was confirmed to be 8-dodecenyl
acetate. The stereochemistry of the pheromone was determined by vapor-phase
IR (Figure 4), which showed a typicaltrans band at 971 cm−1 (out of plane
CH bending) and the lack of theCH stretching (cis band) at ca. 3010 cm−1

(Leal, 1998). In conclusion, the major constituent was unambiguously identified as
8-(E)-dodecenyl acetate (1). In GC, GC-MS, GC-FTIR, and GC-EAD analyses,
synthetic 8-(E)-dodecenyl acetate was indistinguishable from the natural product.
Moreover, male antennae responded more strongly to theE than theZ isomer in
EAD measurements (Figure 5), and theZ isomer was not detected in the gland
extracts.

Although the FID peak of the EAD-active compound at 10.9 min (Figure 2)
was very small, based on the structure of the major peak and the MS data of the
minor component (Figure 3B), the second component was suggested to be the

FIG. 4. Vapor-phase IR data generated with 10 female-equivalents of the major EAD-active
peak (top). A library spectrum of a saturated homolog is given as reference (bottom). Arrow
shows a characteristictransband at 971 cm−1.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344815 September 6, 2001 9:59 Style file version Nov. 19th, 1999

2048 LEAL ET AL.

FIG. 5. Responses of a maleE. aurantianaantenna to multiple injections of (E)- and (Z)-
8-dodecenyl acetate introduced through a GC in split mode (50 : 1; ca. 0.2 ng/injection).

FIG. 6. Captures ofE. aurantianain sticky Delta traps baited with synthetic mixtures of
the two pheromone components, (E)-8-dodecenyl acetate and (E)-8-dodecenol (1 mg of
pheromone per trap).
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related alcohol (2). A synthetic sample of the alcohol gave the same retention time
as the minor peak, was EAD-active, and showed a similar MS profile. The MS of
the synthetic compound devoid of impurities lacks some of the minor fragments,
in particular, the ones atm/z186, 189, 204, and 208, which are probably derived
from an overlapping peak. Preliminary field experiments showed no significant
catches ofE. aurantianain traps baited with only one of the two compounds,
i.e., either (E)-8-dodecenol or (E)-8-dodecenyl acetate. However, captures in traps
baited with the binary mixture were higher than control traps (Figure 6), regardless
of the ratio of the two compounds. Captures in traps baited with high rates of
E8–12 : Ac/E8–12 : OH (100 : 1 and 10 : 1) were not significantly different from
the catches in traps baited with two virgin females. Performance of the traps with
E8–12 : Ac/E8–12 : OH at 1 : 1 or 2 : 1 ratios were lower than the female traps,
but better than the unbaited traps (control). Interestingly, there was no difference
between the captures in traps having a 100 : 1 or 10 : 1 ratio of the two pheromone
components. This is suggested to be due to the large number of treatments or
because of the amount of pheromone (1 mg per device). In a separate set of
experiments, the two ratios (100 : 1 and 10 : 1) were tested at different dosages.
That traps baited with 1 mg of the pheromone blends captured more than those with

FIG. 7. Catches ofE. aurantiana in sticky Delta traps with synthetic mixtures of the two
pheromone components at two dosages and two different ratios.
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0.1 mg (Figure 7) indicated that there was no saturation at the 1-mg level. In fact, the
release rate of pheromone dispenser is very low as compared to the rubber septum.
Furthermore, the catches in traps baited with 0.1 mg of the pheromone at the 100 : 1
and 10 : 1 ratios were not significantly different. It may be possible that the optimum
ratio can be determined only in experiments under controlled conditions, such as
wind tunnels. However, the optimal ratio for practical application in monitoring
the insect population lies between 100 : 1 and 10 : 1 (E8–12 : Ac/E8–12 : OH).
Although the scanty amount of the minor component prevented accurate analytical
measurement of the ratio of the two compounds in the pheromone gland, it was
closer to 100 : 1 than to 10 : 1.

Tortricid moths have been favorites of pheromone research. Sex pheromones
have been characterized in over 60 species, and attractants of another 300 have
been determined in field tests (Arn, 1991). The known female sex pheromones are
all composed of primary aliphatic alcohols and their corresponding acetates and
aldehydes. In general, they have 12 or 14 carbon atoms in the primary chain and
one or two double bonds. (E)-8-Dodecenyl acetate and (E)-8-dodecenol have been
identified as pheromone components of various moth species (Arn et al., 1998)
and binary mixtures of1 and2 have been identified at least in two species, i.e.,
a sex pheromone fromHedya chionosema(Roelofs and Brown, 1982) and a sex
attractant forStrophedra nitidana(Ando et al., 1977).
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Abstract—Males and virgin females of the citrus fruit borerEcdytolopha au-
rantianaLima, displayed two flight peaks during a 24-hr period, one at dawn
and the other at dusk in an orange grove near Gavi˜ao Peixoto, S˜ao Paulo, Brazil.
During the day, when temperatures were highest and relative humidity lowest,
most individuals rested on leaves in the lower and middle crown. Moths rapidly
moved higher in the crown after sunset, and many were observed flying above
the tree canopy. This behavior was mainly associated with mating. Males and
virgin females marked with fluorescent powder of different colors were observed
in the dark with the aid of a black light. Mating was observed only in the up-
per crown of citrus trees from 6:00 to 9:00 PM, with a peak (64%) between
7:00 and 8:00 PM. Males ofE. aurantianawere captured in traps baited either
with virgin females or female extracts, suggesting the use of a long-range sex
pheromone. At close distance (1–2 cm), males and females displayed a short-
range communication behavior, with males exposing hairpencils and vibrating
their wings. Females were frequently stimulated to contact the body of a male
before copulation. The mean duration of copulation was 1 hr 40 min.

Key Words—Sex pheromone,Ecdytolopha aurantiana, attraction, mating be-
havior, hairpencils, diel periodicity.
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INTRODUCTION

The citrus fruit borerEcdytolopha aurantianaLima (Lepidoptera: Tortricidae)
is a multivoltine species of brown and gray coloration (Lima, 1927; Schultz,
1939, White, 1993).E. aurantianaoccurs in most neotropical areas, including
Brazil (Prates and Pinto, 1988, 1991), Argentina (Schultz, 1939), Costa Rica and
Trinidad-Tobago (Pickles, 1936). The larvae ofE. aurantianafeed on and destroy
citrus fruit, guava,Psidium guajavaL. (Lima, 1927); banana,Musa acuminata
Colla; coconut,Cocos nuciferaL. (Meyrick, 1931); cherimolia,Annona cheri-
moliaMill. (Schultz, 1939); litchi,Lichi chinensisSonn. (Lima, 1945); macadamia,
Macadamia integrifoliaMaiden and Betche (White, 1993), and sugar apple (fruta-
do-conde),Annona squamosaL. (Nakano and Soares, 1995).

E. aurantianawas first observed to cause damage to citrus trees in the State of
São Paulo, southeast Brazil, in 1915 (Lima, 1927). By the mid-1980s, this pest had
been found in 54 municipalities in the State of S˜ao Paulo (Prates and Pinto, 1995)
and in 10 other Brazilian States, with consequent reduced citrus production in
these regions (Prates and Pinto, 1988, 1991). Yield losses of up to 50% in infested
areas were estimated to occur in the State of S˜ao Paulo (Garcia et al., 1998), and
the latest crop losses throughout the country are estimated at US$ 50 million pr/yr
(Anonymous, 2000).

E. aurantianais a difficult pest to control. Females usually deposit only one
egg per fruit, and lay 150–200 eggs during their life (Garcia, 1999). After hatching,
larvae pierce the peel and penetrate inside the fruit, where they feed on the pulp
(Fonseca, 1934). Once larvae are inside the fruit, their control is impossible, and
the fruit becomes unfit for consumption.

The major difficulty in the management ofE. aurantianais the lack of an
accurate method for monitoring populations. Different sampling methods based on
counts of eggs and first-instar larvae on the fruits are costly and inaccurate (Garcia,
1999). A system for adult detection by means of pheromone-based trapping of
males would be an alternative method to anticipate the occurrence of this pest, and
to control it in a more effective and economic manner, but the mating behavior of
E. aurantianahas not been previously studied. Our objective was to report the sex-
ual behavior and daily activity pattern of males and virgin females ofE. aurantiana
on citrus trees in an attempt to set up a rational program for the control of this pest.

METHODS AND MATERIALS

Insects.Adults of E. aurantianawere maintained in the laboratory on an
artificial diet developed by Garcia and Parra (1999) at 27± 2◦C, 65± 10% relative
humidity, and a 14D:10L photoregime. After emergence, the adults were sexed by
the method of Garcia (1999) and transferred to wood cages (25× 25× 25 cm)
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covered with nylon mesh. Males and virgin females were kept in different cages,
with 200–400 individuals per cage. The production of adults in the laboratory
varied during the experiment, ranging from 200 to 400 pairs a day. A small portion
of insects (ca. 10–20%) was used for continuous rearing in the laboratory.

Greenhouse Experiments.Experiment 1 was conducted to determine the time
of day, duration, and insect age at first mating. For each experiment, 10 pairs of
E. aurantianawere selected soon after emergence and individually placed into
transparent plastic cups (200 ml) inverted on Petri dishes (12 cm in diameter). The
insects were maintained in a greenhouse at 25± 2◦C; 65± 10% relative humidity,
and under natural light. Each Petri dish was lined with a filter paper of the same
size, which was moistened daily with distilled water to keep the humidity high
inside the plastic cup.

Preliminary assays showed that adults ofE. aurantianaremained at rest during
most of the day and the night, especially from 8:00 AM to 4:00 PM and from
10:00 PM to 5:00 AM. Thus, we observed pairs daily between 4:00 and 10:00 PM
for seven days, with behavior recorded at 1-min intervals. To study mating behavior
at night, we used a torchlight dimmed by three red sheets of cellophane paper and
kept 1 m awayfrom the subject. This experiment was replicated four times (i.e.,
10 pairs with four replicates each;N = 40) in a completely randomized block
design. Data (age at first mating and mating time) were transformed to percentage,
and the differences between means were tested for significance by analysis of
variance and compared by the Tukey test at 5% level. Tests were conducted on
alternate days from November 5, 1998, to January 26, 1999.

Field Cage Experiments.Experiment 2 was designed to analyze the distribu-
tion and locomotion of males and virgin females ofE. aurantianaduring the day,
as well as to determine the site of mating on the citrus trees. A 6× 25× 3.5 m
(150 m2) nylon field cage was constructed, covering six orange trees (6 years old)
of the Pêra variety, 2.5–3 m high, in a commercial orange grove located on the cam-
pus of Escola Superior de Agricultura “Luiz de Queiroz” (ESALQ), Piracicaba-SP,
Brazil. The field cage was constructed in such a manner that the trees occupied its
central line. Spacing between trees in the line was 4 m. Weeds present in the area
covered by the field cage during the experiment were not eliminated.

Diel Distribution and Activity of Adult Moths.After emergence, males and
females were sexed by the method of Garcia (1999) and maintained in cages,
as previously described. At 2 days of age, males and females were marked with
yellow and orange fluorescent powder, respectively. Insects were marked with ink
diluted in ethyl alcohol, sprayed with a nasal spray, and dried with an electric
fan at low speed (Southwood, 1995). Immediately after marking, the moths were
released in the field cage at about 10:00 PM. On the following day, starting at
4:00 AM, observations were made for a period of 30 min at 1-hr intervals for
24 hr. During observations, the location and number of males and virgin females
of E. aurantianawere recorded for: citrus trees, weeds, and soil and nylon netting.
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When on citrus trees, moths were recorded on: leaves, fruit, and branches and
trunk. The corresponding height on the tree was also considered: lower crown
(0.5–1 m), middle crown (1.1–1.8 m), and upper crown (1.8–3 m). The sites of
moth copulation and resting during day were marked with white plastic tape of
ca. 20 cm. At night, the marked moths were visualized with the aid of a hand-held
black light (model B-160 Spectroline). Movement of the moths was calculated as
the difference between the individuals that moved from one place to another in
relation to the previous hour. After each hour interval, males and virgin females of
E. aurantianawere again localized and counted to compensate for individuals that
had moved away or had been preyed upon. Therefore, it was possible to calculate
the number of males and virgin females that stayed in the same place each hour.
Preliminary studies with marked and unmarked adults in the greenhouse did not
show any interference of the fluorescent powder with insect longevity or behavior,
including mating. Three replicates of 24 hr each were performed, with a total of
250 pairs being released during a 24-hr period on February 9 and 24 and March 9,
1999. Temperature and relative humidity were measured with a thermohygrograph
set up inside the field cage in the shade 1.0 m above ground during the assays.
Official times of sunrise and sunset were provided by Instituto Astronˆomico e
Geofı́sico da Universidade de S˜ao Paulo, S˜ao Paulo-SP, Brazil.

Female Attractiveness.Experiments 3–6 were designed to provide evidence
for a long-range sex pheromone inE. aurantiana. Traps (stick Delta traps, Fuji
Flavor Co., Tokyo, Japan) were baited with small cages (2.5× 2.5× 2 cm) contain-
ing two virgin females, two males, a rubber septum with 0.5 ml of female extract
(25 female-equivalents), or a rubber septum with 0.5 ml solvent (control). The fe-
male extract was obtained on two consecutive days by cutting the last segments of
the abdomen (segments VIII and IX) of 250 three-day-old virgin females and dip-
ping (3-5 min) in hexane (5 ml). The time of the extractions was between 6:00 and
8:00 PM, coinciding with the mating time ofE. aurantiana, previously observed
in a greenhouse.

Experiments 3–6 were carried out in field cages, and tested virgin females ver-
sus empty trap (control) (experiment 3); virgin females versus males (experiment
4); virgin females versus female extract (experiment 5); and female extract versus
solvent (control) (experiment 6). Each assay was carried out separately, and each
treatment was replicated three times over two consecutive days in a completely
randomized block design, with the treatments being renewed after 24 hr. Traps
were placed in the upper crown of the tree (1.9–3 m) with an intertrap distance of
4 m. A total of 328, 290, 350, and 280 two-day-old virgin pairs were released be-
tween 4:00 and 5:00 PM on March 15, 22, and 29, and on April 5, 1999. Response
to sex pheromone was quantified by counting the males captured in the traps each
day. Capture data were transformed to log (x + 1), and the differences between
means were tested for significance by analysis of variance, with treatments being
compared by the Tukey test at the 5% level of probability.
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Attraction of Males to Pheromone Source in the Field.Experiment 7 was
conducted in a 1200-ha commercial citrus grove (Ficher Co.) near Gavi˜ao Peixoto,
SP, Brazil on April 7 and 8, 1999 to confirm the presence of sex pheromone.
The experiment was conducted on the Hamlin orange variety, consisting of 12-to
15-year-old, 4-m-high trees spaced 4 m apart, with a 6-m space between rows.
Delta sticky traps (Fuji Flavor Co., Tokyo, Japan) containing two virgin females,
female extract (40 female-equivalents), and empty traps (control) were used. Each
treatment was replicated four times over two consecutive days in a completely
randomized block design, with the treatment being renewed after 24 hr. Each trap
was placed in the upper third of the crown (2.5–3.5 m), with a 50-m space between
traps and between rows and traps. The time when the experiment was started
and the method for evaluation were the same as described for the field cage.
Similarly, the natural extract ofE. aurantianawas obtained as described previously,
except that it was obtained on only one day from 400 virgin females using 5 ml of
hexane. Capture data were transformed to log (x + 1), and the differences between
means were tested for significance by analysis of variance, with treatments being
compared by Tukey test at the 5% level of probability.

RESULTS

Age, Time, and Duration of Mating.In a greenhouse, about 80% of the mating
behavior ofE. aurantianawas observed on the third and fourth days of life,
corresponding to 44.7 and 36.8%, respectively (Figure 1A). Of the 40 pairs studied,
95% mated by the seventh day of life. Most mating behavior (60%) occurred
between 7:00 and 8:00 PM, although the mating interval ranged from 5:00 to
9:00 PM (Figure 1B). The mean duration of copulation was 101.5± 62.1 min (X±
SEM; N = 38; range: 3–312 min).

Diel Distribution and Activities of Adult Moths.Field cage experiments
showed that during the day mostE. aurantianamoths were found in the lower
and middle crown of citrus trees, with the presence of at least 34% and 38%
of males, and 37% and 42% of virgin females, respectively (Table 1). This pe-
riod was characterized by reduced flight activity with the moths usually resting
on the surface of leaves, seemingly due to the high temperatures and low rel-
ative humidity (Figure 2). In the evening, about 88% and 75% of males and
virgin females, respectively, were observed in the upper crown of citrus trees.
This locomotion occurred between 6:00 and 7:00 PM, just after dusk (Figure 2).
It was in the upper crown of the trees that all copulations took place (Table 1),
peaking one hour after dusk, between 7:00 and 8:00 PM (64% of all episodes)
(Figure 2).

During the night, after 8:00 PM, the locomotion and number of matings
decreased quickly (ca. 8%; Figure 2). Most moths remained at rest, especially
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FIG. 1. Mating activities ofE. aurantianaas function of age (A), and time (B), under
greenhouse conditions. Bars with the same letter are not significantly different at the 5%
level (Tukey test).

on leaves, occasionally engaging in walks and short flights. Many moths were
observed flying for short distances after mating, although these data were not
quantified. Adults were never observed feeding, although these data are not con-
clusive, requiring confirmation in future studies.

Just before dawn, a new peak of flight activity was recorded (Figure 2), and
several moths were observed flying into the inner part of trees, especially towards
the lower and middle crown of the host tree, reestablishing the same pattern of
distribution as observed on the preceding day.
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TABLE 1. DAY AND NIGHT DISTRIBUTIONS OFE. aurantianaIN

CROWN OFCITRUS TREESUNDER FIELD CAGE CONDITIONS

Height (m)

Sex and status Period 0.5–1.0 1.1–1.8 1.9–3.0

Male Day 10.8 (34.7)a 12.1 (38.9) 8.2 (26.4)
Night 0.5 (1.4) 3.7 (10.1) 32.3 (88.5)b

Virgin female Day 12.2 (37.2) 14.0 (42.7) 6.6 (20.1)
Night 1.0 (2.5) 8.8 (22.3) 29.7 (75.2)

Mating couples Nightc 0 (0) 0 (0) 22.5 (100)

aPercentages in parentheses.
bIncludes individuals of mating couples.
cSee Figure 2 for time.

Reduced numbers of males and virgin females were recorded on weeds or
on the ground/screen during the experiment (Table 2). Although no counts were
made, most moths found on the ground were weakened or dead.

Mating Behavior. Males ofE. aurantianahovering beside leaves with females
in the upper crown of citrus trees were responding to female sex pheromone. Traps
containing virgin females or a natural female extract in a solvent (25 female-
equivalents) caught on average 8 and 6 male/trap/day in field cages (Figure 3).
The same results were obtained in the field in a commercial area, with 13 and
8 males caught per trap per day in traps containing females and natural female
extract in a solvent (40 female-equivalents), respectively (Figure 4).

DISCUSSION

The distribution (i.e., observed average number) and behavior of males and
virgin females ofE. aurantianawere synchronized and varied with respect to

TABLE 2. DISTRIBUTION OFE. aurantianaIN DIFFERENT

PARTS OFCITRUS TREESOVER A 24-HR PERIOD

Virgin Total number
Place Males females (% mean)

Citrus
Leaves 25.9 (88.7) 33.9 (90.8) 59.8 (89.7)
Fruits 0.7 (2.6) 0.4 (1.2) 1.1 (1.9)
Branches/trunk 0.5 (1.8) 0.8 (2.2) 1.3 (2.0)

Weeds 0.2 (0.7) 0.5 (1.4) 0.7 (1.1)
Soil/Netting 1.8 (6.2) 1.1 (4.4) 2.9 (5.3)
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FIG. 2. Diel periodicity of locomotion and mating in adultE. aurantianain relation to air
temperature and relative humidity. (Top) Average temperature (—◦—) and relative humid-
ity (—•—) with SEM (bars); (Bottom) females (—◦—) and males (—•—) locomotion.
Arrows indicate time of sunrise and sunset. Bars with the same letter are not significantly
different at the 5% level (Tukey test).

location in the crown of citrus trees and time of day. About 1 hr before dawn,
many moths started to fly, and flight activity peaked just before dawn, as also
reported for many other tortricids (Lewis and Taylor, 1964; Dreisig, 1986;
Quiring, 1994). ForE. aurantiana, the increase in flight activity during this period
was not associated with mating or oviposition. Temperature increased quickly
during the morning, and probably moth flight activity was due to the search
for microhabitats with a reduced risk of hygrothermal stress. When temperature
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FIG. 3. Trap catches of maleE. aurantianain field cage experiments 3–6 baited with females
(A), males (B), natural female extract in a solvent (C), or solvent alone (D). Bars with the
same letter in each experiment are not significantly different at the 5% level (Tukey test).

was highest and relative humidity lowest, moths spent most of the day resting
on leaves in the lower and middle crown of their host tree. Garcia (1999) re-
ported that the viability and longevity ofE. aurantianais much reduced when
the moth is exposed to temperatures above of 32◦C and relative humidity below
50%.

During the day, some moths flew among the leaves of the tree or adjacent
ones. However, these flights were sporadic and covered a short distance. Prob-
ably, they were motivated by the incidence of sunlight and the presence of dif-
ferent ant species and predators. Escaping predators may also explain the larger
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FIG. 4. Captures of maleE. aurantianain experiment 7 in traps baited with live virgin
females, pheromone gland extract, or solvent controls. Bars with the same letter are not
significantly different at the 5% level (Tukey test).

numbers of males and virgin females frequently found resting on leaves rather
than on other parts of the trees. The large numbers of ants foraging on branches
for nectar, oils, and honeydew throughout the day probably explain the escape
behavior of the moths. Although this was not quantified, on several occasions var-
ious species of spiders also were observed preying onE. aurantianaadults on the
leaves.

The second major peak ofE. aurantianaactivity started at dusk and continued
for about 2 hr between 6:00 and 8:00 PM. Several moths were observed flying
above the host tree canopy at dusk, as also reported for many other tortricids,
an activity usually associated with oviposition and mating (see Pointing, 1961;
Dustan, 1964; Turgeon, 1985; Turgeon et al., 1987; Quiring, 1994). Redfern and
Di Giácomo (1991) and Garcia (1999) reported that oviposition ofE. aurantiana
is concentrated during the twilight period, with the latter author detecting about
60% of the eggs during this period.

In the present study, the flight activity ofE. aurantianain the evening was
primarily associated with sexual behavior. In our experiment, we did not observe
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oviposition because we only used males and virgin females. Most of the mating
activity occurred about 1 hr after dusk and only in the upper crown of the host
tree. This is an original finding concerning tortricid moths since there are no
previous studies describing the exact site of copulation on host trees (Howell,
1995). The fact that the mating site may be related to the calling ability of females,
or more probably to a better release of sex pheromone by them, may explain the
capture of males in traps placed in the upper crown of trees. It was not possible
to determine why copulation pairs were not observed at other sites on the tree
even after repeated observations, although a likely hypothesis is that staying on
the top of the tree represents an adaptive advantage. In addition, capture of tortricid
moths with fermented products (Yothers, 1927), pheromone baited traps (Lewis
and Macaulay, 1976; Riedl et al., 1979; McNally and Barnes, 1981; Ahmad and
Al-Gharbawi, 1986; Weissling and Knight, 1995), and light traps (Borden, 1931;
Hamilton and Steiner, 1939) has been reported to be more effective when the traps
are set on tree tops.

The presence of males close to virgin females just before mating was due
to long-distance attraction elicited by a female sex pheromone. Observations in
greenhouses suggest that visual or short-range communication signals may play
a role. Usually, males approached females within a distance of 1–2 cm, then
presented a stereotyped sequence of behaviors, including vibration of the wings
and hairpencil display toward the female, which frequently attracted the female
towards them. The female then contacted the body or the end of the abdomen of
the male, and this stimulus caused the male to turn quickly and attempt copulation.
When copulation was successful, male and female remained attached through the
abdomen in opposite direction for ca. 1 hr and 40 min. A similar courtship was
described for the oriental fruit mothGrapholita molesta(Busck) (Baker and Card´e,
1979). On the other hand, mean copulation time varies widely among tortricids.
Copulation time is 40–60 min inCydia pomonella(L.) (Howell, 1995) and about
29 min inG. molesta(Dustan, 1964), while inZeiraphera canadensisMut. & Free,
it is 4 hr and 20 min (Turgeon et al., 1987).

In summary, this study determined the time when mating takes place, and
thus, when pheromone glands should be extracted for pheromone identification.
In addition, observations that mating occurs on the top of trees from 6:00 to
9:00 PM are of importance not only for the design of trap experiments, but
also for future utilization of sex pheromones for monitoring citrus fruit borer
populations.
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Abstract—The reproductive behaviors of the stink bugsChlorochroa ligataand
C. uhleriwere studied in the laboratory. Adults of both species became sexually
mature about 12–14 days after the final molt, and both sexes mated multiple times
during their lifetimes. The mean duration of copulation was 54± 24 min for vir-
gin bugs and 46± 33 min for experienced bugs forC. ligataand 78± 55 min for
field-collectedC. uhleriof unknown mating status. MaleC. ligatawere found to
transfer a significant fraction of their body mass (19%) to females during mating.
Sexually matureC. uhlerimales produced three sex-specific compounds, methyl
(R)-3-(E)-6-2,3-dihydrofarnesoate, methyl (2E,6E)-farnesoate, and methyl
(E)-5-2,6,10-trimethyl-5,9-undecadienoate, in a ratio of 100:0.9:0.6. These three
compounds were also produced by sexually mature maleC. ligata in a ratio
of 100:0.5:0.4. Identifications of the compounds were confirmed by synthesis.
Production of the male-specific compounds peaked in late afternoon to early
evening, coincident with the peak period of reproductive activity. Laboratory
and field bioassays demonstrated that female bugs were attracted to odors from
live males and to reconstructed blends of the male-specific compounds.

Key Words—Chlorochroa ligata, Chlorochroa uhleri, Pentatomidae, phero-
mone, methyl (E)-6-2,3-dihydrofarnesoate, methyl (2E,6E)-farnesoate, methyl
(E)-5-2,6,10-trimethyl-5,9-undecadienoate, reproductive behavior.
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INTRODUCTION

Phytophagous pentatomid bugs are pests of a broad spectrum of agriculturally
important crops including fruits, nuts, row crops, and vegetables (McPherson and
McPherson, 2000). These insects are characterized by piercing and sucking mouth
parts, which both immatures and adults use to inject saliva into plants, liquefy-
ing plant tissues. This feeding damage causes premature abortion or deformation
of seeds and fruiting bodies and also transmits disease. The adult insects are
strong fliers and can migrate from field to field as hosts are harvested or senesce
(McPherson and McPherson, 2000). Current monitoring methods include beating
tray or sweep-net sampling (McPherson and McPherson, 2000), both of which are
labor intensive and time consuming. There is an urgent need for better monitoring
methods, and traps baited with attractant pheromones may provide such methods.
However, sex specific compounds have been identified for only a few stink bugs,
including Nezara viridula(L.) (Aldrich et al., 1987; Baker et al., 1987; Br´ezot
et al., 1994),Euschistus spp. (Aldrich et al., 1991, 1994; Borges et al., 1998a),
Plautia staliScott (Sugie et al., 1996),Thyanta pallidovirensStål (Millar, 1997),
Piezodorus hybneriGmelin (Leal et al., 1998),P. guildinii (Westwood) (Borges
et al., 1998b), andBiprorulus bibaxBreddin (James et al., 1994). The complex-
ities involved in the identification and development of applications of stink bug
pheromones have been summarized by McBrien and Millar (1999) and are further
complicated by the growing body of evidence that stink bug reproductive behav-
iors are mediated by both chemical and substrate-borne vibrational signals (e.g.,
Ota and C¸ okl, 1991; Çokl et al., 2001).

The conchuela stink bug,Chlorochroa ligata(Say), is found in the western
regions of the United States and Canada, and it has been reported as far east as
Missouri, Kansas, and South Dakota (Buxton et al., 1983; Henry and Froeschner,
1988).C. ligataadults are usually large grayish black bugs but the species exhibits
a wide variation in color. Overall, the species is generally dark in color, with the
lateral margins of the thorax, the basal third to two thirds of the costal margins of
the wing corium, and the tip of the scutellum varying in color from pale yellow to
bright crimson (Morrill, 1910; Buxton et al., 1983). The strain infesting apple and
pear orchards in California is commonly black with reddish marginal borders and a
reddish spot in the middle of the back (Ohlendorf, 1999), whereasC. ligata found
in blackberry fields in Washington State were black with pale yellow borders (Fish
and Alcock, 1973).

A congeneric species,Chlorochroa uhleri(Stål), commonly known as Uhler’s
stink bug, is distributed through the western United States, where it damages wheat
(Caffrey and Barber, 1919), tomato (Ohlendorf, 1990), cotton (Morrill, 1910), and
alfalfa (Russell, 1952). In California, it can have several generations per year,
and details of its life history have been reported by Morrill (1910) and Russell
(1952). The color ofC. uhleriis green above and paler and yellower ventrally. The
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callosities at the base of the scutellum are moderate to small.C. uhleri is morpho-
logically similar to another congener,Chlorochroa sayiStål, and the two species
frequently have been confused (McPherson and McPherson, 2000), particularly as
bothC. sayiandC. uhlerican be found on the same host plants. The most useful
character for separating the two species is the purple flecks on the membrane of
the hemelytra ofC. sayi, which are absent inC. uhleri (Buxton et al., 1983).

We recently reported the identification of pheromones fromC. sayi(Ho and
Millar, 2001a). Here, we report the results of investigations of the reproductive
behavior and semiochemistry ofC. uhleri and C. ligata. Our specific objec-
tives were: (1) to describe the reproductive behaviors ofC. uhleri andC. ligata;
(2) to identify volatile chemicals produced by each species, focusing particu-
larly on sex-specific compounds that might be sex pheromone components; and
(3) to test reconstructed blends of sex-specific compounds as stink bug attractants
in laboratory and field bioassays.

METHODS AND MATERIALS

Insects.A colony of C. uhleri was started from egg masses obtained from
Paul da Silva, Kearney Agricultural Station, Parlier, California. Additional bugs
were collected from Russian thistle (Salsola ibericaSennen) in Riverside County
in the summers of 1998 and 1999. A colony ofC. ligata was started from adult
bugs provided by Dr. Les Ehler, University of California, Davis, California. A
second colony ofC. ligata was started in the summer of 1999 from specimens
provided by Christian Krupke, Washington State University Tree Fruit Research
and Extension Center, Wenatchee, Washington. Both species were reared on green-
bean pods grown without pesticides, raw shelled peanuts and sunflower seeds, and
bouquets of alfalfa and seasonal weed species, exactly as previously described for
C. sayi(Ho and Millar, 2001a). Bugs were kept under a 16L:8D cycle, at 23±
2◦C, and>50% relative humidity.

Observations of Reproductive Behavior.Mating behaviors of sexually mature
adultC. ligataandC. uhleriwere video-taped in time lapse mode as described for
C. sayi(Ho and Millar, 2001a), using individual pairs of bugs in plastic tubes, with
green-beans provided for food. Observations of mating behaviors were carried out
using virgin, laboratory-rearedC. ligata. For C. uhleri, due to the low number
of bugs in the laboratory colony at the time the experiments were conducted,
field collected insects of unknown age and mating status were used, after first
segregating the bugs by sex for 4 days. A total of 27 matings were observed from
13 pairs ofC. ligata in 14 days, and 28 matings from 12 pairs ofC. uhleri over
eight days. The time each copulation started, duration of each copulation, and
the total numbers of copulations per pair were recorded. The numbers of matings
initiated per 2 hr time period were plotted.
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Weight Change during Mating.The experimental setup to examine weight
change during mating was as previously described forC. sayi (Ho and Millar,
2001a). ForC. ligata, 122 virgin pairs and 52 experienced pairs were observed
between March 27 to April 10, 2000. Copulations were observed among a total
of 13 virgin pairs and 11 experienced pairs. Because there were not enoughC. uhleri
in the laboratory colony, weight changes during mating experiments were not
recorded.

Collection and Analysis of Insect-Produced Compounds.Volatile chemicals
were collected and analyzed as previously described forC. sayi(Ho and Millar,
2001a). Briefly, volatiles were collected on activated charcoal traps from groups of
sexed virgin adult bugs held in glass aeration chambers with green-beans. Volatiles
from green-beans were collected as a control. Compounds were eluted from the
traps with pentane and ether, and analyzed by splitless gas chromatography on a
DB-17 column (30 m× 0.25 mm, J&W Scientific, Folsom, California), with a
temperature program of 50◦C for 1 min, 10◦C/min to 250◦C. Injector and detector
temperatures were 250◦C and 280◦C, respectively, with helium carrier gas. Extracts
were also analyzed by splitless coupled gas chromatography-mass spectrometry
(GC-MS) with a Hewlett-Packard 5890 GC fitted with a DB5-MS column (20 m
× 0.2 mm id.), and interfaced to an H-P 5970B mass selective detector (electron
impact ionization, 70 eV). The GC was programmed from 40◦C/1 min, 10◦C/min to
250◦C, with injector and transfer line temperatures of 250 and 280◦C, respectively.
Compounds were tentatively identified from interpretation of the mass spectra,
and from matches with the NBS-NIH mass spectral data base. Identifications were
confirmed by comparison of retention times and spectra with those of authentic
standards.

Bioassays Using Odors from Live Male Bugs, Extracts of Bug Volatiles, or
Synthetic Chemicals as Test Stimulants.Laboratory bioassays were carried out
with a vertical glass Y-tube olfactometer, exactly as described previously (Ho and
Millar, 2001a), using sexually mature virgin adults. Bugs were used only once.
Not all cohorts of virgin maleC. uhleri produced male-specific compounds, as
determined by GC analysis of collected bug odors. Consequently, only live males
from C. uhlericohorts that had been demonstrated to be producing male-specific
compounds were used as sources of attractant in bioassays, with female responders.

Field Bioassays.The complete blend of male-specific compounds from each
species (see below) was tested in field bioassays as described by Ho and Millar
(2001a). Lures consisted of solutions of 20 mg of the racemic major compound,
methyl (E)-6-2,3-dihydrofarnesoate, together with the minor components, methyl
(2E,6E)-farnesoate (0.12 mg) and racemic methyl (E)-5-2,6,10-trimethyl-5,9-
undecadienoate (0.18 mg) absorbed onto 10 cm lengths of natural latex rubber
tubing. Controls consisted of sections of tubing treated with CH2Cl2. Lures and
controls were hung in Russian thistle plants, with the number of bugs on each plant
counted daily during the late afternoon. Lures and controls were rerandomized
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among plants after each count. In the first sets of trials (see below), responding bugs
were collected, counted, and released, whereas in later trials, all responding bugs
were collected and taken back to the laboratory to augment the laboratory colonies.

For trial 1, August 3–16, 1999, lures with the three-component blend of
C. uhleri together with solvent-treated controls were deployed at test sites in
Ontario, Moreno Valley, Redlands, and Riverside, California, with three replicates
of each treatment in each block. Bioassays were evaluated as described above,
with the counted bugs being released.

For trial 2, August 19–24, 1999, six experimental blocks were set up in Rus-
sian thistle patches in Moreno Valley and Riverside, testing the three-component
blend ofC. uhleri, and a solvent control. Each treatment and control was replicated
three times at each site. Bioassays were evaluated each evening from∼17:00 till
dusk, collecting all responding bugs.

For both trials, where appropriate, the numbers of responding bugs were
transformed, using the square root (x + 0.5) transformation, and the transformed
data were subjected to two-way ANOVA, with differences between treatments
and controls determined by Dunnett’s method. For those data sets that did not
satisfy the assumptions of ANOVA, differences between treatments and controls
were determined with the nonparametric multiresponse permutation procedure
(Biondini et al., 1985; McCune and Mefford, 1999).

Chemicals.(E)-2-hexenal, (E)-2-octenal, (E)-2-hexenyl acetate, undecane,
dodecane, tridecane, tetradecane, and pentadecane were purchased from Aldrich
Chemical (Milwaukee Wisconsin), and (E)-2-octenyl acetate was obtained from
Bedoukian Research (Danbury, Connecticut). (Z)-2-Octenyl acetate was synthe-
sized by acetylation of (Z)-2-octenol with acetyl chloride and triethylamine in
ether. Racemic methyl (E)-6-2,3-dihydrofarnesoate was synthesized as previously
described (Ho and Millar, 2001a). (E)-4-Oxo-2-hexenal was synthesized as de-
scribed by Ho and Millar (2001b).

Synthesized Compounds.Flash chromatography was carried out with 0.04
to 0.063-mm silica gel (Aldrich Chemical Co., Milwaukee, Wisconsin).1H and
13C NMR spectra were recorded in CDCl3 at 300 and 75.48 MHz, respectively,
using a General Electric QE 300 instrument. GC-MS analyses (electron impact
ionization, 70 eV) were performed on a Hewlett-Packard 5890 gas chromatograph
interfaced to an HP 5970B mass selective detector (Palo Alto, California). A
DB-5MS column was used (20 m× 0.2 mm, 0.25µm; J&W Scientific, Folsom,
California). Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl
immediately before use. Routine work-up of reactions included drying solutions
over anhydrous Na2SO4 and concentrating by rotary evaporation under partial
vacuum (∼80 mm Hg). All reactions were carried out under argon atmosphere in
oven-dried glassware unless otherwise specified.

Synthesis of Methyl (2E,6E)-Farnesoate.A solution of trimethylphospho-
noacetate (2.18 g, 12 mmol; Lancaster Synthesis, Windham, New Hampshire)
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in THF (20 ml) was cooled to−30◦C under Ar, andn-butyllithium (4.8 ml of
2.5 M in hexane, 12 mmol) was added dropwise. The mixture was warmed to
0◦C, and geranyl acetone (1.94 g, 10 mmol) was added dropwise. The mixture
was warmed to room temperature, stirred 2 hr at room temperature, during which
time considerable precipitate formed, then heated to reflux for 1 hr. The mixture
was then cooled, poured into 1 M aq. NaHCO3, and extracted three times with
hexane. The combined hexane extracts were backwashed with brine, dried over
anhydrous Na2SO4, and concentrated, giving a crude yield of 3 g of a∼2:1 mixture
of (2E,6E)- and (2Z,6E)-methyl farnesoates. The crude mixture was purified by
flash chromatography on silica gel (5× 25 cm, eluting with 1 liter each of 1%,
1.5%, and 2% ether in hexane). The combined fractions containing each compo-
nent were concentrated and Kugelrohr distilled (oven temperature 120◦C, 0.2 mm
Hg vacuum), yielding 1.2 g and 0.3 g of pure (2E,6E)- and (2Z,6E)-methyl farne-
soates, respectively. Methyl (2E,6E)-farnesoate:1H NMR: δ 5.68 (br. s, 1H, H2),
5.09 (br. t, 2H,J= ∼8 Hz, H6,10), 3.69 (s, 3H, OCH3),∼2.18 (m, 4H, H4, H5),
2.18 (d, 3H,J= 1.23 Hz, H3′), 2.12–1.95 (m, 4H, H8, H9), 1.69 (br. s, 3H, H12),
1.61 (br. s, 6H, H7, H12′). 13C NMR (CDCl3, 75.48 MHz):δ 167.27, 160.19,
136.16, 131.41, 124.20, 122.85, 115.20, 50.78, 40.94, 39.67, 26.66, 25.69, 25.94,
18.84, 17.69, 16.02. EI-MS: 250 (M+, 1), 207 (2), 136 (4), 121 (13), 114 (24), 81
(22), 69 (100), 53 (18), 41 (85). Methyl (2Z, 6E)-farnesoate:1H NMR: δ 5.68 (br.
s, 1H, H2), 5.18 (br. t, 1H, J= 6.2 Hz, H6), 5.10 (br. tt, 1H,J= 6.7, 1.1 Hz, H10),
3.69 (s, 3H, OMe), 2.65 (t, 2H,J= 7.8 Hz, H4), 2.18 (overlapped dt, 2H,J ∼7.8,
7.7 Hz, H5), 2.12–1.95 (m, 4H, H8, H9), 1.90 (d, 3H,J= 0.8 Hz, H3′), 1.68 (br.
s, 3H, H12), 1.62 (br. s, 3H, H12′), 1.59 (s, 3H, H7′). EI-MS: 250 (M+, 7), 235
(1), 218 (1), 207 (12), 175 (5), 149 (17), 137 (10), 121 (36), 114 (28), 109 (22),
81 (31), 69 (100), 53 (19), 41 (55). The1H NMR and mass spectral data for both
compounds matched literature data [NMR: Savu and Katzenellenbogen (1981);
MS: Wainwright et al. (1996)].

Synthesis of Racemic Methyl (E)-5-2,6,10-Trimethyl-5,9-Undecadienoate
(Scheme 1).For homogeranyl iodide (2), NaI (2.3 g, 15 mmol) was dried in a
Kugelrohr distillation apparatus at 100◦C under vacuum for 2 hr. After cooling,

SCHEME 1.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344817 September 26, 2001 11:25 Style file version Nov. 19th, 1999

MALE STINK BUG SEX PHEROMONE 2073

25 ml acetone, homogeranyl bromide1 (0.7 g, 3 mmol, prepared as described by
Ho and Millar, 2001a), and 10 mg of Na2CO3 were added, and the mixture was
stirred under Ar at room temp, monitoring the reaction by GC. When the reaction
was complete (∼4 hr), the mixture was poured into 150 ml water and extracted
with hexane. The hexane layer was washed with aq. sodium bisulfite and brine,
dried, and concentrated. The crude product was stored in the freezer until used,
with a piece of copper wire added to retard degradation. EI-MSm/z: 278 (M+,
0.7), 263 (1.3), 235 (9), 151 (2.7), 123 (12), 95 (150) 81 (16), 69 (100), 41 (74).

For (E)-5-2,6,10-trimethyl-5,9-undecadienoic acid(3), the procedure was
adapted from that of Prashad et al. (1993). Lithium diisopropylamide (LDA)
(1.5 M, 7.5 ml, 11.23 mmol) was added to 20 ml freshly distilled THF in an oven
dried flask in an ice bath. Propionic acid (0.36 ml, 5 mmol) then was added drop-
wise, followed by 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU)
(0.7 ml, 5.7 mmol) as cosolvent. The mixture was stirred at room temperature
for 20 min, then cooled to 0◦C, and crude homogeranyl iodide2 (0.7 g,
2.5 mmol) in 2 ml THF was added over 10 min. The mixture was stirred at
room temperature, monitoring by GC. When there was no further change in the
product ratio, the mixture was poured into 100 ml 1 M HCl and extracted with
hexane (1× 100 ml, 2× 50 ml). The combined hexane layers were extracted
with 1 M NaOH (1× 100 ml, 2× 50 ml). The combined aq. NaOH layers were
back-extracted with ether, then acidified with 100 ml 3 M HCl and extracted with
ether (1× 100 ml, 2× 50 ml). The combined ether layers were backwashed
with brine, dried, and concentrated, yielding 0.4 g of acid3 (purity 95% by GC,
71% yield).1H NMR (CDCl3, 300 MHz):δ 5.1 (m, 2H, H5 and H9), 2.5 (sextet,
1 H, J = 7 Hz, H-2), 2.06 (m, 7H, H2, H4, H7, and H8), 1.8 (m, 1H, H3), 1.69
(s, 3H, H11), 1.61 (2× s, 2× 3H, H6′ and H11′), 1.45 (m, 1H, H3′), 1.19 (d,
3H, J= 7 Hz, H2′). 13C NMR (CDCl3, 75.48 MHz):δ 182.99, 136.03, 131.41,
124.27, 123.33, 39.71, 38.75, 33.50, 26.62, 25.71, 25.48, 17.70, 16.86, 15.99.
EI-MS m/z: 224 (M+, 1), 209 (1.6), 181 (34), 163 (7.5), 137 (5.4), 109 (43),
81 (19), 69 (100), 41 (96). The spectra matched those reported by Coates and
Freidinger (1970).

For methyl(E)-5-2,6,10-trimethyl-5,9-undecadienoate(4), acid 3 was dis-
solved in∼5 ml ether, cooled in an ice bath, and a freshly prepared solution of
diazomethane in ether (prepared according to Aldrich Tech. Information Bulletin
AL-180, Aldrich Chem. Co., Milwaukee, Wisconsin) was added until the free
acid was consumed (monitoring by persistence of the yellow color of excess di-
azomethane). Nitrogen was bubbled vigorously through the solution to discharge
traces of excess diazomethane; then the mixture was concentrated and Kugelrohr
distilled at 0.1 mm Hg, oven temperature 70◦C, yielding 0.34 g of ester4 (58%
yield, 92% purity by GC).1H NMR (CDCl3, 300 MHz):δ 5.09 (t, 2H,J = 7 Hz,
H5 and H9), 3.67 (s, 3H, OCH3), 2.46 (sextet, 1H,J = 6.9 Hz, H2), 1.88–2.15 (m,
7H, H2, H4, H7 and H8), 1.6–1.8 (m, 1H, H3), 1.68 (s, 3H, H11), 1.60 and 1.58
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SCHEME 2.

(2× s, 2× 3H, H11′ and H6′), 1.35–1.5 (m, 1H, H3′), 1.15 (d, 3H,J = 6.9 Hz,
H2′). 13C NMR (CDCl3, 75.48 MHz):δ 177.33, 135.82, 131.37, 124.28, 123.50,
51.48. 39.73, 38.89, 33.79, 26.65, 25.71, 25.57, 17.69, 17.09, 15.95. EI-MSm/z:
238 (M+, 0.7), 223 (3.3), 195 (19), 163 (10), 123 (7.4), 109 (75), 88 (22), 69 (84),
55 (20), 41 (100).

Synthesis of Racemic Methyl(E)-6-7,11-Dimethyl-6,10-Dodecadienoate
(Scheme 2).For (E)-6-7,11-dimethyl-6,10-dodecadienoic acid (5), the procedure
was adapted from those described by Fujisawa et al. (1980) and Sato et al. (1980).
Homogeranyl bromide2 (0.9 g, 3.9 mmol, purity 82%) was dissolved in∼10 ml
of freshly distilled THF in a dropping funnel. One milliliter of the solution was
added to a flask containing Mg turnings (0.2 g, 8 mmol), with several small crystals
of iodine and 5 drops of dibromoethane. The mixture was stirred until the iodine
color disappeared, and then the rest of the solution was added dropwise over∼2 hr,
warming gently to 30–40◦C with an oil bath. When the addition was complete,
the solution was heated at 40◦C for 1 hr, then cooled to room temperature The
resulting solution of Grignard reagent was transferred by syringe into a solution
of β-propiolactone (0.25 g/0.22 ml, 4 mmol; Aldrich Chemical) and powdered
CuI (0.04 g, 0.2 mmol) in 5 ml dry THF at∼−10◦C (ice-salt bath) in a 100-ml
flask under Ar over 30 min. The mixture was warmed to 0◦C and stirred until the
reaction was complete. The reaction mixture was poured into 100 ml 1 M HCl
and extracted with hexane (1× 100 ml, 2× 50 ml). The combined organic layers
were extracted with 1 M NaOH (1× 100 ml, 2× 50 ml), and the combined aq.
NaOH extracts were then back-extracted once with ether. The aq. NaOH extract
was then acidified with 100 ml 3 M HCl, and extracted with ether (1× 100 ml, 2×
50 ml), the combined ether extracts were washed with brine, dried, and concentrated,
yielding 0.4 g of acid5. 1H NMR (CDCl3, 300 MHz):δ 10.75 (br s, 1 H, COOH),
5.11 (m, 2H, H6 and H10), 2.36 (t, 2H,J = 7.4 Hz, H2), 1.9–2.1 (m, 6H, H5, H8,
H9), 1.68 (s, 3H, H12), 1.60 (s, 6H, H7′ and H12′), 1.5–1.7 (m, 2H, H3), 1.3–1.5
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(m, 2H, H4).13C NMR (CDCl3, 75.48 MHz):δ 180.52, 135.49, 131.38, 124.36,
123.99, 39.78, 34.11, 29.25, 27.52, 26.73, 25.74, 24.32, 17.73, 16.05. EI-MSm/z:
224 (M+, 0.5), 209 (1.8), 181 (28), 137 (5), 123 (15), 109 (12), 95 (36), 69 (100),
41 (77).

For methyl(E)-6-7,11-dimethyl-6,10-dodecadienoate(6), a portion of (E)-
6-7,11-dimethyl-6,10-dodecadienoic acid5 was esterified with diazomethane as
described for 4. EI-MSm/z: 238 (M+, 0.5), 223 (0.6), 195 (18), 163 (6), 137 (9),
123 (11), 109 (21), 95 (49), 69 (82), 41 (100).

Synthesis of Methyl (R)-3-(E)-6-2,3-Dihydrofarnesoate (Scheme 3). The re-
action was carried out exactly as described by Pfaltz (1989) and Leutenegger et al.
(1989). A successful reaction required rigorous degassing of solvents and starting
materials, and exclusion of oxygen. Thus, methyl (2E,6E)-farnesoate7 (0.25 g,
1 mmol) in a 25-ml three-necked round-bottom flask equipped with a magnetic
stir bar, with the necks fitted with a stop-cock and two new rubber septa, was
degassed by several cycles of pumping under vacuum and refilling the flask with
N2. All solvents and solutions were degassed by sonicating while pumping under
house vacuum, then refilling with N2; this was repeated several times. Then 0.5 ml
ethanol were added to the flask by syringe, followed by 0.25 ml of a solution of
CoCl2•6H2O (100 mg, 0.42 mmol) in ethanol (5.5 ml), a solution of (1S,9S)-
1,9-bis[(t-butyldimethylsiloxy)-methyl]-5-cyanosemicorrin (10 mg, 0.022 mmol;
Fluka #14556) in 0.5 ml ethanol (mixture turns deep blue), and a solution of
NaBH4 [85 mg (2.2 mmol) in 0.8 ml dimethylformamide] (mixture turns brown,
cloudy). The mixture was degassed again by several freeze–pump–thaw cycles,
using a Dry Ice–acetone bath. The flask was then sealed tightly and the mix-
ture was stirred for 45 hr at room temperature. A sample taken indicated that the
reaction was complete, with no trace of starting material, but that the product
had been 60% transesterified to the ethyl ester. The mixture was worked up by
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pouring into 100 ml water and extracting with 3× 50 ml CH2Cl2. The combined
CH2Cl2 extracts were washed with water and brine, dried, and concentrated. The
crude ethyl ester8 was then transesterified by stirring with methanol (10 ml) and
one pellet of NaOH (∼250 mg) overnight at room temperature. The mixture was
poured into 50 ml water and extracted with hexane, washing the hexane solution
with brine. The solution was dried, concentrated, and Kugelrohr distilled (oven
temperature 110◦C, 0.3 mm Hg), yielding 229 mg of methyl (R)-3-(E)-6-2,3-
dihydrofarnesoate9, >98.5% pure by GC. The enantiomeric excess was deter-
mined to be 89.6% by hydrolysis of the acid followed by formation of the diastere-
omeric amides by reaction with (S)-(–)-α-methylbenzylamine and GC analysis
(see below).

Determination of Absolute Configuration of Insect-Produced Methyl (E)-
6-2,3-Dihydrofarnesoate.This procedure was adapted from a method reported
by Huffer and Schreier (1990), scaling down the apparatus and quantities of
reagents used. Thus, 10µg of synthetic racemic or methyl (R)-3-(E)-6-2,3-
dihydrofarnesoate was hydrolyzed in 20µl of EtOH and 2µl of aq. 4 M NaOH in a
Keele vial (Wheaton Scientific Products, Millville, New Jersey), heating in a 50◦C
water bath for 2 hr. After cooling, the EtOH was evaporated under a gentle stream
of N2. Then 20µl of 1 M HCl were added to the dry vial, and the mixture was
extracted with pentane (3× 100µl) to recover the free (E)-6-2,3-dihydrofarnesoic
acid. The pentane solution was dried by filtering through a Pasteur pipet containing
a 0.5-cm layer of anhydrous MgSO4, then transferred to a 250-µl conical glass
vial insert inside a 4-ml glass vial. The solution was evaporated just to dryness
under a gentle stream of N2 and 20µl of CHCl3 were added, followed by 2µl of
a CHCl3 solution of (S)-(–)-α-methylbenzylamine (10µg/µl; Aldrich Chemical)
and 4µl of a solution of dicyclohexylcarbodiimide (DCC) (6µg/µl in CHCl3).
The vial was sealed tightly with a Teflon-lined screw-cap, and the vial was heated
in a 50◦C water bath for 30 min. The mixture was then analyzed by GC and GC-
MS on DB-5 and DB5-MS columns (20 m× 0.32 or 0.2 mm, respectively, J&W
Scientific, Folsom, California) in splitless mode. GC and GC-MS conditions were:
150◦C/0 min, 4◦C/min to 275◦C, hold at 275◦C for 10 min, injector temp 300◦C,
detector or transfer line temp 280◦C.

A pooled aeration extract from mature maleC. uhleri containing approxi-
mately 1.2 mg of the major defensive compound, tridecane, and 22µg of the ma-
jor male-specific compound, methyl (E)-6-2,3-dihydrofarnesoate was fractionated
on a silica gel solid-phase extraction cartridge as previously described (Ho and
Millar, 2001a). The fraction containing methyl (E)-6-2,3-dihydrofarnesoate was
hydrolyzed, and the resulting (E)-6-2,3-dihydrofarnesoic acid was converted to
the diastereomeric methylbenzylamide derivative and analyzed as described above.
This procedure was repeated with pooled aeration extracts fromC. ligata males
containing approximately 64µg of tridecane and 11µg of the major male-specific
compound, methyl (E)-6-2,3-dihydrofarnesoate.
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RESULTS

Basic Reproductive Behaviors.The reproductive behaviors ofC. uhleri and
C. ligatawere similar. For both species, the male bug began close-range courtship
with antennation of the female bug, followed by head butting the posterior end
of the female bug. If the female was receptive, she stopped walking, lowered her
head, and raised her abdomen. Then, the male turned around, coupled his genitalia
with those of the female, and copulated in an end-to-end position. During mating,
both female and male bugs were in a ‘head-stand’ position, shaped as an inverted
‘V’, with the abdomen higher than the head. When copulation was complete, one
of the bugs swung from side to side to disengage from the other. If the female
was not receptive, she walked away. In some cases, even though the female bug
stopped and raised her abdomen in the receptive position, the male would still head
butt for some time before he turned around and mated with her. In cases where
the female assumed the receptive position with her abdomen raised, and the male
failed to couple with her genitalia, the male resumed head butting and started over
again. In some cases, the male had to pursue the female with periodic bouts of
head butting for hours, before the female acquiesced and copulated with the male.
In other cases, the female mated with the male after a relatively brief courtship of
only a few minutes of head butting.

Weight Change after Mating.Experiments with 122 virgin pairs and 52 expe-
rienced pairs ofC. ligata resulted in a total of only 13 observations of copulation
between virgin pairs and 11 copulations of experienced pairs. For virgin insects,
females gained 28± 1 0 mg in weight (mean±SD, 11± 4% of body weight), and
males lost 42±11 mg (19± 5% of body weight) during copulation (Figure 1a).
There was negligible weight change in the control group, with females losing 3±
3 mg, and males losing 1± 2 mg (N = 16). There was a trend towards increasing
weight change in both sexes with increasing duration of mating [Figure 1a,R2 =
0.1527 (females) and 0.4926 (males)].

For experienced pairs, weight change was not correlated with duration of
mating for either sex (Figure 1b, experienced pairs, females,P = 0.72 and males,
P = 0.42). Experienced males lost an average of 42± 7 mg (19± 3% of body
weight) during mating, and females gained 24± 10 mg (11± 5% of body weight).
Overall, these results indicate that virgin and experienced males transfer material
equivalent to a significant fraction of their body mass to females during mating.
For both virgin and experienced pairs, there was a small overall net weight loss,
probably due to defecation; drops of feces were frequently seen on the walls of
the cages at the termination of the experiments.

We were not able to carry out analogous experiments withC. uhleribecause
of insufficient numbers of bugs in the laboratory colonies.

Diurnal Patterns in Mating Behavior.The diurnal rhythm of mating behavior
of adultC. ligata is shown in Figure 2a. Of 23 sexually mature, lab-reared pairs
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FIG. 1. Weight change ofC. ligataafter mating. (a) Virgin insects: females gained 0.028±
0.010 g (mean± SD) (t test versus controls,P = 6× 10−8, and males lost 0.042± 0.011 g
in weight during mating (t test versus controls,P= 1.8× 10−8) (N= 13). Linear regression
was carried out on the weight change versus duration of mating for each sex. Female weight
gain was not correlated with duration of mating (P = 0.1868), whereas male weight loss
was correlated with mating duration (P= 0.0075). (b) Experienced insects: females gained
0.024± 0.010 g (mean± SD) in weight (t test versus controls,P = 1.3× 10−6), and
males lost 0.042± 0.007 g with every mating (t test versus controls,P = 1 × 10−9) (N
= 11). Linear regression was carried out on the weight change versus duration of mating
for each sex. Neither female weight gain (P = 0.7154) nor male weight loss (P = 0.4212)
was correlated with mating duration.

2078
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FIG. 2. Diurnal pattern of mating behavior ofC. ligata (a) andC. uhleri (b), showing
number of pairs that initiated copulation during successive 2-hr time periods. Lights were
on from 06:00 to 20:00 hr each day. TheC. ligata trial was run with 13 pairs of insects for
14 consecutive days, with 27 matings observed. TheC. uhleritrial was run with 12 individual
pairs of insects for 8 consecutive days, with 28 matings observed.

observed over a 14 day period, 13 pairs mated a total of 27 times. No mating
was observed for the other 10 pairs because of the death of one or both bugs of
the pair. For pairs that mated more than once, the mean latency between copula-
tions was 50± 20 hr (range 22–92 hr). The duration of mating for virgin females
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paired with virgin males (54± 24 min; N = 12), and for experienced females
and males (46± 33 min; N = 15) was not different (two tailedt test, df =
25, P = 0.44). The largest percentage of copulations (>25%) were initiated
between 17:00–19:00 hr (Figure 2a). The remainder of copulations generally
were initiated in the afternoon and evening hours, from 13:00 to 23:00 hr, indicating
that this species is sexually active primarily during the latter half of the
photophase.

Twelve pairs of field-collectedC. uhleri adults of unknown age and mating
status, held in sexed groups for 4 days before beginning observations, mated a total
of 28 times during the 8 day observation period. The overall pattern of reproductive
activity is shown in Figure 2b. Mating duration ranged from 8 to 193 min, (mean
± SD, 78± 55 min). Eight of the 12 pairs mated more than once, one pair did not
mate at all, and three pairs mated only once due to the death of one of the pair.
Of the eight multiply-mating pairs, two pairs mated twice the same day, and then
every one to two days. Another three pairs mated every other day. The interval
between mating ranged from 10 to 51 hr (mean 26± 14 hr). Females usually laid
eggs between copulations. Mating was initiated mostly in the afternoon, with 25%
of the 28 matings observed being initiated between 13:00–15:00.

Identification of Compounds from Odors Produced by Adult C. uhleri and
C. ligata. Typical gas chromatograms of aeration extracts from groups of 5–10
sexually mature, virgin adult female and maleC. uhleri are shown in Figure 3.
Several compounds appeared in both female and male aeration extracts, including
(E)-2-hexenal, (E)-2-octenal, dodecane, (E)-2-octenyl acetate, tridecane, tetrade-
cane, and pentadecane. Female extracts also contained the known bug defensive
compound (E)-4-oxo-2-hexenal (Aldrich, 1995) and a small amount of undecane.
All compounds except (E)-4-oxo-2-hexenal were tentatively identified by com-
parison of their mass spectra with those from the National Bureau of Standards
GC-MS database. (E)-4-Oxo-2-hexenal was tentatively identified by comparison
of the mass spectrum with a reference spectrum obtained from J. R. Aldrich. Iden-
tifications then were confirmed by comparison of retention times and mass spectra
of the insect-produced compounds with those of authentic standards. The C11-C15

hydrocarbons, (E)-2-hexenal, (E)-2-octenal, (E)-2-octenyl acetate, and (E)-4-
oxo-2-hexenal are probably defensive compounds from the metathoracic glands
(Ho and Millar, 2001b). Aeration extracts from green-bean controls were found
to contain trace amounts of the common plant volatiles hexanol, (E)-2-hexenol,
(E)-2-hexenal, and linalool.

Three male-specific compounds (Figure 3, peaks A, B, and C) in a ratio of
0.9:100:0.6, were first detected in aeration extracts 12 days after the final molt in
each of two cohorts of virgin males. The mass spectrum of the most abundant of the
three compounds, peak B, suggested a molecular mass of 252 with major fragment
ions ofm/z69, 109, 123, 177, and 209. The compound was tentatively identified as
methyl (E)-6-2,3-dihydrofarnesoate by comparison of its mass spectrum with the
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FIG. 3. Gas chromatograms of aeration extracts of sexually mature male (top trace) and
female (bottom trace)C. uhleri.GC conditions: column DB5-MS (20 m×0.2 mm ID), initial
temperature 50◦C (1 min), 10◦C/min to 250◦C, 250◦C (10 min). Three compounds were
found only in male aeration extract: A: methyl (E)-5-2,6,10-trimethyl-5,9-undecadienoate;
B: methyl (E)-6-2,3-dihydrofarnesoate; C: methyl (2E,6E)-farnesoate. Other peaks: a:
(E)-2-hexenal; b: (E)-4-oxo-2-hexenal; c: (E)-2-octenal; d: undecane; e: dodecane; f: (E)-
2-octenyl acetate; g: tridecane; h: tetradecane; j: pentadecane.

mass spectral database. The identification was confirmed by synthesis of methyl
(E)-6-2,3-dihydrofarnesoate, and match-up of mass spectra and GC retention times
on two columns of different polarity (DB-5MS and DB-17).

Peak C was tentatively identified as methyl (2E,6E)-farnesoate based on
its molecular ion atm/z250 (corresponding to a possible molecular formula of
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FIG. 4. Mass spectrum of (E)-5-2,6,10-trimethyl-5,9-undecadienoate.

C16H26O2); significant fragment ions ofm/z41, 69, 114, 136, and 235; and an
excellent match with a spectrum of the authentic compound in the mass spectral
database. The identification was confirmed by matching the mass spectrum, and
retention times on DB-5MS and DB-17 GC columns, with those of a synthesized
standard of methyl (2E,6E)-farnesoate.

The mass spectrum of the small peak A showed a possible molecular weight
of 238 amu (Figure 4). The molecular weights of peak A and the major compo-
nent, methyl (E)-6-2,3-dihydrofarnesoate, were 14 mass units different, and both
gave similar mass spectral fragmentation patterns in the lower mass ranges. This
suggested that the unknown might be a homolog of methyl (E)-6-2,3-dihydro-
farnesoate, with one methylene group less. There were two obvious possibilities.
First, the compound might be derived from chain shortening of methyl (E)-6-
2,3-dihydrofarnesoate by one carbon, that is, methyl (E)-5-2,6,10-trimethyl-5,9-
undecadienoate. Alternatively, the structure might be methyl (E)-6-7,11-dimethyl-
6,10-dodecadienoate, from removal of the methyl group on carbon 3 of methyl
(E)-6-2,3-dihydrofarnesoate. Other possibilities, such as removal of a methyl
group further along the chain, seemed unlikely because of the similarities be-
tween the mass spectra of this compound and methyl (E)-6-2,3-dihydrofarnesoate,
whereas removal of an allylic methyl from carbons 7 or 11 of methyl (E)-6-2,3-
dihydrofarnesoate would have shifted the masses of most of the major fragments by
14 mass units. To confirm the structure of the unknown, the two most likely com-
pounds were synthesized. By comparison of the retention times and mass spectrum
of the unknown with those of the synthetic compounds, compound A was identified
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as methyl (E)-5-2,6,10-trimethyl- 5,9-undecadienoate. A diagnostic mass spectral
fragment withm/z88 (Figure 4), arising from McLafferty rearrangement of the
methyl ester (Silverstein and Webster, 1998), aided the conclusive identification.
This fragment was not seen in the spectrum of methyl (E)-6-7,11-dimethyl-6,10-
dodecadienoate, and the retention time of this compound was different from that
of the insect-produced compound.

The absolute configuration of the insect-produced methyl (E)-6-2,3-
dihydrofarnesoate was determined by hydrolysis of the ester to the free acid,
followed by derivatization with (S)-(–)-α-methylbenzylamine. GC analysis of
the resulting amide diastereomer determined that its retention time matched that
of the corresponding derivative prepared from synthetic methyl (R)-3-(E)-6-2,3-
dihydrofarnesoate. The pair of derivatives from derivatization of racemic
(E)-6-2,3-dihydrofarnesoic acid were resolved to baseline on a DB-5MS column
[(R)-3- enantiomer, 22.76 min; (S)-3 enantiomer, 22.94 min], unequivocally indi-
cating that the bugs produce methyl (R)-3-(E)-6-2,3-dihydrofarnesoate.

There was also a chiral center in the minor component, (E)-5-methyl-2,6,10-
trimethyl-5,9-undecadienoate. This compound was present in trace amounts in
the fraction containing methyl (R)-3-(E)-6-2,3-dihydrofarnesoate, but after the
two-step hydrolysis and derivatization procedure, a peak corresponding to this
compound could not be located in the chromatograms.

Typical gas chromatograms of aeration extracts from female and male
C. ligata are shown in Figure 5. The compounds shared by both females and
males included (E)-2-octenal, dodecane, tridecane, and pentadecane. Extracts
from females also contained (E)-2-hexenal, (E)-4-oxo-2-hexenal, undecane, and
tetradecane. Sexually mature males also produced the same three male-specific
compounds asC. uhleri, in a similar ratio [methyl (E)-6-2,3-dihydrofarnesoate,
methyl (2E,6E)-farnesoate, methyl (E)-5-2,6,10-trimethyl-5,9-undecadienoate,
100:0.4:0.5]. Furthermore, GC analysis of the diastereomeric derivative formed
from theC. ligata-produced methyl (E)-6-2,3-dihydrofarnesoate determined that
it too had the (R)-3 configuration. As withC. uhleri, the amount of the minor
component methyl (E)-5-2,6,10-trimethyl-5,9-undecadienoate was too small to
be able to determine its absolute configuration by the derivatization method. Thus,
the male-specific blends of compounds fromC. uhleriandC. ligataappear to be
remarkably similar, even to the extent of the major, chiral component having the
same absolute configuration.

Dynamics of Production of Male-Specific Compounds.Less than half the
cohorts of virgin maleC. uhleri produced male-specific compounds. For exam-
ple, between November 1997 and November 1998, of 28 cohorts of virgin males
>10 days old that were aerated continuously for at least 8 days, only 13 cohorts
produced detectable amounts of male-specific compounds. In a second set of aera-
tions conducted between February 6 and March 24, 1999, only three of 17 cohorts
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FIG. 5. Gas chromatograms of male (top trace) and female (bottom trace)C. ligataaeration
extracts. GC conditions: column DB5-MS (20 m× 0.2 mm ID), oven temperature: 40◦C
(1 min), 10◦C/min to 250◦C, 250◦C (10 min). Peak B: methyl (E)-6-2,3-dihydrofarnesoate.
Other peaks: a: (E)-2-hexenal; b: (E)-4-oxo-2-hexenal; c: (E)-2-octenal; d: undecane;
e: dodecane; f: (E)-2-octenyl acetate; g: tridecane; h: tetradecane; j: pentadecane.

of virgin males>12 days old aerated for periods of one week produced male-
specific compounds. This second set of aerations was conducted with individuals
reared from eggs laid by bugs collected in late fall of 1998.

ForC. ligata, male-specific compounds were first detected from three cohorts
of virgin males 13, 14, and 14 days, respectively, after the final molt. Unlike
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C. uhleri, all cohorts (>20 total) of males that were aerated produced male-specific
compounds.

Diurnal Rhythm of Production of Male-Specific Compounds.Aeration data
from seven cohorts of maleC. ligatawere pooled and analyzed by 2-way ANOVA
to determine the diurnal rhythm of production (Figure 6a). Maximum production
of male-specific compounds occurred from 19:00 to 21:00 hr, and the quantities
produced were significantly greater than for the next most productive periods
between 17:00 and 19:00 and 21:00 and 23:00 hr. During peak production, males
produced about 35 ng/bug/hr of the major male-specific compound.

For cohorts of maleC. uhleri that did produce male-specific compounds,
production followed a diurnal cycle, increasing from midday and peaking in the
late afternoon at 17:00–19:00 (Figure 6b). The mean amount of the most abun-
dant compound, methyl (E)-6-2,3-dihydrofarnesoate, produced during the peak
production period was 8.8± 4.7 ng/bug/hr. Lower levels of this compound were
detected during the entire 24 hr cycle.

Laboratory Bioassays.In vertical Y-tube bioassays, femaleC. uhleri were
more attracted to odors from live males than to clean air controls (male odor
stimulus, 24 responders, control, 10 responders, 3 nonresponders;χ2 test, P =
0.016). In subsequent bioassays testing different doses of aeration extracts of males
(doses of 8–32 ng of the major male specific compound), female bugs showed no
preference for the odor extract from males versus the solvent control (extract, 14
responders, control, 18 responders). Because the effects of the pheromone might
have been confounded by the presence of defensive chemicals in the crude extracts,
no further bioassays were conducted with extracts.

When tested as a single component, 2µg of the synthesized major male-
specific compound, methyl (R)-3-(E)-6-2,3-dihydrofarnesoate, attracted 26 fe-
males, versus 12 females attracted to the solvent control (χ2 test,P= 0.023), with
10 nonresponders. In further bioassays testing the effects of the minor male-specific
components, and using racemic (E)-6-2,3-dihydrofarnesoate instead of the (R)-3
enantiomer, results were unclear. With 4-µg doses of the three-component blend,
there were no significant differences in responses of females to the treatment or
the control, (N = 16; treatment= 6, control= 8, 2 nonresponders). However,
a second set of bioassays using 40µg of the three-component blend resulted in
attraction of female bugs to the treatment (treatment= 25, control= 10, 5 nonre-
sponders;P = 0.011). In a direct test of the attractiveness of the three-component
blend versus the single major component methyl (E)-6-2,3-dihydrofarnesoate
(40µg doses), female bugs responded equally to each stimulus (three-component
blend= 10, single component= 14, 4 nonresponders;χ2, P = 0.414). This result
suggested that the two minor components of the male-specific volatiles are not
required for attraction and that they are not pheromone components.

In a final set of laboratory bioassays, mature maleC. uhleriwere repelled by
40µg of the three-component pheromone blend. Of the 20 bugs tested, 3 went to



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344817 September 26, 2001 11:25 Style file version Nov. 19th, 1999

2086 HO AND MILLAR

FIG. 6. Diurnal rhythm of production of the major male-specific compound, methyl (E)-
6-2,3-dihydrofarnesoate, by 7 cohorts ofC. ligata (a) and 4 cohorts ofC. uhleri (b) males.
C. ligata: 2-way ANOVA, for cohort effect,F = 0.495,df= 6, 48,P = 0.8086; for time
interval effectF = 13.326,df= 8, 48,P < 0.0001. The maximum amount produced, from
19:00–21:00 hr, was 35.3± 32.2 ng/bug/hr.C. uhleri: 2-way ANOVA for cohort effect,F =
0.519,df= 3, 24,P = 0.6732; for time interval effectF = 3.750,df= 8, 24,P = 0.0056.
The maximum amount, produced from 17:00 to 19:00 hr, was 8.8± 4.7 ng/bug/hr. Bars
surmounted by the same letter(s) are not significantly different (Student-Newman-Keuls
test,P < 0.05).
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the arm containing the test treatment, 14 went to the control arm, and 3 bugs did
not respond (χ2, P = 0.008).

In the vertical Y-tube olfactometer, virgin femaleC. ligatawere attracted to
odors from live males (male odors versus control, 20 vs. 8 responders,χ2 test,
P = 0.02). The results were further categorized into response times of less than or
greater than 1 min. This more detailed analysis indicated that when bugs responded
more slowly, circling around and taking time to sample the airstreams (i.e., response
time>1 min), they chose the arm with the odor of the male bug a large percentage
of the time (treatment= 13, control= 2, χ2, P = 0.0045). Furthermore, some
of these bugs started up the control arm, then turned back and finally moved all
the way to the end of the treatment arm of the olfactometer. In contrast, bugs that
made a choice in less than 1 min showed no significant discrimination between
the treatment and control arm (seven and six bugs, respectively).

Attempts to demonstrate attraction of sexually mature virginC. ligata fe-
males to extracts of male volatiles were not successful, using several different
aeration extracts containing varying amounts of the male-specific compounds and
the defensive compounds. Possible reasons for this lack of attraction include in-
correct dose or interference from the defensive compounds present in the extracts.
Consequently, all further laboratory bioassays were conducted with synthetic com-
pounds, in which the blend and dose could be completely controlled.

In the first bioassay of synthetic compounds with femaleC. ligata respon-
ders, there were indications that methyl (R)-3-(E)-6-2,3-dihydrofarnesoate as a
single component (2µg dose) might be attractive to female bugs (treatment= 17,
control= 9, nonresponders= 8; χ2 test,P = 0.11). Further bioassays conducted
with the two-component blend of methyl (R)-3-(E)-6-2,3-dihydrofarnesoate with
methyl (2E,6E)-farnesoate (100:1, total dose 2.02µg) indicated that the two-
component blend was more attractive than the control (treatment= 19, control=
6, 6 nonresponders,χ2 test,P= 0.009). In a third series of bioassays, female bugs
were more attracted to a three-component blend consisting of racemic methyl
(E)-6-2,3-dihydrofarnesoate, methyl (E)-5-2,6,10-trimethyl-5,9-undecadienoate
and methyl (2E,6E)-farnesoate (100:0.8:0.4, total dose 4µg) than to the control
(treatment= 15, control= 1, 4 nonresponders,χ2 test, P = 0.0004). Bioas-
says directly comparing the attraction of female bugs to the three-component
blend versus methyl (E)-6-2,3-dihydrofarnesoate as a single component (2µg
doses) were inconclusive due to the limited number of bugs available for bioas-
says. Of the 11 bugs available, 6 went to the arm containing the single compo-
nent and 3 went to the arm containing the three-component blend, and 2 did not
respond.

In an abbreviated series of bioassays, there was no indication that male
C. ligatawere attracted to or repelled by the three-component blend (treatment=
5, control= 5, nonresponders= 7), but the numbers tested were too low to reach
any firm conclusion.
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Field Bioassays withC. uhleriandC. ligata. In the first field trials conducted
August 3–16, 1999, more femaleC. uhleriwere attracted to lures containing a three-
component blend of the synthesized male-specific components than to solvent
treated controls (67 to treatment, 7 to control; two-way ANOVA for treatment
effectF = 7.42,df= 2,10,P = 0.011; for block effectF = 3.48,df= 5,10,P =
0.043). Although three times as many males were found on plants with lures
versus control plants, the numbers of males attracted were not different between the
treatment and control (36 to treatment and 12 to control, multiresponse permutation
procedure (MRPP),P > 0.05). Interpretation of field test results was complicated
by large variations in bug populations among blocks.

A second trial conducted in six blocks from August 19 to 24, 1999, attracted
only low numbers of bugs. Significantly more female bugs were collected on baited
plants than on control plants (9 vs. 0, MRPP test,P = 0.01558). Of the 9 males
collected, 7 were on baited plants, and 2 were on control plants.

Because we did not find significant populations ofC. ligata in the Riverside
area in 1999, no specific field experiments were deployed for this species. However,
two femaleC. ligata were collected from plants baited with lures forC. uhleri.
Because maleC. ligata andC. uhleri produce virtually identical blends of male-
specific compounds, this was not unexpected. However, it is noteworthy because
no otherC. ligatawere seen or collected at that site using visual observations and
sweep-netting sampling.

DISCUSSION

Reproductive Behavior.The close-range courtship of phytophagous stink bugs
follows characteristic steps, including males approaching females (over short dis-
tances), followed by antennation and head-butting of females by males, and end-to-
end copulation (Fish and Alcock, 1973; Borges et al., 1987; Wang and Millar, 1997;
Ho and Millar, 2001a). The daily rhythms of reproductive activity also appear sim-
ilar among species, with courtship and copulation being initiated primarily in the
afternoon and evening [e.g.,Chlorochroa ligata(Fish and Alcock, 1973),Nezara
viridula (Harris and Todd, 1980),Euschistus heros(Borges et al., 1998a),Thyanta
pallidovirens(Wang and Millar, 1997),Acrosternum hilareandT. pallidovirens
(H. McBrien and J. Millar, unpublished data)]. Thus, late afternoon and evening
were chosen as the optimum time to conduct both laboratory and field bioassays.

The patterns ofC. uhleri andC. ligata reproductive activity coincided with
the maximum production of male-specific compounds. However, male-specific
compounds were detected throughout the 24-hr monitoring periods, suggesting
that the compounds were produced continuously with only the production rate
varying. This pattern may have developed for several possible reasons. First, para-
sitoids use stink bug pheromones as kairomones (Aldrich, 1995), and timing peak
production to parts of the day with waning light levels may reduce the risk of



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344817 September 26, 2001 11:25 Style file version Nov. 19th, 1999

MALE STINK BUG SEX PHEROMONE 2089

parasitization (Harris and Todd, 1980). Second, because of the long copulation
times, pheromone production in late afternoon may be timed so that males and
females find each other around dusk and then continue copulation under the cover
of darkness. Third, mating activities may be timed for optimum temperature and
humidity conditions. Reproductive activities in the heat of the day increase the risk
of desiccation, whereas cooler nighttime temperatures may hinder movement and
activity.

Male C. ligata transferred substantial weights of material to females during
mating, with body weights of both sexes changing significantly after copulation.
Weight changes occurred with both virgin and experienced insects, and mean
duration of copulation was similar for virgin and experienced insects. Similar
weight changes after mating occur withT. pallidovirens(Wang and Millar, 1997),
and it has been documented that pentatomid females obtain nutrients from males,
often in the form of large, nonfertilizing sperm (Schrader, 1960; Mitchell and Mau,
1969; Mau and Mitchell, 1978; Kasule, 1986). ForT. pallidovirens, these mate-
rials resulted in enhanced egg production by females, increasing the reproductive
output of both sexes (Wang and Millar, 1997). This increase in reproductive output
should in turn encourage multiple copulations by both sexes, which is indeed a
characteristic of pentatomid reproduction.

There are several possible explanations for male stink bugs being the
pheromone-producing sex. For example, adult stink bugs are polyphagous and mo-
bile, and they move into and out of habitats quickly (McPherson and McPherson,
2000). However, the details of the dynamics of these migrations are unknown, and
it is possible that males are the pioneering sex in colonizing new habitats. Under
such a scenario, males, upon finding a good habitat, might produce pheromones
to attract females, with oviposition commencing within a day or so after copu-
lation to the mutual benefit of both sexes. Alternatively, because parasitoids use
bug semiochemicals as kairomones to locate their hosts (Aldrich, 1995), selective
pressures may have favored males as the pheromone-producing gender.

Male Specific Compounds.The male-specific compounds produced by
C. uhleriandC. ligata included two known terpenoid compounds, methyl (R)-3-
(E)-6-2,3-dihydrofarnesoate and methyl (2E,6E)-farnesoate, and a new terpenoid
natural product, methyl (E)-5-2,6,10-trimethyl-5,9-undecadienoate. The blends of
male-specific compounds produced by the two species were remarkably similar,
even to the extent that the absolute configuration (3R) of the major compound,
methyl (E)-6-2,3-dihydrofarnesoate, was the same. In contrast, the two species are
quite different morphologically, withC. ligata adults being dark brown or black
with a band of orange or yellow outlining the body, whereasC. uhleriare green in
color. Although detailed distribution records and habitat preferences are not avail-
able, these two species appear to share or at least overlap in ranges and host plants,
and we have caught bugs of both species in the same field plots on the same day.
The fact that the two species are sympatric, coupled with the apparently identical
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pheromone blends, suggests that communication with pheromones is only part of
the mate location system. Research on these (McBrien and Millar, unpublished
data) and other species (Harris et al., 1982; C¸ okl, 1985; Kon et al., 1988; Ota
and Çokl, 1991; Ryan and Walter, 1992; Jeraj and Walter, 1998; Miklas et al.,
1999, Çokl et al., 2001) suggests that over shorter distances, mate location by phy-
tophagous pentatomids involves species-specific and possibly even strain-specific
substrate-borne vibrational signals (Ryan et al., 1996; Jeraj and Walter, 1998).

The blend of male-specific compounds produced by the congenerC. sayi,
which is morphologically very similar to and is frequently confused withC. uhleri
(McPherson and McPherson, 2000), is entirely different from that produced by
C. uhleriandC. ligata.TheC. sayiblend is composed primarily of the monoter-
penoid methyl geranate, with traces of methyl citronellate and methyl (E)-6-2,3-
dihydrofarnesoate (Ho and Millar, 2001a), the latter being the only shared com-
pound betweenC. sayiand the other two species. To our knowledge, these are
the only reports of methyl (E)-6-2,3-dihydrofarnesoate being found in nature. It
was first synthesized for treating liver disease (Yamatsu et al. 1981), and because
of its structural similarity to insect juvenile hormones, it also has been used in
the study of juvenile hormones (Campbell et al., 1998). The homolog, methyl
(E)-5-2,6,10-trimethyl-5,9-undecadienoate, has never been reported from natural
sources. Methyl farnesoate has been found to function as a juvenile hormone in
crustaceans (Homola and Chang, 1997), but to our knowledge, it has never before
been reported as an insect pheromone component.

In studying the dynamics of production of the male-specific compounds, it
is unclear why they were detected in all of theC. ligata cohorts aerated but less
than half of theC. uhleri cohorts. One possible explanation is that reproductive
diapause, and the cessation of pheromone production, might be triggered easily
in C. uhleri, despite the fact that the temperature, humidity, diet, and the length
of the photophase (16L:8D) in the rearing room were constant. Even cohorts that
failed to produce detectable levels of pheromone were not in complete reproductive
diapause because mating did occur in the laboratory colonies. However, the close
confines and relatively crowded conditions under which the bugs were reared may
have precluded any need for the use of pheromones.

Laboratory Bioassays.Laboratory and field bioassays were complicated by
the fact that females did not respond strongly to odors from conspecific males, to
extracts from males, or to reconstructed blends of male specific compounds. Analo-
gous problems have been reported during attempts to bioassay possible pheromone
components for other phytophagous bug species. For example, blends of two male-
specific compounds,trans- andcis-(Z)-bisabolene epoxide, were weakly attractive
to femaleNezara viridulain laboratory bioassays (Br´ezot et al., 1994). Despite the
importance of this bug as a worldwide agricultural pest (Panizzi, 1997), there has
been only a single short report of field bioassays of the pheromone, in which low
numbers of bugs were attracted (Aldrich et al., 1993). Male-specific compounds
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also have been identified from a number ofEuschistusspp. (Aldrich et al., 1991),
but field bioassays resulted in collection of less than one bug per trap-day (Aldrich
et al., 1991; Borges et al., 1998b). Laboratory bioassays withEuschistus heros
(Borges et al., 1998a),E. obscurus(Borges and Aldrich, 1994), andPiezodorus
hybneri(Leal et al., 1998) also demonstrated that attraction of female bugs to male
volatiles or synthetic pheromone components was relatively weak, with less than
50% of the individuals tested being attracted to the test treatments.

Field Bioassays.Several reports indicated that commonly used insect trap de-
signs were not effective for phytophagous stink bugs and that bugs were frequently
attracted to the vicinity of traps but not right into traps (Aldrich et al., 1991; Sugie
et al., 1996). In perhaps the most extreme example, James et al. (1996) caught
no spined citrus bugs (Biprorulus bibax) in pheromone-baited traps placed in cit-
rus trees, but found that large numbers of bugs were attracted to trees containing
traps. Consequently, instead of using traps of unknown efficacy, we decided to
use a “trap plant” concept, in which the numbers of bugs on plants baited with
pheromone lures or solvent controls were counted. Before deploying bioassays,
in a pilot experiment run to determine the optimum time to conduct bug counts,
female bugs were not seen close to lures in the early morning when temperatures
were still cool, nor were they seen in the upper half of the plants close to the lures
during the heat of the day. The optimal period for attraction, in agreement with the
laboratory studies and with previously reported data from other species, appeared
to be late afternoon through to darkness. Consequently, field tests were evaluated
from about 17:00 hr until dark.

Field test results followed the same general pattern as that seen in the lab-
oratory, with weak attraction of adult female bugs to lures. Several other points
emerged. First, there were indications that lures also attracted male bugs; the num-
ber of males on baited plants was always higher than the number near controls, in
all tests run. However, there may be an alternative explanation for this apparent at-
traction of males to pheromone lures. Males foraging for females may be attracted
to or arrested on plants with females in response to cues associated with females,
such as the shorter range substrate-borne vibrational cues described above. Further
studies will be required to determine whether males are indeed attracted to the syn-
thetic male pheromone or whether the apparent attraction is actually arrestment or
attraction in response to female-produced cues. There was no indication that the
lures were attractive to immature bugs, as has been reported for at least one other
stink bug species (Aldrich et al., 1987).

It must be mentioned that the trap plant concept has limitations. First, bugs
that were attracted to lure-baited plants in the late afternoon had disappeared by
the next morning, indicating that the attraction is transient. Thus, if used as a bug
monitoring strategy, trap plants would need to be checked consistently during late
afternoon each day. Second, because bugs are free to move away from the lure-
baited plants, counting the bugs on a trap plant provides a snapshot of one point
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in time, rather than a cumulative count of all the bugs that have been attracted.
Consequently, a trap plant strategy may be less sensitive than a method that retains
most or all of the bugs attracted.

In total, the laboratory and field bioassay data provide strong evidence that
one or more of theC. uhleri and C. ligata male-specific compounds are sex
pheromone components. Because of the weak attraction to the male-produced
compounds, and despite laboratory and field bioassay attempts extending over
several years, it remains to be determined whether the male-produced pheromones
consist of the single component methyl (E)-6-2,3-dihydrofarnesoate, or a blend
of this compound with minor male-specific components. Efforts to address this
question are continuing, in parallel with trap development and study of stink bug
substrate-borne vibrational signals.
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Abstract—Five candidate pheromone components were identified by analyzing
pheromone gland extracts by gas chromatography (GC), coupled GC-electro-
antennographic detection (EAD), and coupled GC-mass spectrometry (MS):
(E)-11-hexadecenol(E11–16 : OH), (Z)-11-hexadecenol (Z11–16 : OH), (E)-11-
hexadecenal, (E)-11-hexadecenyl acetate, and (Z)-3,(Z)-6,(Z)-9-tricosatriene
(Z3,Z6,Z9–23 : Hy). In electroantennogram (EAG) recordings, syntheticE11–
16 : OH elicited stronger antennal responses at low doses than other candidate
pheromone components. Field tests demonstrated that syntheticE11–16 : OH as
a trap bait was effective in attracting males, whereas addition ofZ11–16 : OH
inhibited the males’ response.Z3,Z6,Z9–23 : Hy strongly enhanced attractive-
ness ofE11–16 : OH, but was not attractive by itself. A pheromone blend with
synergistic behavioral activity of an alcohol (E11–16 : OH) and hydrocarbon
(Z3,Z6,Z9–23 : Hy) component is most unusual in the Lepidoptera. The syn-
thetic two-component pheromone is approximately 60 times more attractive than
the female-produced blend and might facilitate the control of this pest.

*To whom correspondence should be addressed; e-mail: acabrera@usb.ve
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Key Words—Neoleucinodes elegantalis, Lepidoptera, Crambidae, sex
pheromone, (E)-11-hexadecenol, (Z)-3,(Z)-6,(Z)-9-tricosatriene, (Z)-11-
hexadecenol, GC-EAD, tomato.

INTRODUCTION

The tomato fruit borer,Neoleucinodes elegantalis(Lepidoptera: Crambidae), is
one of the most important economic pests of tomato (Lycopersicum esculentum)
crops in tropical South America. Current control tactics include frequent appli-
cations of pesticides (Reis and Souza, 1996) that may lead to the development
of insecticide resistance. Moreover, once larvae have entered the fruit, pesticides
and biological control agents are ineffective. Pheromone-based mating disruption
represents an alternative tactic to manage this pest insect but requires identification
of the female-produced sex pheromone. We know that virgin females attract males
in the field (Mirás et al., 1997), and extracts of abdominal tips with pheromone
glands from virgin females attract males in wind tunnel bioassays (Eiras, 2000).
Here we report identification, electrophysiological studies, and field experiments
of sex pheromone components ofN. elegantalis.

METHODS AND MATERIALS

Insects.Tomato fruits infested withN. elegantalislarvae were collected in
commercial tomato crops in the states of Lara and Aragua, Venezuela, and in Rio de
Janeiro, Brazil. Fruits were kept in plastic containers until larvae emerged from the
fruit to pupate. Adult insects were maintained according to Eiras (2000). During
peak calling activity, abdominal tips with pheromone glands of 2-to 3-day-old
virgin female moths were removed and extracted for 10–15 min in hexane. The
supernatant was withdrawn and stored in microcapillaries at−15◦C.

Chemical Analyses.Pheromone extracts were subjected to gas chromato-
graphic (GC) and coupled GC-electroantennographic detection (EAD) analyses,
using a Hewlett Packard 5890A gas chromatograph equipped with fused silica
columns (30 m× 0.25 or 0.32 mm ID) coated with DB-5, DB-210, or DB-23 (J&W
Scientific, Folsom, California). Forty female equivalents of pheromone gland ex-
tract were also analyzed by coupled GC-mass spectrometry (MS), employing a
Perkin Elmer QMass-910 attached to a GC-Autosystem 2000, equipped with a
DB-5 column (25 m× 0.18 mm ID, Quadrex, New Haven, Connecticut).

The position and geometry of a double bond in an EAD-active hexade-
cenol were determined by: (1) GC-EAD analyses of synthetic hexadecenols
(E2 to E14 andZ2 to Z14); (2) derivatization of extract withm-chloroperbenzoic
acid (Bierl-Leonhardt et al., 1980), followed by GC-MS analysis of the result-
ing epoxide; and (3) acetylation of pheromone extract with acetic anhydride and
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pyridine, followed by GC analyses [HP-GC equipped with a SP-1000-coated
column (30 m× 0.25 mm ID; Supelco, Bellefonte, Pennsylvania)] with im-
proved chromatographic resolution of the acetylated alcohol and synthetic acetate
standards.

Effluvia of calling, 1- or 2-day-old femaleN. elegantaliswere adsorbed on a
solid-phase microextraction (SPME) fiber coated with 100µm polidimethylsilox-
ane (Supelco). The fiber was exposed to a female during the entire calling period
and then desorbed at the capillary injection port (270◦C) of the GC equipped with
columns (30 m× 0.25 mm ID or 25 m× 0.18 mm ID; Quadrex, New Haven,
Connecticut) coated with methyl–5% phenyl silicone or Carbowax 20 M. Reten-
tion characteristics of female-produced, fiber-desorbed compounds were compared
with those of authentic standards.

Electrophysiology.Electroantennogram (EAG) recordings were carried out,
using a Syntech EAG system (NL-1200 BM Hilversum; The Netherlands).
Five compounds (E11–16 : OH,Z11–16 : OH,E11–16 : OAc,E11–16 : Ald, and
Z3,Z6,Z9–23 : Hy) at increasing logarithmic doses (10 to 106 ng) were tested with
each of five 48- to 72-hr-old male antennae. An antenna was stimulated by sub-
jecting it to puffs (0.5 sec) of purified and humidified air (1.5 liters/min) delivered
through a Pasteur pipet (15 cm long), containing a filter paper strip (1× 5 cm)
impregnated with 50µl of a test solution. Air puffs from an empty pipet, pipet
plus filter paper, or filter paper plus solvent served as control stimuli.

Syntheses.(Z)-9,(Z)-12,(Z)-15-octadecatrien-1-ol (99%) was synthesized
from methyl linolenate after reduction with LiAlH4. This alcohol was oxidized with
pyridinium chlorochromate (PCC) to afford (Z)-9,(Z)-12,(Z)-15-octadecatrienal
(98%).n-Pentyl magnesium bromide was added to a solution of this aldehyde in an-
hydrous ether to obtain 6-hydroxy-(Z)-14,(Z)-17,(Z)-20-tricosatriene. A solution
of this compound in anhydrous pyridine was treated with methane sulfonyl chlo-
ride (Kocovský and Cern´y, 1978). The obtained mesylate was reduced with zinc
dust and sodium iodide (Kocovsk´y and Cern´y, 1978) to obtain (Z)-3,(Z)-6,(Z)-9-
tricosatriene, which was purified (>99%) by flash silica column chromatography
usingn-hexane as eluent.1H NMR (ppm; δ): 5.35 (m), 2.80 (t), 2.05 (m), 1.25
(m), 0.95 (t) 0.85 (t); EI-MS [m/z (relative intensity)]: 79 (100); 108 (98); 67 (49);
93 (48); 262 (6); M+ 318 (2).

Sources of Candidate Pheromone Components.(E)-11-Hexadecenol (E11–
16 : OH) was obtained from the Research Institute for Plant Protection (IPO-DLO),
Wageningen, The Netherlands; (Z)-11-hexadecenol (Z11–16 : OH) was purchased
from Aldrich Chem. Co. (Milwaukee, Wisconsin); (E)-11-hexadecenyl acetate
(E11–16 : OAc) was prepared by acetylation ofE11–16 : OH with acetic anhy-
dride and pyridine; (E)-11-hexadecenal (E11–16 : Al) was prepared by oxidation
of E11-hexadecenol with PCC in dichloromethane; (Z)-3,(Z)-6,(Z)-9-tricosatriene
(Z3,Z6,Z9–23 : Hy) was synthesized as described above. All compounds were
>98% chemically pure.
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Field Experiments.Field experiments were conducted in commercial tomato
plantations in Aragua State, Venezuela, employing a complete randomized block
design. Water traps (Mir´as et al., 1997) were suspended∼1 m above ground at
20-m intervals and baited with red rubber septa (Aldrich Chemical Co., Milwaukee,
Wisconsin, catalog No.Z12,434-6) that were Soxhlet-extracted with ethanol for
24 hr, and impregnated with candidate pheromone components in HPLC-grade
dichloromethane. Location, experimental period, and number of replicates for
each experiment are reported in the captions of Figures 3 and 4 below.

Experiment 1 tested traps baited withE11–16 : OH (1 mg) andZ11–16 : OH
(1 mg), singly and in binary combination at ratios of 1 : 0.1 and 1 : 0.01 mg. Solvent-
impregnated rubber septa served as baits in control traps. Both experiments 2 and 3
tested traps baited with two virgin females orE11–16 : OH (1 mg). Experiment 4
tested traps baited withZ3,Z6,Z9–23 : Hy (1 mg) orE11–16 : OH (1 mg) singly, and
E11–16 : OH (1 mg) in binary combinations withZ3,Z6,Z9–23 : Hy (0.025, 0.05,
or 0.1 mg) and in penternary combination withZ11–16 : OH (0.07 mg),E11–
16 : Ald (0.02 mg),E11–16 : OAc (0.02 mg), andZ3,Z6,Z9–23 : Hy (0.04 mg) at
ratios as determined in pheromone gland extract. Experiment 5 tested traps baited
with E11–16 : OH (1 mg) in binary combinations withE11–16 : OAc (0.05 mg),
E11–16 : Ald (0.05 mg), orZ3,Z6,Z9–23 : Hy (0.05 mg), in ternary combination
with E11–16 : OAc (0.05 mg), andE11–16 : Ald (0.05 mg), and in quaternary
combination withE11–16 : OAc (0.05 mg),E11–16 : Ald (0.05 mg), andZ3,Z6,Z9–
23 : Hy (0.05 mg). Experiment 6 tested traps baited withE11–16 : OH (1mg) singly,
and in combination withZ3,Z6,Z9–23 : Hy (0.05 mg).

Statistical Analysis.Multivariate analysis with the using Mann-Whitney test
(Spiegel, 1991) was performed to analyze data from field tests.

RESULTS

Pheromone Identification.GC-EAD analysis of pheromone gland extracts of
femaleN. elegantalisrevealed six components that elicited an antennal response
(Figure 1). The most abundant and EAD-active component2 (Figure 1) was hy-
pothesized to be a hexadecenol, based on its retention indices on DB-5 (1865),
DB-210 (2078), and DB-23 (2406) columns. Position and geometry of the double
bond was approximated by comparative GC and GC-EAD analyses of synthetic
hexadecenols. (E)-11- and (E)-12-hexadecenol (E11- andE12–16 : OH) had re-
tention times identical to, and EAD-activity comparable with, female-produced2.
Epoxidation (Bierl-Leonhardt et al., 1980) of female-produced2, and GC-MS
analysis of the epoxy alcohol revealed fragmentation ions atm/z99 and 199 (due
toα-cleavage of the epoxy group), confirming the double bond at C-11. GC-EAD
analyses of pheromone extract on a DB-23 column, which separates theE and
Z isomers, provided tentative evidence also for trace amounts of theZ isomer.
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FIG. 1. Flame ionization detector (FID) and electroantennographic detector (EAD: male
N. elegantalisantenna) responses to one female equivalent of pheromone gland ex-
tract, chromatograph on a DB-5 column; temperature program: 100◦C (1 min) then
10◦C/min to 240◦C. Compound identity as follows: 1= (E)-11-hexadecenal (E11–16 : Ald);
2 = (E)-11-hexadecenol (E11–16 : OH); 3= unknown; 4= (E)-11-hexadecenyl acetate
(E11–16 : OAc); 5= unknown; 6= (Z)-3,(Z)-6,(Z)-9-tricosatriene (Z3,Z6,Z9-23 : Hy).
Note: GC-EAD analyses of pheromone extract on a DB-23 column, which separatedE and
Z isomers of candidate pheromone components, provided tentative evidence also for trace
amounts of (Z)-11-hexadecenol (Z11–16 : OH).

EAD-active 1 and 4 (Figure 1) were hypothesized and, through comparative
GC analyses of authentic standards, confirmed to beE11–16 : Ald (1) andE11–
16 : OAc (4). Mass spectrum and retention indices of EAD-active6 were indica-
tive of an triunsaturated C23 hydrocarbon, such asZ3,Z6,Z9–23 : Hy (Bell and
Meinwald, 1986). Identical retention and mass spectrometric characteristics of an
authentic standard and female-produced6 confirmed this structural assignment.
EAD-active compounds3 and5 occurred below detection threshold of the flame
ionization detector and are yet to be identified.

In GC analyses of SPME-desorbed volatiles, small amounts ofE11–16 : OH
andZ3,Z6,Z9–23 : Hy could be detected.

Electrophysiology.Synthetic equivalents of candidate pheromone compo-
nents evoked significant EAG responses.E11–16OH was most EAG-active and,
unlike other test stimuli, elicited>5 mV EAG responses from male antennae
already at a 10 ng dose (Figure 2).Z11–16 : OH,E11–16 : OAc,E11–16 : Ald,
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FIG. 2. Responses by maleN. elegantalisantennae in electroantennogram (EAG) recordings
to increasing amounts of five candidate pheromone components; compound nomenclature
as in Figure 1.

andZ3,Z6,Z9–23 : Hy required doses of 104, 103, 102, and 105 ng, respectively, to
induce EAG voltages greater than those of control stimuli (Figure 2).

Field Tests.Traps baited withE11–16 : OH captured significant numbers of
male moths (Figure 3, experiment 1).Z11–16 : OH, in contrast, was not attractive
and, when added toE11–16 : OH, strongly reduced captures of males. Traps baited
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FIG. 3. Captures of maleN. elegantalisin experiments 1–3 in water traps baited with two
virgin femaleN. elegantalisor candidate pheromone components singly and in various
combinations. Experiment 1: Casablanca, Aragua State; October 16–December 1, 1996;
four replicates. Experiment 2: Casablanca, Aragua State; December 5–19, 1996; 7 repli-
cates. Experiment 3: M´ucura, Aragua State; February 15–20, 1997; 4 replicates. In each
experiment, bars with the same letter superscript are not significantly different,P > 0.05.

with E11–16 : OH at 1 mg captured more males than those baited with two virgin
female moths (Figure 3, experiments 2, and 3).Z3,Z6,Z9–23 : Hy enhanced attrac-
tiveness ofE11–11 : OH, but was not attractive by itself (Figure 4, experiment
4). E11–16 : OH plusZ3,Z6,Z9–23 : Hy was the most attractive blend among sev-
eral two-, three-, or four-component blends of candidate pheromone components
(Figure 4, experiment 5). Synergistic activity ofZ3,Z6,Z9–23 : Hy was confirmed
in experiment 6 (Figure 4).

DISCUSSION

Our data show thatE11–16 : OH andZ3,Z6,Z9–23 : Hy are sex pheromone
components inN. elegantalis.Evidence in support of this conclusion includes
the following: (1) both compounds were present and EAD-active in pheromone
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FIG. 4. Captures of maleN. elegantalisin experiments 4–6 in water traps baited with
candidate pheromone components singly and in various combinations. Experiment 4: Pao
de Zárate, Aragua State; June 23–August 3, 1998; 5 replicates. Experiment 5: Valle de
Tucutunemo, Aragua State; February 5–March 26, 1999; 5 replicates. Experiment 6: Pao
de Zárate, Aragua State; July 3–25, 2000, 10 replicates. In each experiment, bars with the
same letter superscript are not significantly different,P > 0.05.
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gland extracts and effluviums of female moths (Figure 1); (2) identifications were
based on comparative GC, GC-MS, and GC-EAD analyses of female-produced
compounds and authentic standards; (3) both compounds elicited stronger anten-
nal responses from male antennae in EAG recordings than did control stimuli
(Figure 2); and (4) blends ofE11–16 : OH andZ3,Z6,Z9–23 : Hy attracted signif-
icant numbers of males (Figure 4).E11–16 : OH is the major pheromone com-
ponent, because it was most abundant in gland extracts (Figure 1), elicited the
strongest EAG response at low doses (10 or 100 ng) (Figure 2), and, unlike
Z3,Z6,Z9–23 : Hy, was attractive by itself as a bait (Figures 3 and 4).

E11–16 : OH has also been identified as a sex pheromone component in other
moths. It is the major pheromone component of the pod worm,Leucinodes or-
bonalis(Zhu et al., 1987; Attygalle et al., 1988), and a minor pheromone component
of female picklewormsDiaphania hyalinataandD. nitidalis (Raina et al., 1986;
Klun et al., 1986). It was also present in pheromone gland extracts of eggfruit
caterpillar,Sceliodes cordalis(Clearwater et al., 1986) and of sugarcane borer,
Sesamia grisescens(Whittle et al., 1995), but behavioral activity ofE11–16 : OH
in these two species is yet to be determined.

Z3,Z6,Z9–23 : Hy is reported here for the first time as a sex pheromone compo-
nent in the Lepidoptera. While it was identified as a trace component in pheromone
glands of the arctiid mothCreatonotos gangis(Bell and Meinwald, 1986), be-
havioral activity was not determined. A sex pheromone blend with synergistic
behavioral activity between a triene hydrocarbon (Z3,Z6,Z9–23 : Hy) and an al-
cohol (E11–16 : OH), as demonstrated in our study, is most unusual. Most triene
hydrocarbons as pheromone components in the Lepidoptera are either attractive
by themselves (Millar et al., 1992) or serve as synergists of corresponding diene
epoxides (T´oth et al., 1994).

Further compounds (Z11–16 : OH,E11–16 : Ald, E11–16 : OAc) in pher-
omone gland extracts of femaleN. elegantalisseem to have no pheromonal activity.
This conclusion is based on their low EAG activity at low doses (Figure 2) and/or
lack of attractiveness in field experiments. The role ofZ11–16 : OH is interesting.
Its low EAG activity but strong behavioral inhibition at a low dose (Figures 2 and 3)
suggests that mate-seeking males may select calling females based on the pres-
ence or absence ofZ11–16 : OH in the pheromone effluvium, providing a basis
for a highly efficient system of sexual selection (Jaffe, 1996, 1998, 1999), as only
very fit females would produceE11–16 : OH with small amounts ofZ11–16 : OH.
Alternatively, Z11–16 : OH may serve as a bifunctional pheromone component
(Linn and Roelofs, 1995) in a sympatric species to enhance the specificity of the
communication signal, although no such sympatric species is known.

The two-component pheromone blend ofE11–16 : OH andZ3,Z6,Z9–23 : Hy
seems to work as a supernormal stimulus (Tinbergen and Perdeck, 1950), as it is
approximately 60 times more attractive than the natural pheromone blend emitted
by the females (Experiments 3 and 4, in Figures 3 and 4, respectively).
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A synthetic mixture ofE11–16 : OH andZ3,Z6,Z9–23 : Hy as a trap bait is
currently used by Brazilian and Venezuelan tomato growers to reduce infestations
of N. elegantalis, promising efficient control in pheromone-based mass trapping
programs.
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MATING DISRUPTION OFPlodia interpunctellaIN
SMALL-SCALE PLOTS: EFFECTS OF PHEROMONE BLEND,

EMISSION RATES, AND POPULATION DENSITY
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Abstract—An indoor mating disruption experiment was performed on the stored-
product pestPlodia interpunctella. The female of this species emits a four-
component pheromone blend consisting ofZ9,E12–14 : OAc,Z9,E12–14 : OH,
Z9,E12–14 : Ald, andZ9–14 : OAc. Mating ofPlodia interpunctellawas dis-
rupted up to 93% by using synthetic pheromone in small-scale plot experiments.
The study was performed in 2.5 m× 2.5 m× 2.5 m polythene cubicles housed in
a greenhouse, and pheromones were released by MSTRS spraying every 15 min.
The disruption effect was tested at different doses 0.075, 0.75, and 3.75 mg/spray
(corresponding to 5, 50, and 250µg/min), different pheromone formulas (one-
component (Z9,E12–14 : OAc) and four-component), and at different popula-
tion densities (10, 20, and 30 individuals, equivalent to 0.32, 0.64, and 0.96
individuals/m2). The moths were released into the cubicles and recaptured 24 hr
later. The females were checked for spermatophore presence indicating success-
ful mating. The mating was significantly suppressed in all treatments compared
to the control. There was, however, no difference in mating activity between the
one-component and four-component disruptants. In addition, EAG measure-
ments were conducted with a portable device to keep track of aerial concentra-
tions of pheromone. The results show that the one-component formula disrupts
mating as efficiently as the more complete four-component blend at doses ap-
plied in this study. This fact improves the prospects for mating disruption of
indoor pyralids, since many pyralid species share the major component in their
pheromones, and, thus, can probably be controlled simultaneously by using this
compound only.

Key Words—Plodia interpunctella, Lepidoptera, Pyralidae, stored-product,
EAG, mating disruption, electroantennography.
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INTRODUCTION

Male upwind flight in response to the female sex pheromone release in moths
can be disrupted by emission of large quantities of synthetic pheromones. Mat-
ing disruption has been successfully used for population control in many cases.
The Oriental fruit moth (Grapholita molesta) is controlled by means of mating
disruption in France, Spain, Italy, China, and Brazil (Card´e and Minks, 1995).
Pink bollworm (Pectinophora gossypiella) populations have been successfully
reduced with the mating disruption technique in the United States (Staten et al.,
1987). The success, however, varies depending on dispensers (Thorpe et al., 1999),
pheromone formula (Evenden et al., 1999), number and type of dispensers (Sauer
and Karg, 1998), and population dynamics of the target species (Card´e and Minks,
1995).

Several mechanisms have been suggested to be responsible for mating dis-
ruption in moths. Sensory fatigue can be caused either by adaptation of the pe-
ripheral receptors on the antennae or habituation at the central nervous level. It
could also be that the synthetic pheromones camouflage the females’ pheromone
plumes and, thus, make it more difficult for the male to locate a calling female.
Pheromone point sources may compete with pheromone plumes from calling fe-
males, thus creating a “false-trail following” by the males (Card´e and Minks,
1995).

One of the world’s most important stored-product pest insects is the Indian
meal moth [Plodia interpunctella(Hübner); Lepidoptera: Pyralidae]. The larvae
feed on fruits, nuts, cereals, legumes, and other food products, causing large eco-
nomic losses due to infestations (Phillips, 1994).P. interpunctellais a species
that is highly resistant to insecticides, such as pyrethrine and malathion, which
makes it a target for alternative control methods (Arthur et al., 1988). Insecticide
resistance (Halliday and Zettler, 1988) and restrictions on the use of insecticides
because of human health concerns have stimulated research on the applicability
of pheromones and integrated pest management (IPM).

The sex pheromone emitted by femaleP. interpunctellawas first identified as
(Z,E)-9,12-tetradecadienyl acetate (Z9,E12–14 : OAc) by Kuwahara et al. (1971b)
and Brady et al. (1971). Additional pheromone components have since been iden-
tified. However, a recent reinvestigation of the pheromone and associated behav-
ioral studies revealed that the female emits at least three additional components
(Zhu et al., 1999, and references therein). The three components are (Z,E)-9,12-
tetradecadienol (Z9,E12–14 : OH), (Z,E)-9,12-tetradecadienal (Z9,E12–14 : Ald),
and (Z)-9-tetradecenyl acetate (Z9–14 : OAc). The four components were reported
in a blend ratio of 100 : 7 : 16 : 6,respectively, and are all important for maximum
male attraction and upwind flight (Zhu et al., 1999).

Stored-product pest insects are characterized by inhabiting indoor localities,
and if they occur outside storage facilities, they are not considered pests due to the
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lower population levels. Few studies have focused on the use of mating disruption
for control of stored-product pests in indoor facilities, even though the conditions
for mating disruption indoors have some advantages. Outdoors, migrating males
attracted to an area with a higher pheromone release can decrease the success
of mating disruption. Gravid females, who are mated outside a treated area, may
be able to immigrate into the area to oviposit. The storage facilities create nat-
ural boundaries that limit these outdoor constraints, even though contaminated
food products transported into storage facilities may act as boundaries, producing
vectors for adults and larvae. However, if an already established mating disrup-
tion method together with other methods for control are available, an increase in
population would be made difficult.

Early studies on pheromone-based control of stored-product pests were con-
ducted almost exclusively under laboratory conditions, using boxes or cages (Brady
and Daley, 1975). One study by Mafra-Neto and Baker (1996) concerns mating
disruption of the almond moth [Cadra (Ephestia) cautella], in which they were
able to disrupt mating by 100% in free flying moths for 24 hr and by 92% for
72 hr. The study was conducted in rooms of 3× 3× 3 m. The disruption was
independent of moth population densities and the use of one or two dispensers
(Mafra-Neto and Baker, 1996).

The attraction of males is usually improved with the identification of
additional pheromone components in moth species (Zhu et al., 1999). The mech-
anism of disruption and the efficiency in mating disruption with more com-
plete blends are not yet fully understood. However, indications that more com-
plex blends are not necessarily more efficient in mating disruption have been
reported. Evenden et al. (1999) found that the use of a more complex blend did not
yield a higher mating disruption in the oblique-banded leafroller (Choristoneura
rosaceana).

By using mating disruption techniques similar to those that Mafra-Neto and
Baker (1996) used to disruptE. cautella, we wanted to see whether it was pos-
sible to disrupt the mating of free-flyingP. interpunctellaand if a higher mating
disruption effect was obtained by using the recently identified Four-component
blend compared to the major pheromone component (Z9,E12–14 : OAc) alone at
different emission rates and population densities.

METHODS AND MATERIALS

Insects. P. interpunctellamoths were taken from a culture maintained at the
Department of Ecology, Lund University, Lund, Sweden. The culture originates
from the Danish Pest Infestation Laboratory, Lyngby, Denmark. Additional moths
have been incorporated from a laboratory culture provided by The Central Science
Laboratory, Slough, England. Larvae were reared on an artificial diet consisting of
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100 g wheat germ, 10 g brewer’s yeast, and 20 g glycerol. Insects were separated
by sex during the pupal stage (Zhu et al., 1999). Emerged males and females were
kept in separate environmental chambers at 23◦C and 60% relative humidity with
a 17L : 7D photoperiod.

Chemicals. The synthetic compoundsZ9,E12–14 : OAc,Z9,E12–14 : OH,
andZ9–14 : OAc were purchased from Bedoukian Research Inc., Danbury, US,
Connecticut.Z9,E12–14 : Ald was synthesized fromZ9,E12–14 : OH (described
in Zhu et al., 1999) at the Department of Organic Chemistry, Royal Institute of
Technology, Stockholm, Sweden.

Two disruptants were used:Z9,E12–14 : OAc alone or in a Four-component
blend consisting ofZ9,E12–14 : OAc,Z9,E12–14 : OH,Z9,E12–14 : Ald, andZ9–
14 : OAc in the proportions 100 : 7 : 16 : 6, asdescribed in Zhu et al. (1999). Dis-
ruptants were diluted in 95% ethanol to correspond to emission rates of 5, 50, and
250µg/min of the main componentZ9,E12–14 : OAc.

Pheromone Releasing System. The synthetic pheromone was emitted from
MSTRS dispensers set at spraying approximately 70µl/spray every 15 min. all
day, giving off 0.075, 0.750, or 3.75 mg/spray of the main component (Z9,E12–
14 : OAc) depending on the experiment (Table 1). The pheromone was sprayed
onto an acrylic pad stretched out on a needlepoint frame (15 cm InD) positioned
20 cm from the nozzle of the pheromone canister (Mafra-Neto and Baker, 1996).
The pad, in turn, emitted the pheromone between sprays. The MSTRS advantages
are controlled emissions, even in conditions with high temperature fluctuations,
and that the canister is airtight, which will decrease the risk of oxidizing sensitive
pheromone components such as aldehydes.

Experimental Sites. The experiments were conducted in transparent poly-
thene cubicles, measuring 2.5× 2.5× 2.5 m, with zip-lock entries (The Cen-
tral Science Laboratory, Slough, England). Cubicles were in a greenhouse at the
Swedish Agricultural University in Alnarp, Sweden. Different treatments were
conducted in separate rooms (6× 3 m2), two cubicles per room. Two net-covered
holes (10× 15 cm2) were cut out from the walls of the cubicles, one at the bot-
tom and one at the top of the opposite wall of the cubicle, in order to create a
passive ventilation system. The control cubicles did not contain any pheromone
dispensers, except when testing 0.75 and 3.75 mg/spray of the Four-component
blend (trial 3), where we put a dispenser spraying only 95% ethanol every 15 min
to see if mating activity was affected by the solvent. Different blends, emission
rates, and densities of moths were used as described in Table 1. Due to the limited
number of cubicles and rooms, we used the same cubicles for different pheromone
treatments. However, we always went from lower to higher doses and from One-
component to Four-component blends when reusing the same cubicles. A month
passed between changing from the emission rate of 3.75 to 0.75 mg/spray of Four-
component blend, during which the cubicles were thoroughly aired out (between
trials 3 and 4, Table 1).
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Experimental Design. One MSTRS device was placed in the middle of each
treatment cubicle on a stand approximately 1 m high and was set to spray syn-
thetic pheromone at least 24 hr before introducing insects. Male and female
P. interpunctellawere randomly picked from the laboratory culture at 2–4 days
old. The females and males were held separately until introduced into the cubicles.
The animals were left in the cubicles for 24 hr, and they were then picked from the
walls and put in individual vials. New males and females were then released, and
the procedure was repeated for five or six consecutive days. The recaptured ani-
mals were immediately brought to the laboratory, where they were frozen, and the
females were later dissected under a microscope to determine the presence of sper-
matophore, indicating mating (Mafra-Neto and Baker, 1996). The disruption effect
was calculated as: [(mating frequencycontrol − mating frequencytreatment)/mating
frequencycontrol] × 100 Three different population densities were tested—10, 20,
and 30 individuals in total—with males and females in equal numbers.

EAG Recordings. A portable EAG device was provided by Syntech/VDP
Laboratories, Hilversum, The Netherlands. We used the apparatus to monitor
pheromone accumulation and relative doses in different treatment cubicles as well
as for checking that the control cubicles were not contaminated. A freshly excised
antenna from a 0-to 1-day-old male was mounted in the airtight holder and the two
ends of the antenna covered with electrically conductive gel (Spectra 360, Parker
Laboratories, Orange, New York), making a bridge over the central hole. A rubber
septum acting as a reference stimulus was treated with 10µg of Z9,E12–14 : OAc.
A continuous flow (0.5 m/sec) of air, cleaned through an activated charcoal filter,
maintains the nonstimulated condition of the antenna, forming the baseline. Each
recording consisted of reference recording (R1) (0.3 sec), ambient air recording
(A) (0.3 sec), and reference recording (R2) (0.3 sec) with 5-sec intervals. Relative
EAG responses were calculated as:{(A/[(R1 + R2)/2])} × 100.

For detailed information about the EAG device, see Van der Pers and Minks
(1998). The EAG responses were continuously recorded as a frequency modulated
signal on a portable audio tape recorder (SONY TDC-D7) and later stored and
analyzed on a PC equipped with an IDAC card and the program EAG version 2.2a
(both from Syntech, Hilversum, The Netherlands).

All insects were removed from the cubicles prior to recordings. Eight record-
ings were made for each treatment (four in each cubicle), starting in control cubicles
and moving into cubicles with higher concentrations or from one-component to
four-component treatments. A time period between two recordings was at least
30 sec to let the antenna recover from adaptation, and the time to move from
one cubicle to another was approximately 1–2 min . Since the four measurements
in one cubicle are pseudoreplicates, only the mean value of the recordings was
calculated and used. Measurements were conducted at the beginning and at the
end in 0.75 mg/spray of one-component and 0.75 mg/spray of four-component
treatments (trials 2 and 3).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP258-344819 September 26, 2001 11:28 Style file version Nov. 19th, 1999

MATING DISRUPTION OFPlodia interpunctella 2115

Statistical Analysis. The proportional difference in mating frequency among
treatments as well as the difference in disruption effects was analyzed with ANOVA,
on arcsin

√
x-transformed data.

RESULTS

Blend and Emission Rate Effects. No statistical differences in mating disrup-
tion effect could be observed between the one-component and four-component
disruptants, in either 0.075, 0.750, or 3.75 mg/spray (Figure 1). The single compo-
nent in the 0.075 mg/spray suppressed mating by 80±3%, and the four-component
blend disrupted the mating by 78±6% (Figure 1). The mating frequency was lower
in both treatments compared to the control (ANOVA;F2,32 = 113.69; P < 0.001).
Tukey’s post-hoc test showed a significant effect between treatments and control
in mating frequency (P < 0.001), but a non-significant effect among the treat-
ments. The mating frequencies in the different treatments were: 79± 3% (control),
16± 3% (one-component), 17± 4% (four-components).

FIG. 1. Mating disruption effect (mean± SE) in an environment treated with 0.075, 0.75,
and 3.75 mg/spray ofZ9,E12–14 : OAc (N = 10) and of a four-component blend at the same
emission rate ofZ9,E12–14 : OAc (N = 10). All females were checked for spermatophore
presence, indicating mating. No statistically significant difference between the treatments
(ANOVA F5,56 = 1.379;P > 0.05).
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There were no differences in mating frequency in the controls among the
trials where we had a MSTRS device spraying only ethanol and no MSTRS at all.
Hence, the controls were pooled in the statistical tests. The sprayer was removed
from the control in later trials. By increasing the emission rate from 0.075 mg/spray
to 0.75 mg/spray, the mating was suppressed by 88± 5% (one-component) and
93± 3% (four-component), and the mating frequency was different from the con-
trol (ANOVA; F4,54 = 38.72; P < 0.001). Tukey’spost-hoctest showed a signifi-
cant effect on mating frequency between control and treatments (P < 0.01) and a
non-significant effect among treatments. The mating disruption effect did not differ
among treatments (ANOVA;F5,56 = 1.379;P > 0.05) (Figure 1). By increasing
the dose to 3.75 mg/spray, we did not achieve higher disruption compared to the
0.75 mg/spray, rather disruption stayed at the same level (93± 5% (one compo-
nent) and 89± 11% (four components)) as for the 0.75 mg/spray (Figure 1). The
mating frequencies in the treatments were 58± 7% (control), 7± 3% (0.75 mg/
spray of one component), 4± 2% (3.75 mg/spray of one component), and 47± 6%
(control), 3± 2 % (0.75 mg/spray of four components) and 5± 2% (3.75 mg/spray
of four-components).

Density Effects.Population densities were tested at the emission rate of
0.75 mg/spray of one- and four-component blends, and five females and five
males (0.32 individuals/m2), or 15 females and 15 males (0.96 individuals/m2)
were released into the cubicles. The treatments were significantly different from
the control considering mating frequency (10 individuals; ANOVA;F2,27=16.869;
P < 0.001, 30 individuals; ANOVA;F2,27 = 36.257;P < 0.001). Tukey’s post-
hoc test showed no difference in mating frequencies between one-component
and four-component treatments in both density trials and a significant effect be-
tween control and treatments (P < 0.001) (Figure 2). At a population density of
10 individuals, the mating was disrupted by 58± 14% in one-component- and
by 84± 10% in four-component-treated a cubicle. At a density of 30 individuals,
mating was suppressed by 67± 11% in one-component- and 78± 4% in four-
component-treated cubicles. The mating frequencies in the different population
densities were for 10 individuals: 54± 9% (control), 14± 5% (one component),
4± 3% (four components), and for 30 individuals: 57± 5 (control), 16± 4%(one
component), 12± 2% (four components).

EAG Recording.In spite of the passive ventilation, EAG recordings showed an
accumulation of the disruptants in the treatment cubicles during the experiments.
No severe contamination of pheromones in the control cubicles could be observed
from the EAG recordings (Figure 3). Antennal responses showed a high level of
adaptation in the high doses. The adaptation could be observed since the responses
to the reference decreased markedly and were unstable in different measurements
within a treatment cubicle (example in Figure 3b). The decrease in reference re-
sponses, combined with a maximal response to ambient air, increased the relative
EAG values from 343 to 669 in 0.75 mg/spray trials. This effect was even larger in
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FIG. 2. Disruption effects (mean± SE) in different population densities in an envi-
ronment of 0.75 mg/spray ofZ9,E12–14 : OAc and of a four-component blend at the
same emission rate ofZ9,E12–14 : OAc. (a) Five males and five females were released
each day and retrieved 24 hr later (N = 10). (b) Fifteen males and 15 females were re-
leased and recaptured 24 hr later (N = 10). All females were checked for spermatophores
under microscope. No significant difference between the treatments and densities
(ANOVA F3,34 = 0.656;P > 0.05).

higher doses, which resulted in unreliable EAG responses and are, therefore, not
shown.

DISCUSSION

In this study, mating was disrupted up to 93% by using high emission rates
of synthetic pheromones. The disruption effect was measured by the presence of
spermatophores in females’ bursa copulatrix, which is the most relevant measure of
mating activity. Counting spermatophores in the field, however, can be a misleading
measurement due to underestimation (Drummond, 1984). The male can fail to
pass a spermatophore and still have a successful mating, which was reported in
multiply mated males ofGrapholita molesta(George and Howard, 1968). An
underestimation is also possible due to deterioration of the spermatophore if the
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FIG. 3. (a) Pheromone accumulation recorded as electroantennographic responses (mean
of four recordings in the same cubicle and the mean of two cubicles for each recording
period) ofPlodia interpunctellaconducted on a portable EAG device inside plastic cubi-
cles. The graph shows the sampling sequence, at the beginning and end of each treatment.
The asterisk indicates where the MSTRS was spraying only the solvent (ethanol) in the
control cubicles. The arrow shows when the treatment was changed from one-component
to four-component mixtures. Responses are normalized to a response to a reference con-
taining 10µg of Z9,E12–14 : OAc. (b) A typical response to the reference, indicating that
the antenna is adapted by the high pheromone concentrations. Responses are stable and
of equal size through out the test (four tests in four cubicles; 16 bars). The measurements
were taken with a 30-sec recovery time within each cubicle. Moving between the cubi-
cles created a time lapse of 2–3 min in which the antenna can be seen to recover. The
grey bars are responses to the reference inside cubicles with 0.75 mg/spray ofZ9,E12–
14 : OAc. The white bars are responses to the reference inside control cubicles containing
no pheromone dispensers. Bars are decreasing in size for each antennal response, indicating
adaptation.

2118
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time between the mating and the dissection is too long (Drummond, 1984). How-
ever, in this test, an underestimation is not likely since maleP. interpunctellapass a
large spermatophore in all first matings, and during the 24 hr, the males mate only
once (Ryne et al., unpublished results). The time between collection and freezing
of the females did not exceed 2 hr, and all the spermatophores observed were large
in size. Other methods to measure mating activity are by tethered females (e.g.,
Evenden et al., 1999), by sticky traps with pheromone dispensers (e.g., McBrien
et al., 1998), or by crop damage estimations (e.g., Mazomenos et al., 1999). These
data are easier to collect, but they do not show the actual mating activity. The risk
of the tethered female being disturbed by the handling, and thus ceasing to call is
high, and the probability of a tethered female being mated is higher than that of
a free-flying female. The efficacy of a pheromone dispenser is decreased by other
calling females in the vicinity, which will also attract males.

In the study by Mafra-Neto and Baker (1996), the mating ofE. cautellawas
suppressed by 100% in the low population densities (1.27 moths/m2) with one
MSTRS emitting 50µg/spray of the major component every 15 min. The mating
activity in that study was also measured by the presence of spermatophores in
females. The higher mating disruption level obtained, even though higher dosages
of pheromone was used in our study, was most probably due to the fact that they
had constant darkness during the testing period (T. C. Baker, personal communi-
cation). Since our cubicles were placed in a greenhouse, a normal day and night
rhythm was obtained, thus enabling the moths to use vision for mate finding. The
difference in mating suppression between these two closely related species, us-
ing similar pheromone disruption conditions, suggests that these moths are using
additional cues other than long-range sex pheromones and odor perception for
tracking and finding mates. It also suggests that higher doses of pheromone do not
necessarily produce a higher mating disruption effect. Other studies have shown
that pyralid males [P. interpunctella(Mankin et al., 1999) andE. cautella(Mankin
and Hagstrum, 1995)] perceive and orient toward pheromones at 40–50 cm from
the source. At closer distances, males and females can recognize each other by
visual and/or acoustic cues. Trematerra and Pavan (1995) showed that female
P. interpunctella, E. kuehniella, andE. cautellause ultrasound produced by the
male’s wing-fanning in order to identify the courting male. The exact utilization of
the visual cues by the moths has never been investigated, but it has been shown that
male and femaleP. interpunctellaorient toward figures of definite shapes, indicat-
ing that vision is used in finding sites for settling, calling, and mating (Levinson
and Hoppe, 1983).

The moths were often observed aggregating in corners in the cubicles. Fe-
males were observed calling in treatment cubicles, with other males and females
in close vicinity, without being mated. Aggregation to specific areas in the envi-
ronment may increase an individual’s chance of being mated. This behavior may
even occur without the aid of pheromone cues. The cubicles in this study consisted
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of straight walls, ceilings, and floors, and the only object in the tents was the
MSTRS, standing in the middle of the cubicle. Thus, the environment in which
the moths were placed was very simple. As the complexity of the room increases,
the number of possible aggregation spots increases. The number of moths in the
different possible aggregation spots will be fewer, and the chance of finding a mate
in one of those spots will decrease, thus increasing the mating disruption effect. If
the behavior of aggregating in corners and crevices enhances the chance of mate
finding, then the result of a 93% mating disruption effect, as was the case with
0.75 mg/spray of the four-component blend (Figure 1), is an exceptionally good
result, considering the non-complex environment.

Population densities of Phycitinae are sometimes reported as number of in-
sects per square meter of ceiling and walls, since mating behavior occurs on those
surfaces (Sower and Whitmer, 1977; Hodges et al., 1984; Mafra-Neto and Baker,
1996). For simplicity, we chose to refer to the number of animals as the true number,
but for easier comparison with other studies (e.g., Mafra-Neto and Baker, 1996),
the densities are 0.32, 0.64, and 0.96 individuals/m2. The population densities used
in this experiment are referred to as low, intermediate, and high. However, we are
not positive that the population densities we chose are relevant in true indoor con-
ditions with infestations. Mafra-Neto and Baker (1996) performed their tests with
twice as many males as females, while we used equal numbers of males and fe-
males in the cubicles. This was partly due to the fact that a female-biased sex ratio
tends to increase male mating, i.e., males increase their mating activity and mate
more frequently when the number of available females increases (Brower, 1975).
This means that in our study, moths had a higher possibility of mating because of
the equal sex ratio compared to a 2 : 1 male–female sex ratio.

The most commonly suggested mechanisms behind mating disruption are
either local adaptation of the antennal receptors, habituation on a central level,
false trail following, or camouflage of the female’s pheromone plume (Card´e and
Minks, 1995). High levels of antennal adaptation were clearly observed in the EAG
traces (Figure 3), and the adaptation was as high for the one-component as for the
four-component treatment. It is difficult to draw any conclusions from the EAG
measurements since the high concentrations of disruptant in the cubicles made the
antennal responses to the reference septum lower and more unstable than in control
cubicles. The portable EAG device would be more useful in conditions where the
pheromone concentrations are much lower than in our treatments. While measuring
antennal responses in the cubicles, there was a trade-off between minimizing the
time between recording due to the short life-time of the antenna and maximizing
the time to enable the antenna to fully recover. In order to retrieve statistically
sound data, a series of recordings from many antennae is necessary.

The minor increase observed in EAG responses in control cubicles between
the beginning of the trial period and the end (Figure 3a) can be explained by
pheromones still present in the cubicles from earlier, removed calling females, as
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well as contamination from one room to thr other. The larger increase of pheromone
concentration between the beginning and the end of the trial period in the one-
component trial (Figure 3a) is most probably due to an accumulation of pheromone
during the trial period. Pheromone is likely to be absorbed into the plastic of the
cubicles, which would then act as secondary dispensers and create a stable back-
ground pheromone concentration. It is not known whether the EAG responses by
the antenna were derived from pheromones only or whether the antenna also de-
tected the ethanol solvent. The large increase in the EAG responses are probably
deriving from the pheromones present in the tents and not the ethanol solvent.
Figure 3a shows normalized EAG responses when the control tents had a MSTRS
spraying only ethanol, and no elevated responses can be seen. Coss´e et al. (1994)
reported receptors sensitive to ethanol in females of the pyralidEctomyelois cerato-
niae, but whether or not ethanol-sensitive receptors occur in maleP. interpunctella
has not been investigated.

Only a few males were seen orientating towards, or sitting on, the pads of the
MSTRS, which indicates a low level of false trail following in both laboratory and
field studies (Valeur and L¨ostedt, 1996; McBrien et al., 1998). The mechanisms by
which males are disrupted may depend on the concentration level of the disruptant
and the sensitivity of the male receptors. The importance of using a more complete
blend in a specific dose is of interest for commercial purposes, and a more complete
blend is often more attractive to a male than an off-blend (Zhu et al., 1999). Card´e
and Minks (1995) suggested that a complete blend would by definition be the most
effective in mating disruption since it evokes the whole behavioral repertoire and,
therefore, the complete blend would possess the lowest threshold for most or all
behaviors. On the other hand, an off-blend might, evoke a sensory imbalance effect
(Cardé and Minks, 1995). Flint and Merkle (1983) showed that by disrupting pink
bollworm (P. gossypiella) with an off-blend or a partial blend, the male moths
experienced an imbalance in sensory input, which impaired the male’s ability to
respond correctly to the natural blend.

A small-scale experiment of this kind is valuable since it allows for con-
trol plots, which are almost impossible to achieve in field experiments. However,
the true efficiency of mating disruption can only be seen when conducting the
experiments in storage facilities. Since our experiments resulted in a 93% mating
disruption in 24 hr, it is likely that the population would decrease. The emission
rates in this experiment are comparable to the study by Mafra-Neto and Baker
(1996). It can be argued that the emission rates were too high in the small ex-
perimental sites. The high concentration may be the reason for not achieving a
difference in disruption between the one-component and four-component trials
[a female gland contains approximately 4 ng of the main component (Zhu et al.,
1999)]. However, we chose to concentrate on the effect of blends in a situation
where the mating disruption was efficient, rather than to investigate the impact of
blends when disruption effect was low and not acceptable for IPM.
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Pheromone-based mating disruption conditions may produce a high selec-
tion pressure on the communication channel in the target species in which more
sensitive males and/or females producing off-blends are favored. If large varia-
tion exists in pheromone production among females, individuals emitting large
quantities or blends not similar to the disruption blend may be favored. Moreover,
selection could be acting on the males who are able to locate a female in high
ambient pheromone concentrations. A project is now in progress to evaluate the
evolutionary consequences of the selection pressures imposed on the pheromone-
based mating-system ofP. interpunctellain high atmospheric concentrations of
synthetic pheromones. The implementation of mating disruption indoors, and to
some extent mating disruption outdoors, may be prevented by the fact that toxic-
ity tests are needed before using pheromones in “high” doses in close contact to
personnel and food products.

The potential for indoor mating disruption ofP. interpunctellais promising.
Our study shows that it is possible to achieve a high degree of disruption. The
fact that the one-component (Z9,E12–14 : OAc) formula is used as part of the
pheromone blend in many pyralid species (Phelan and Baker, 1990) makes the
applicability of mating disruption with the one-component formula even greater.
The compound is shared byE. kuehniella(Kuwahara et al., 1971a),Ephestia
(Cadra) cautella(Kuwahara et al., 1971b; Brady, 1971),P. interpunctella, and
other pyralid species, and since the species can occur in the same habitat, it may
on these occasions be possible to control the pests with only one pheromone
formula.
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Abstract—Epicuticular hydrocarbon variation was investigated among the
three species of theDrosophila mojavensiscluster (D. mojavensis, D. arizonae,
andD. navojoa) within the largeD. repletagroup. Because these hydrocarbons
serve as contact pheromones in adultD. mojavensis, the chemical characteris-
tics and differences in hydrocarbon profiles in populations of these three sibling
species were further investigated. Twenty-seven hydrocarbon components with
chain lengths ranging from C28 to C40, includingn-alkanes, methyl-branched
alkanes,n-alkenes, methyl-branched alkenes, and alkadienes were observed.
Hydrocarbon profiles among the three species reared on different cactus hosts
were easily aligned with previously identified components inD. mojavensis.
Male and femaleD. navojoapossessed a 31-methyldotricont-6-ene absent in
both D. arizonaeand D. mojavensis, while lacking the 8,24-tritricontadiene
present in these two species.D. navojoaadults had far less 2-methyloctacosane
than these sibling species, but the significance of this difference was obscured
by the degree of variation among populations in amounts of this hydrocar-
bon. Mainland and Baja California populations ofD. mojavensiswere fixed for
differences in the amounts 8,24-tritricontadiene, 9,25-pentatricontadiene, and
9,27-heptatricontadiene, consistent with all previous studies. Amounts of 18 of
the 27 hydrocarbon components were greater in flies reared onOpuntiacactus.
Canonical discriminant function analysis resolved all three species into distinct,
nonoverlapping groups, suggesting that epicuticular hydrocarbon profiles are
species-specific in theD. mojavensiscluster. Based on the amounts of interpop-
ulation variation in hydrocarbon profiles in these three species, we hypothesize

1This is paper VI in the series “Premating isolation is determined by larval rearing substrates in
cactophilicDrosophila mojavensis.”
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that epicuticular hydrocarbon differences may evolve early during the formation
of new species.

Key Words—Species recognition, cuticular hydrocarbons,Drosophila, cactus,
speciation.

INTRODUCTION

In closely related animal species that no longer share a common fertilization sys-
tem, species recognition systems may be preserved by strong stabilizing selection
(Paterson, 1993) and perhaps enhanced by reinforcement of these barriers if there is
continuing gene exchange (Dobzhansky, 1951; Coyne and Orr, 1989; Noor, 1995,
1999). In order to understand more fully the origin of new species, the conditions
that cause particular isolating mechanisms to arise must be identified (Masters,
2000), and the progression of changes in courtship cues during the evolution of
reproductive isolation across species groups must be understood. Mate recogni-
tion in manyDrosophilaspecies involves a stereotyped series of behavioral cues
exchanged between males and females. Courtship is elicited by males and may
involve behavioral, acoustic, and chemical cues that females use in the evaluation
of prospective mates. In the initial stages of reproductive isolation, how does se-
lection shape divergence in mating systems prior to complete isolation? Do mate
recognition systems function within populations in the same ways that they func-
tion between populations and species? If sexual selection is unrelated to sexual
isolation (Boake et al., 1997; Carson, 2000) and if we are to understand how species
originate in general, comparative studies of within- and between-species mating
systems may offer insight into the sequential evolution of recognition signals.

A common form of chemical communication inDrosophilaspecies involves
contact pheromones made of epicuticular hydrocarbons biosynthesized in the pu-
pal stage and early in adult life (Ferveur et al., 1997). Specific components of
cuticular hydrocarbons of females elicit male courtship behaviors inDrosophila
melanogaster(Antony and Jallon, 1982). (Z,Z)-7,11-Heptacosadiene elicits court-
ship fromD. melanogastermales (Antony and Jallon, 1982). (Z)-11-Pentacosene
(Oguma et al., 1992a) along with (Z,Z)-5,13-pentacosadiene, (Z,Z)-5,15-
pentacosadiene, and (Z,Z)-7,15-heptacosadiene elicits courtship fromD. virilis
males (Oguma et al., 1992b). The multimethylene interrupted alkadiene, (Z,Z)-
5,25-hentricontadiene, elicited courtship from maleD. pallidosa(Nemoto et al.,
1994). All of these hydrocarbons have long chains and are thought to act as con-
tact pheromones, probably by stimulating chemoreceptors on the male foreleg or
proboscis (Jallon, 1984; Oguma et al., 1992b; Nemoto et al., 1994).

In addition to the exchange of behavioral cues during courtship including
courtship songs (Spieth, 1974; Ewing and Miyan, 1986), epicuticular hydrocarbons
have been implicated as determinants of mate choice inD. mojavensis(Markow
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and Toolson, 1990; Toolson et al., 1990; Stennett and Etges, 1997). Hydrocar-
bon transfer experiments (cf. Coyne et al., 1994) have demonstrated that epicu-
ticular hydrocarbons are involved in mate recognition with mainland and Baja
D. mojavensis(Etges and Ahrens, 2001). Previous analysis of the epicuticular
hydrocarbon profiles ofD. arizonaeandD. mojavensisrevealed a high degree
of similarity between species, some large differences in particular hydrocarbon
components among populations ofD. mojavensis,and significant effects of larval
rearing substrates, particularly laboratory food versus cactus, on amounts of epi-
cuticular hydrocarbons (Stennett and Etges, 1997). Detailed analysis of multiple
populations ofD. mojavensisfrom different parts of the species range revealed
consistent geographical differentiation in amounts of C33, C35, and C37 alkadiene
components, and gender–specific amounts of 16 different hydrocarbons. Further,
significant sex× region interactions for eight of these hydrocarbons showing
sexual dimorphism were statistically significant, indicating region-specific male–
female hydrocarbon differences (Etges and Ahrens, 2001). In the present study,
we characterized the chemical nature of these epicuticular hydrocarbons for all
threeD. mojavensiscluster species so that we can begin to understand the role of
these chemical cues in between-species mate recognition.

Phylogeny and Natural History ofD. mojavensisCluster Species. The
D. mojavensiscluster is part of theD. mulleri species subgroup inferred from
the sharing of chromosomal gene arrangements and phylogenetic analyses of nu-
clear and mitochondrial gene regions (Wasserman, 1992; Durando et al., 2000).
The mulleri cluster (D. aldrichi, D. mulleri, D. wheeleri, andD. nigrodumosa)
is the sister group to theD. mojavensiscluster (Durando et al., 2000). Although
D. huaylasifrom Peru is closely related to theD. mojavensiscluster and has some-
times been included within it (Durando et al., 2000), we do not include it here
because hybridization data, gene arrangements, and differences in male genitalia
clearly point to a closer affiliation with themulleri subgroup (Fontdevila et al.,
1990).D. navojoais ancestral to bothD. mojavensisandD. arizonae: the lat-
ter two species share a common intermediate ancestor (Figure 1). The range of
D. navojoaextends from the lowlands along the Pacific coast of southern Mexico
and north to southern Sonora.D. arizonaeis widespread from Guatemala and
southern Mexico to Arizona and New Mexico, and is sympatric withD. mojavensis
and D. navojoa in southern Sonora. The range ofD. mojavensisis restricted
to the Sonoran desert, Sinaloan thornscrub, and adjacent areas including the
Colorado/Mojave deserts in southern California (Heed, 1982). Ecologically,D.
navojoa is restricted to the more ancestralOpuntia breeding habit, similar to
most other members of themulleri subgroup, whereas bothD. mojavensisand
D. arizonaeuse a variety of hosts including a number of more derived columnar
cacti (Ruiz et al., 1990).

The goals of this study were to characterize the epicuticular hydrocarbons
of the threeD. mojavensiscluster species in order to understand more about
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FIG. 1. Map of Mexico and the southwestern United State showing the locations of the
populations sampled for this study and a phylogeny of the threeD. mojavensiscluster
species based on chromosomal gene arrangements (Wasserman, 1992).

the magnitude of species-specific mate recognition systems. We assessed vari-
ation between two populations of each species reared on fermentingOpuntiaand
Stenocereus gummosus, pitaya agria, tissues in order to estimate the degree of in-
traspecific and substrate-induced variation in hydrocarbon profiles previously doc-
umented inD. mojavensis. In this study, we used fermentingOpuntia ficus-indica
and the more chemically specialized agria cactus rearing substrates to character-
ize further the consequences of this ecological transition of feeding and breeding
sites on both expression of adult epicuticular hydrocarbons and components of
fitness.

METHODS AND MATERIALS

Origin of Stocks.A stock ofD. arizonaefrom Tucson, Arizona, was founded
in November 1995 by aspirating approx. 35 adults from the fermenting fruits of
Opuntia ficus-indica. Another stock originated from seven adults that were baited
in aStenocereus thurberi–S. alamosensis–Opuntia wilcoxiiforest near Las Bocas,
Sonora in April 1996 (Figure 1). BothD. navojoastocks were collected by baiting
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and rearing fromOpuntiapads in March 1997. Eight females and 10 males were
collected west of Tomatlan, Jalisco, in a dry forest whereS. standleyi, Pachyc-
ereus pecten-aboriginum, Cephalocereus purpusii, and an arborescentOpuntia
species were common. At several locations within the Chamela Biological Station
reserve in Jalisco, 34 female and 29 maleD. navojoawere collected from gi-
antOpuntia excelsaplants. TheD. mojavensisstocks originated from collections
made in 1996 in Santa Rosalia, Baja California, and El Fuerte, Sinaloa. The Baja
stock was founded from 468 adults that emerged from aS. gummosusrot and the
Sinaloa stock was initiated with 185 adults from baits and flies that emerged from a
S. thurberirot. All flies were reared in the laboratory in large numbers on banana
food (Brazner and Etges, 1993) prior to cactus rearing and hydrocarbon analysis.

Chemical Analysis of D. arizonae and D. navojoa Hydrocarbons.The four
D. arizonaeand D. navojoastocks were reared for one generation on banana
food in 8-dr shell vials in an incubator programmed on a 14L:10D cycle at 27◦C
during the day and 17◦C at night. All emerged adults were separated by sex and
aged for at least 10 days on banana food at room temperature. Epicuticular hy-
drocarbons were extracted from adults (N = 549–902) of each group in Biosil
mini-columns. Each column consisted of a Pasteur pipet that contained packed
glass wool and Biosil (silica gel, Sigma S-4133) washed several times with HPLC
grade hexane. Flies were then added, washed in 8 ml of hexane, and the hydrocar-
bons were collected in hexane-rinsed vials. After the hexane was evaporated with
nitrogen, each sample was sealed and stored at−20◦C. Each sample extract was
characterized by gas chromatography–mass spectrometry (GC-MS) of the most
abundant components composed of methyl-branched hydrocarbons, alkenes, and
alkadienes. The samples were analyzed by capillary gas–liquid chromatography
by using a Hewlett Packard 5890 GC fitted with a 12-m HP-1 fused silica column.
The GC was programmed from 150◦C to 300◦C at 10◦C/min and held at 300◦C for
5 min. The temperature of the injector and detector (Hewlett Packard 5971 mass
selective detector) was 280◦C. The internal standard was 100 ng/fly of octacosane
(C28). The unsaturated epicuticular hydrocarbons were derivatized with dimethyl
disulfide, and the resulting thiomethyl derivatives were analyzed by GC-MS to
identify the positions of the double bonds (Toolson et al., 1990).

Cactus Rearing Experiment.All populations ofD. arizonae, D. mojavensis,
andD. navojoawere cultured on fermenting cactus tissues in 1997 in order to
assess the degree to which rearing substrates affected adult epicuticular hydro-
carbon composition. Several hundred adults were collected from each population
that had been cultured as described above. Eggs were collected from aged adults
and washed in deionized water, 70% ethanol, and again in sterile deionized water.
Eggs were counted out in groups of 200, transferred to a 1-cm2 piece of steril-
ized filter paper, and placed on fermenting cactus. Cactus cultures were set up in
plugged 8-oz bottles with 75 g of aquarium gravel at the bottom covered with a
5.5-cm-diameter piece of filter paper. Bottles were then autoclaved, and after 60 g
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of either agria orO. ficus-indicatissues were in place, autoclaved again for 10 min.
After cooling to room temperature, each culture was inoculated with 0.5 ml of a
pectolytic bacterium,Erwinia cacticida (Alcorn et al., 1991), and 1.0 ml of a
mixture of seven species of yeast common in natural agria rots (Starmer, 1982):
Pichia cactophila, P. mexicana, P. amethioninavar. amethionina, Cryptococcus
cereanus, Candida valida, C. ingens, andC. sonorensis. Three replicate cultures of
each cactus type were started for each of the two populations for each species and
cultured in an incubator programmed as above. All unhatched eggs were counted
to allow calculation of egg to adult viability. Eclosed adults from each replicate
culture were counted daily allowing determination of egg-to-adult development
time, separated by sex, and aged on banana food in vials at room temperature.

Aged adults were then transferred to hexane rinsed vials and stored at−20◦C
until hydrocarbon extracts were prepared by using groups of adults (usually 20–
30) as described above. Each hydrocarbon sample was redissolved in hexane
(2.5 µl/fly) containing 385 ng of docosane (C22) per microliter as an internal
standard. One microliter of each sample was analyzed by capillary gas–liquid
chromatography with a Shimadzu G14 fitted with a 30-m DB-1 fused silica col-
umn. Injector and detector temperatures were set at 345◦C with the injector port
in split mode. Running temperatures started at 200◦C and increased to 345◦ at
10◦/min, with a hold at 345◦C for 7 min (Stennett and Etges, 1997).

Statistical Analyses.Development time was measured in days, and viability
was calculated as the number of eclosed adults divided by the number of counted
eggs that hatched. Variation in egg to adult development and viability was assessed
by ANOVA with PROC GLM in SAS (SAS Institute, 1989). Viability data were
arcsin transformed, and development time data were log10 transformed prior to
analysis.

Hydrocarbon amounts were estimated by analysis of peak integrations using
EZCHROM software (ver. 2.1) provided by Shimadzu. Each sample amount was
normalized by the measured amount of the internal standard. Replicate groups of
flies were analyzed together. All data were expressed as nanograms per fly of cutic-
ular hydrocarbons and were analyzed with population, rearing substrate, and sex as
main effects, and for all interactions between main effects. Population, replicates,
and all interactions with population were considered random effects. The TEST
command was used in the RANDOM statement to generate the appropriateF ra-
tios and adjusted degrees of freedom by using Satterwaite’s approximation (SAS
Institute, 1989). Within-species ANOVAs were also evaluated to more closely as-
sess some of the higher order interaction terms. Canonical discriminant function
analysis (PROC CANDISC) (SAS Institute, 1989) was performed on the replicate
means of each population ignoring sex and cactus differences for all hydrocarbons
analyzed. This procedure forms linear combinations of the hydrocarbons with the
highest multiple correlation with the populations and maximizes the univariate
Fratios. Each canonical variable was obtained by finding the linear combination
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least correlated with the previous canonical variable: the first three canonical vari-
ables were used to plot the variation in hydrocarbons among populations.

RESULTS

Chemical Descriptions of Hydrocarbons.The major epicuticular hydrocar-
bons are alkanes, 2-methylalkanes, alkenes, methyl-branched alkenes, and multi-
methylene interrupted alkadienes (Table 1). The location of the double bonds in
the alkenes were at odd-numbered carbons for the hentricontenes (7-hentricontene
and 9-hentricontene) but were at even-numbered carbons for the longer-chained
alkenes (e.g., 10-tritricontene, 10-tetratricontene, and 14-hexatricontene). Loca-
tions of the double bonds in the methyl-branched alkenes were also at even-
numbered carbons. The multimethylene interrupted alkadienes had an odd number

TABLE 1. KEY MASSSPECTRAPEAKS IN IDENTIFICATION OF EPICUTICULAR

HYDROCARBONS OFD. arizonae, D. mojavensis, AND D. navojoa

m/z

Dimethyl disulfide
ECLa Hydrocarbon Untreated derivative Hydrogenated

28.00 n-octacosane 394
28.65 2-methyloctacosane 365, 393
30.65 2-methyltricontane 393, 421
30.78 7-and 9-hentricontene 434 173, 355, 528
33 Br2 11-and 13-methyldotricontane 168, 322

196, 294
32.47 31-methyldotricont-8-ene 462 159, 397, 556 421, 449
32.56 31-methyldotricont-6-ene 462 131, 425, 556 421, 449
32.63 8,24-tritricontadiene 460 159, 173, 381, 395
32.70 7,25-tritricontadiene 460 145, 159, 395, 409
32.79 10-, 12-, and 14-tritricontene 462 187, 369; 215, 341; 464

243,313
34 diene 8,26-tetratricontadiene 474 159, 409
34 diene 6,26- and 6,24-tetratricontadiene 474 131, 381, 409
34 ene 10-, 12-, and 14-tetratricontene 476 187, 383; 215, 355; 478

243, 327
35 ene 1 33-methyltetratricont-10-ene 490 187, 397, 584 449, 477
35 ene 2 33-methyltetratricont-8-ene 490 159, 425, 584 449, 477
34.59 9,25-pentatricontadiene 488 173, 187, 395, 409
34.66 8,26-pentatricontadiene 488 159, 173, 409, 423
34.66 7,27-pentatricontadiene 488 145, 159, 423, 437
37 ene 35-methylhexatricont-10-ene 518 187, 425 520
36.5 9,27-heptatricontadiene 516 173, 187, 423, 437
36.7 14-, 16-, and12-hexatricontene 518 243, 369; 271, 341; 520

215, 397

aEquivalent chain length calculated as in Stennett and Etges (1997).
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of carbons to the double bond from one end, and an even number of carbons from
the other end to the double bond. In the tetratricontadienes (34 dienes), the double
bonds were an even number of carbons from both ends.

Epicuticular Hydrocarbon Differences Among Species.A total of 27 hydro-
carbon peaks were scored in each sample with chain lengths ranging from C28

to C40. The number of observed peaks and their retention times were similar
among the three species with only a few notable qualitative differences. The most
ancestral species,D. navojoa, possessed 31-methyldotricont-6-ene, which was
not observed in the other two species with an equivalent chain length of C32.56.
8,24-Tritricontadiene was present in high quantities inD. arizonaeand mainland
D. mojavensisbut was absent inD. navojoa. The Baja California population of
D. mojavensispopulation from Santa Rosalia was characterized by the near absence
of the C32.63, C35.59, and C36.5 alkadienes that are major peaks in mainland pop-
ulations, such as El Fuerte, consistent with all previous studies (Stennett and
Etges, 1997; Etges and Ahrens, 2001).D. navojoawas also characterized by far
lower amounts of 2-methyloctacosane (C28.65) thanD. arizonaeandD. mojavensis
(±1 SD); 35.4± 11.9< 123.1± 32.4< 175.3± 71.6 ng/fly, respectively. This
difference was not significant in the mixed model nested ANOVA (Appendix 1) be-
cause the mean square error term, populations nested within species, was so large.
This was also the case for C32.63 (absent inD. navojoa), C34.59, and C36.5, indicating
that significant geographic variation in a variety of hydrocarbon components has
obscured the levels of statistical significance of the differences between species.

Population Differences.Within-species ANOVAs were performed with pop-
ulations to consider random effects in order to assess more directly hydrocarbon
differences among populations and some of the higher order interaction terms. The
degree of geographic variation observed between the Baja California and main-
land population ofD. mojavensisin hydrocarbon amounts (Table 2) was consistent
with earlier results (Stennett and Etges, 1997). These same two populations were
part of a larger study of epicuticular hydrocarbon variation among six populations
from Baja California and five mainland Mexico populations (Etges and Ahrens,
2001). Thus, we can directly compare the magnitude of interpopulation variation
in epicuticular hydrocarbons with that of the other two species. Here 15 of the 27
hydrocarbon components varied geographically: these were the same components
that contributed to the overall geographic differences between Baja California and
mainland populations ofD. mojavensis. A greater proportion, 22/27, differed be-
tween the Tucson, Arizona, and southern Sonoran populations ofD. arizonae. Just
11 of these components varied among the two populations ofD. navojoa; only four
of these are major peaks: C28 alkane, 2-methyloctacosane, 7,25-tricontadiene, and
8,26-pentatricontadiene (Table 2). Such intraspecific variation inD. navojoawas
surprising given that the two populations studied were only 45 km apart (Figure 1).

Together, these 27 hydrocarbon components significantly discriminated
among each of the six populations. The first three canonical variables accounted
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TABLE 2. F VALUES FROMWITHIN-SPECIESANOVAS FOR27 HYDROCARBON

COMPONENTSa

Hydrocarbon component CRT D. arizonae D. mojavensis D. navojoa

n-Octacosane C28 (P) 31.11*** 25.62*** 60.59***
(C) 7.15* 1.83 13.77**

2-Methyloctacosane C28.65 (P) 23.00*** 178.83*** 11.07**
(C) 6.17* 2.90 0.23

2-Methyltricontane C30.65 (P) 34.92*** 0.03 0.0
(C) 0.30 6.29* 0.12

7- and 9-Hentricontene C30.78 (P) 22.79*** 1.36 1.36
(C) 20.19*** 14.96** 1.12

Unknown C33Br1 (P) NA 92.30*** NA
(C) NA 0.22 NA

11- and 13-Methyldotricontane C33Br2 (P) 27.07*** 74.06*** 1.15
(C) 13.45** 0.77 5.25

31-Methyldotricont-8-ene C32.47 (P) 30.77*** 7.34* 0.26
(C) 14.46** 5.84 2.72

31-Methyldotricont-6-ene C32.56 (P) NA NA 1.28
(C) NA NA 0.22

8,24-Tritricontadiene C32.63 (P) 37.28*** 70.13*** NA
(C) 31.91** 7.31* NA

7,25-Tricontadiene C32.70 (P) 11.26** 0.24 10.05**
(C) 20.03*** 11.12** 0.85

10-, 12-, and 14-Tritricontene C32.79 (P) 39.37*** 12.10** 2.91
(C) 4.77* 23.96*** 0.08

8,26-Tetratricontadiene C34 diene (P) 26.30*** 39.14*** 6.95*
(C) 14.46** 24.40*** 7.42*

6,26- and C34 alkene (P) 3.92 0.05 19.98***
6,24-Tetratricontadiene (C) 24.42*** 22.40*** 29.37***

10-, 12- and14-Tetratricontene C34 ene (P) 0.90 19.36*** 20.00***
(C) 13.85** 13.64** 53.58***

33-Methyltetratricont-10-ene C35 alkene1 (P) 3.31 30.82*** 0.44
(C) 2.68 0.26 3.04

33-Methyltetratricont-8-ene C35 alkene 2 (P) 17.46** 1.52 0.19
(C) 2.10 2.82 6.20*

9,25-Pentatricontadiene C34.59 (P) 44.29*** 85.68*** 4.66
(C) 23.66*** 19.49*** 0.01

8,26-Pentatricontadiene and C34.66 (P) 40.94*** 13.23** 11.03*
7,27-Pentatricontadiene (C) 22.07*** 7.17* 0.83

Unknown branched alkene C36a (P) 14.28** 12.28* 12.13*
(C) 21.38*** 6.05* 27.44***

Unknown branched alkene C36b (P) 8.55* 3.86 25.93***
(C) 4.37 34.89*** 42.30***

35-Methylhexatricont-10-ene C37 alkene (P) 8.42* 40.17*** 11.36**
(C) 18.10*** 3.30 5.95

9,27-Heptatricontadiene C36.5 (P) 48.50*** 54.94*** 4.93
(C) 21.34*** 11.11** 0.58
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TABLE 2. CONTINUED

Hydrocarbon component CRT D. arizonae D. mojavensis D. navojoa

Unknown alkadiene C36.6 (P) 43.81*** 6.42 2.58
(C) 12.48** 22.51*** 0.08

14-, 16-, and 12-Hexatricontene C36.7 (P) 41.35*** 4.42 3.31
(C) 21.38*** 9.89** 0.61

Unknown alkene C38 (P) 16.83** 0.94 15.65**
(C) 5.42 6.00 13.44***

Unknown C39 (P) 1.04 4.80 6.63*
(C) 1.08 7.78** 17.54***

Unknown C40 (P) 28.43** 0.46 6.67*
(C) 2.11 6.52 10.34**

Total hydrocarbons (P) 44.13*** 1.10 5.35
(C) 23.54*** 12.50** 0.25

aFor each component, F values and significance levels are listed for differences between populations
(P) over that for differences between cactus hosts (C). Significance of allP values was adjusted using
the sequential Bonferroni procedure across species.
CRT refers to the hydrocarbon component’s retention time or carbon chain length as described in
Stennett and Etges (1997) or in this paper. NA: not applicable because hydrocarbon component is
absent for this species.∗P < 0.05,∗∗P < 0.01,∗∗∗P < 0.001; significance tests are based on a stepwise
Bonferroni test with initialP= 0.05 using the number ofP values in each row to correct for the number
of simultaneous tests.

for 93.9% of the total hydrocarbon variation (Figure 2). All pairwise squared
Mahalanobis distances between populations were significant (p <0.0001), as were
the overall multivariate differences among populations (Wilksλ = 0.00012742,
F = 20.56, p < 0.0001). The first five canonical correlations were all signif-
icantly greater than zero (p < 0.0001). Thus, significant geographic variation
exists in the epicuticular hydrocarbon profiles of the populations of these three
species.

Sex Differences.Amounts of 2-methyloctacosane, 2-methyltricontane, the C38

alkene, and the C40 alkene differed between males and females of all three species
(Appendix 1). However, 17 hydrocarbon components differed between males and
females in a population-specific manner as indicated by the significant sex× pop-
ulation within-species interaction terms. Such interactions imply that male–female
differences in amounts of these hydrocarbon components differ among populations
of these three species. These interactions were also observed in the larger analysis
of epicuticular hydrocarbon variation between Baja California and mainland pop-
ulations ofD. mojavensis(Etges and Ahrens, 2001), so local variation in sexual
dimorphism of hydrocarbon profiles is not restricted to this species.

Substrate Differences.Although not statistically significant in all cases (P <

0.05; Appendix 1), hydrocarbon amounts generally differed due to cactus-rearing
substrates for 18 of the epicuticular hydrocarbons assayed. In every case, flies
reared onOpuntia cactus had increased amounts of cuticular hydrocarbons as
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FIG. 2. Three dimensional plot of the populations ofD. mojavensis, D. arizonae, and
D. navojoabased on the first three canonical discriminant variables (CDVs) formed from
the 27 hydrocarbon components observed in this study. CDV 1 accounted for 53.6%, CDV 2
accounted for 26.0%, and CDV 3 accounted for 14.3% of total variance, respectively. Sex and
host cactus were ignored to emphasize populations and species differences. All Mahalanobis
distances between populations were significant (P < 0.0001).

compared to agria-reared flies (Figure 3). Results of the within-species ANOVAs
(Table 2) also suggested that the effect of rearing flies on agria versusOpuntiawas
usually statistically significant in one or two of these species for a given hydro-
carbon component. Thus, many of the cases of marginal significance in the nested
ANOVAs were due to this result. Only the two C34 alkenes and one of the C36

alkenes differed in amounts between agria andOpuntia-reared flies in all three
species (Table 2), and the nested ANOVA suggested that 2-methyloctacosane, 2-
methyltricontane, and 14-, 16-, and 12-hexatricontene also varied among species
(Appendix 1). The 2-methyloctacosane, 7- and 9-hentricontene, 31-methyldotri-
cont-8-ene, and C36.6 alkadiene components varied in a species–specific manner as
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FIG. 3. Averages (+1 SD) of D. arizonae, D. mojavensis, andD. navojoahydrocarbon
amounts for the 18 components that differed between rearing substrates. In all cases, hy-
drocarbon amounts were greater in flies reared inOpuntiathan in agria tissues. Individual
components are referred to by their equivalent chain lengths or other names (Appendix 1);
see Table 2 for chemical names.

shown by the significance of the cactus× species interaction terms. These cactus
substrates also influenced the total amounts of hydrocarbons per fly (Figure 3) for
D. arizonaeandD. mojavensis, but not forD. navojoa(Table 2). Overall, ferment-
ingOpuntiacactus tissues must contain more available precursors for synthesizing
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FIG. 4. Deviations in egg to adult development time from the overall mean (indicated above
the graph) for the six populations ofD. mojavensiscluster species in this study illustrating
the significant population× cactus interaction term from the ANOVA. Mean egg to adult
viability (±1 SD) is indicated in italics adjacent to each type of cactus substrate for each
population.

the majority of adult epicuticular hydrocarbons in these threeDrosophilaspecies
than do agria tissues.

Life History Differences.Differences in egg-to-adult development time among
populations were expressed in a substrate-specific manner (Figure 4). Although
overall differences in development time were only marginally significant among
species (F = 5.42,P = 0.10) in the nested design, females emerged earlier than
males in all three species (F = 94.52,P = 0.002). the interaction between cac-
tus hosts and populations nested within species was also significant (F = 3.84,
P = 0.022). OnlyD. mojavensispopulations consistently expressed shorter de-
velopment times on their primary host plant, agria cactus. The correlation between
development time and total hydrocarbons per fly was not significant (r = 0.52,
P > 0.05, N = 12), so variation in hydrocarbon amounts was unrelated to the
length of preadult development time. Egg to adult viability was lower in the two
populations ofD. navojoa(F = 39.87, P < 0.0001), in part due to the lower
viabilities observed on agria versusOpuntia-reared flies (Figure 4). Overall, these
life history differences are consistent with the known patterns of host plant use in
nature (Ruiz and Heed, 1988) and suggest that any host cactus-induced variation
in hydrocarbon amounts should also be expressed in natural populations.
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DISCUSSION

The overall chemical similarity of the epicuticular hydrocarbon components
among the threeD. mojavensiscluster species suggests that the biosynthetic path-
ways for hydrocarbon production and deposition have not yet widely diverged.
However, significant quantitative differences in hydrocarbon amounts among pop-
ulations (Figure 3) indicate that the chemical signatures of these hydrocarbons have
evolved within and between species. Whether individual or groups of these epi-
cuticular hydrocarbons serve as within- and/or between-species signaling systems
remains to be determined. InD. mojavensis, transferring male mainland-specific
hydrocarbons to Baja males in “perfuming” experiments significantly enhanced
the mating success of these perfumed Baja males with mainland females in com-
parison with controls. Thus, these cuticular hydrocarbons are part of the mate
recognition system in this species (Etges and Ahrens, 2001). Certainly, the role
of these chemical cues must be evaluated in the context of other components of
the mating systems of these species expressed in an environment-specific manner,
including mating behavior (Etges, 1992; Brazner and Etges, 1993; Stennett and
Etges, 1997) and courtship songs.

The influences of rearing substrates on adult epicuticular hydrocarbon profiles
suggests that an extensive understanding of the ecology and distribution of natural
populations is necessary if we are to identify the mechanisms responsible for
shaping mate recognition divergence. For a number ofDrosophilaspecies, preadult
rearing environments are significant determinants of both genetic and phenotypic
variation in fitness characters (Etges and Heed, 1987; Ruiz and Heed, 1988; Etges
and Klassen, 1989; Etges, 1990, 1993; Fanara et al., 1999) as well as mating
behavior (Ehrman, 1990; Brazner and Etges, 1993; Kim et al., 1996; Kim and
Ehrman, 1998) and epicuticular hydrocarbon variation. Thus, the use of discrete
resources in nature, such as fermenting cactus rots, is a key determinant of variation
in fitness characters and intraspecific mate recognition systems. The frequency and
intensity of courtship interactions should be determined largely by the abundance
of adults, the number of different species present, and the male mating propensity
at feeding and breeding sites. There can be considerable overlap of species feeding
on rots of any of the major host cacti in the Sonoran Desert (Fellows and Heed,
1972), although host plant specificity, resulting from the effects of stem chemistry
on larval growth and development (Fogleman and Heed, 1989; Fogleman and
Abril, 1990) and interspecific larval competition (Heed and Mangan, 1986), is the
general rule.

SinceD. navojoais restricted toOpuntiacacti and its range only overlaps
that of D. mojavensisin a small area of southern Sonora and northern Sinaloa
(Heed, 1982), these two species probably do not encounter each other frequently
in nature. However, Markow and Maveety (1985) documented higher premating
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isolation among sympatric populations than allopatric populations of each species
and concluded that reproductive character displacement was responsible. Although
they included no statistical analysis of their data concerning the significance of
the differences in premating isolation between sympatric and allopatric popula-
tions, further analysis of their data supports their contention. Their estimates of
premating isolation using the Joint I statistic (Stalker, 1942) were greater in sym-
patric than allopatric populations (two-group comparison;χ2 = 20.56, 1df, P <

0.0001) (Sauer and Williams, 1989). Thus, there is geographic variation in levels
of premating isolation betweenD. mojavensisandD. navojoa, even though they
do not regularly share host plants.

The ecology ofD. mojavensisis perhaps the best known as it uses different
host cacti throughout its range (Heed and Mangan, 1986; Etges et al., 1999). In Baja
California, pitaya agria,S. gummosus, is the preferred host even though several
secondary hosts used elsewhere are sympatric with agria such as organ pipe cactus,
S. thurberi, and California barrel cactus,Ferocactus cylindraceous. In mainland
Sonora, Sinaloa, and Arizona, organ pipe cactus is the major host except for where
a small patch of agria grows in coastal Sonora and occasional use of sina cactus,
S. alamosensis, in southern Sonora and coastal Sinaloa (Markow et al., 1983;
Ruiz and Heed, 1988). In the Mojave/Colorado deserts of southern California,D.
mojavensisuse California barrel cactus and have been found on Santa Catalina
Island near Los Angeles using the fruits and pads ofOpuntia demissa. The more
widespreadD. arizonaehas been reared out of sina, saguaro,Carnegiea gigantea,
and more rarely fromS. gummosusin coastal Sonora and the Cape region in Baja
California along withD. mojavensis. To the north in Arizona and New Mexico out-
side of agricultural areas,D. arizonaebreeds inOpuntiapads and fruits and feeds
on a variety of cacti (Fellows and Heed, 1972; Heed, 1982). In southern Mexico,
D. arizonaehas been collected from fermentingMyrtillocactus geometrizansand
S. pruinosusarms in Chiapas, as well asOpuntiapads north of Pachuca, Hidalgo
(Etges, unpublished data).

Reproductive character displacement has been described in mainland
Mexico and Arizona populationsD. mojavensisdue to sympatry withD. arizonae
(Wasserman and Koepfer, 1977). Mainland populations ofD. mojavensisare con-
sidered derived from those in Baja California whereD. arizonaeis absent except
for a few small demes outside of the desert in the more subtropical thornscrub in the
Cape region of Baja California. Johnson (1980) hypothesized thatD. mojavensis
colonized mainland Mexico from Baja California by switching to a secondary host
plant, organ pipe cactus, and secondarily became sympatric withD. arizonae. Both
species occasionally use sina cactus in southern Sonora (Markow et al., 1983; Ruiz
and Heed, 1988), andD. arizonaehas been reared out of agria in low frequencies
in coastal Sonora following the summer monsoons, but then disappears through
December and January (Etges and Heed, unpublished data). The presence of
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D. arizonaeon the mainland was hypothesized to have caused a shift in patterns of
mate preference inD. mojavensis, so that now these populations exhibit behavioral
isolation with the more ancestralD. mojavensispopulations from Baja California
(Zouros and d’Entremont, 1980). However, the species range of sina cactus is small
relative to the range sizes of both species limiting the overall degree of host plant
sharing. Furthermore, rearingD. mojavensison agria cactus reduces premating
isolation among populations to nonsignificant levels in comparison to laboratory
food and organ pipe cactus (Etges, 1992, 1998; Brazner and Etges, 1993). In
similar laboratory trials, rearingD. mojavensisandD. arizonaeon agria cactus
also reduced premating isolation from that observed with laboratory-food-reared
flies (Yule’s V ± 1 SE, 0.811± 0.076> 0.643± 0.008, (χ2 = 4.83, 1df, P =
0.028) (Etges, unpublished data), and alters amounts of a number of cuticular hy-
drocarbon components (Table 2). Thus, the documented sharing of host plants
is crucial to the understanding of the evolution of sexual isolation withinD.
mojavensisand betweenD. mojavensisandD. arizonae. In the group as a whole,
ecological isolation is perhaps the main factor contributing to species isolation.

There have been no studies of sexual isolation betweenD. arizonaeand
D. navojoa, but the degree of genetic differentiation and postmating isolation be-
tween them (Ruiz et al., 1990) suggests sexual isolation should be at least as strong
as that betweenD. mojavensisandD. navojoa(Markow and Maveety, 1985). The
role of epicuticular hydrocarbon variation in sexual isolation amongD. mojavensis
cluster species has yet to be studied. Given the degree of geographic variation
within D. mojavensiscluster species in epicuticular hydrocarbons, it is reasonable
to infer that epicuticular hydrocarbons may differentiate prior to species diver-
gence. This is consistent with the broad-scale variation between Baja California
and mainland populations ofD. mojavensisthat is responsible for premating iso-
lation between populations (Stennett and Etges, 1997; Etges and Ahrens, 2001).
Species-specific mate recognition and sexual isolation may then be more influ-
enced by behavioral and mating song differences (Wasserman and Koepfer, 1977;
Byrne, 1999) when species are drawn to the same cacti. Further within-species
data concerning mating song variability as well as determination of the role of
epicuticular hydrocarbons in species mate recognition is badly needed.
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DIEPOXYALKENES DERIVED FROM (3Z,6Z,9Z)-TRIENES:

LYMANTRIID SEX PHEROMONES
AND THEIR CANDIDATES
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Abstract—All stereoisomers of three diepoxyalkenes derived from (3Z,6Z,9Z)-
trienes with a C21, C19, or C18 straight chain, lymantriid sex pheromones and
their candidates, were synthesized by MCPBA oxidation of optically active
epoxyalkadienes. Their chromatographic behaviors were examined with GC and
LC equipped with achiral and chiral columns. Detailed inspection of the mass
spectra of these epoxides indicated the following diagnostic ions for determining
the chemical structures:m/z 128, 167, M-87 and M-85 for (Z)-cis-3,4-cis-6,7-
diepoxy-9-enes;m/z 111, M-125 and M-69 for (Z)-cis-6,7-cis-9,10-diepoxy-
3-enes; andm/z M-125 and M-139 for (Z)-cis-3,4-cis-9,10-diepoxy-6-enes.
Mass chromatographic analysis that monitored these fragment ions revealed the
existence of a new pheromonal compound with a C21 chain in an extract from
virgin females of a lymantriid species,Perina nudaF. The three diepoxyalkenes
were converted into the corresponding DMDS adducts, which showed charac-
teristic ions from fragmentation between the two thiomethyl groups, reflecting
the position of an original double bond.

Key Words—cis-epoxides, sex pheromones, Lepidoptera, Lymantriidae, mass
spectrometry, chiral HPLC, stereochemistry, diepoxyhenicosene, leucomalure.
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INTRODUCTION

Sex pheromones have been identified from female moths of more than 500 species.
About 75% of them are composed of unsaturated C10–C18 straight-chain com-
pounds with a functional group at the terminal position (type I), which are biosyn-
thesized in the pheromone glands from saturated fatty acids. Another 15%
consist of unbranched C17–C23 (3Z,6Z,9Z)-trienes, (6Z,9Z)-dienes, and their
monoepoxy derivatives (type II), which lack a terminal functional group and are
biosynthesized from linolenic acid and linoleic acid. The type II pheromones
have been identified from geometrid, noctuid, arctiid, and lymantriid species,
which belong to highly evolved families (Arn et al., 1992, 1997; Millar,
2000).

Despite the great number of species in the above families, the structural diver-
sity known for pheromonal compounds in type II is limited. Some females may be
able to oxidize monoepoxy derivatives further to diepoxides, potentially generating
a greatly increased number of pheromone components. From a (3Z,6Z,9Z)-triene,
for example, epoxidation of two double bonds makes three positional isomers of
diepoxyalkenes (1–3) in Figure 1, each of which has four stereoisomers. The first
example of a diepoxy compound was reported by Gries et al. (1997), who have iden-
tified (Z)-cis-6,7-cis-9,10-diepoxy-3-henicosene (2a, leucomalure) from the satin
moth,Leucoma salicisL. Although the syntheses of all stereoisomers of2a were
published in our previous paper (Yamamoto et al., 1999a), other compounds with a
different chain length and epoxy rings at different positions are also candidates for
lymantriid pheromones. Therefore, we systematically synthesized all stereoiso-
mers of the diepoxyalkenes (1–3) with a C21, C19, or C18 chain (Figure 1). This
paper presents a convenient method to prepare them and describes their chromato-
graphic behaviors on achiral and chiral columns. Furthermore, these diepoxy-
alkenes were analyzed by GC-MS without and with derivatization. We report here
the diagnostic fragment ions for distinction of the positional isomers, which were
applied to the identification of (Z)-cis-3,4-cis-6,7-diepoxy-3-henicosene (1a), a
minor component of the sex pheromone ofPerina nudaF. This lymantriid female
moth secretes a monoepoxy derivative as a main component of its pheromone
(Wakamura et al., unpublished date).

FIG. 1. Chemical structures of diepoxyalkenes with a C21, C19, or C18 chain: (Z)-cis-3,4-
cis-6,7-diepoxy-9-enes (1a–1c), (Z)-cis-6,7-cis-9,10-diepoxy-3-enes (2a–2c), and (Z)-
cis-3,4-cis-9,10-diepoxy-6-enes (3a–3c).
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METHODS AND MATERIALS

Chromatography.GC analysis was done on an HP GC System 6890 series with
a flame ionization detector and a DB-23 or DB-1 capillary column (0.25 mm ID×
30 m, J & WScientific). The temperature program was 50◦C for 2 min, 10◦C/min
to 160◦C, and finally 4◦C/min to 220◦C. HPLC involved a JASCO PU-980 liquid
chromatograph equipped with an integrator (System Instrument Chromatocorder
21J), an RI detector (Labo System RI-98SCOPE, Tokyo, Japan), and one of the
following columns: a Grand pack ODS column (2.0 cm ID×25 cm, Senshukagaku,
Tokyo, Japan) or a Chiralpak AD column (0.46 cm ID× 25 cm, Daicel Chemical
Industry Co., Ltd., Tokyo, Japan). Into the former reversed-phase achiral column,
a mixture of several milligrams was injected per run by using 5% water in MeOH
as a solvent (4.0 ml/min). Into the latter normal phase chiral column, a mixture
of less than 0.1 mg was injected per run by using 0.5% 2-propanol inn-hexane
(0.45 ml/min). A medium pressure liquid chromatographic (MPLC) system was
constructed with a solvent pump (JASCO 880- PU), double Lobar columns (Merck
Lichroprep Si 60, 1.0 cm ID× 24 cm, 40–63µm), and an RI detector. About
20 mg of a mixture were injected per run by using 8% THF inn-hexane as a
solvent (2.0 ml/min).

Instruments.1H and 13C NMR spectra were recorded on a Jeol Alpha500
Fourier transform spectrometer at 500.2 and 125.7 MHz, respectively, for CDCl3

solutions containing TMS as an internal standard.1H–1H-COSY and HSQC spec-
tra were also measured with the same spectrometer, using the usual pulse sequences
and parameters. Electron impact (EI) GC-MS was performed on a Jeol JMS SX-
102A mass spectrometer (magnetic sector type) equipped with an HP-1 (0.25 mm
ID × 15 m, Hewlett-Packard Co.) or an HP 5973 mass spectrometer (quadrupole
type) equipped with another HP-1 capillary column (0.32 mm ID× 30 m). The
column temperature program for the Jeol JMS SX-102A was 50◦C for 1 min,
20◦C/min to 150◦C, then 5◦C/min to 220◦C, and for HP 5973 it was 120◦C for
2 min, then 6◦C/min to 270◦C. The ionization voltage was 70 eV, and the ion
source temperature was 230◦C. The specific rotation of each CHCl3 solution was
measured on a JASCO DIP-4 polarimeter.

(Z)-cis-3,4-cis-6,7-Diepoxy-9-enes (1a–1c) and (Z)-cis-6,7-cis-9,10-Diepoxy-
3-enes (2a–2c). Synthesis of all stereoisomers of1a and 2a was reported
previously (Yamamoto et al., 1999a). In brief, MCPBA oxidation of (6S,7R)-4a
produced two pairs of diastereomers of1awith a 3S,4R,6S,7R and 3R,4S,6S,7R
configuration (1a-i and1a-iii) and2a with a 6S,7R,9S,10R and 6S,7R,9R,10S
configuration (2a-i and2a-ii) in a ratio of2 : 3 : 2 : 3.These four components were
separable by MPLC equipped with a Lobar column, and their chemical struc-
tures were confirmed by 2D-NMR. From (6R,7S)-4a, other stereoisomers of1a
with a 3S,4R,6R,7S and 3R,4S,6R,7S configuration (1a-ii and 1a-iv) and 2a
with a 6R,7S,9S,10R and 6R,7S,9R,10S configuration (2a-iii and 2a-iv) were
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synthesized. By using the same procedure as for the diepoxy compounds with a
C21 chain, all stereoisomers of 3,4-6,7-diepoxy-9-enes (1b and1c) and 6,7-9,10-
diepoxy-3-enes (2band2c) with a C19 or C18 chain were prepared by starting from
optically active (3Z,9Z)-cis-6,7-epoxy-3,9-nonadecadiene (4b) and octadecadi-
ene (4c). NMR data of newly synthesized C19 and C18 diepoxy compounds were
analogous to those of the corresponding C21 compounds, except for the intensity of
the methylene protons atδ1.25 ppm, and the number of methylene carbons around
δ29.5 ppm.

(Z)-cis-3,4-cis-9,10-Diepoxy-6-enes (3a–3c).Optically pure 3S,4Rand 3R,4S
isomers of (6Z,9Z)-cis-3,4-epoxy-6,9-henicosadiene (5a) were obtained by chi-
ral HPLC resolution of the racemic mixture (Qin et al., 1997). These enantiomers
(5 mg, 16µmol), separately dissolved in dry CH2Cl2 (20 ml), were added to
MCPBA (70% pure, 4.0 mg, 23µmol) and stirred at 0◦C for 1 hr. After further
stirring at room temperature for 2 hr, the reaction mixtures were washed with 3 N
NaOH solutions and dried over Na2SO4. Preparative TLC gave a mixed product
of two diastereomers of3a with 3S,4R,9S,10R and 3S,4R,9R,10S configura-
tions (3a-i and3a-ii, 2.6 mg, 50% yield) derived from (3S,4R)-5a, and those with
3R,4S,9S,10R and 3R,4S,9R,10S configurations (3a-iii and3a-iv, 2.8 mg, 54%
yield) derived from (3R,4S)-5a. Each compound was isolated by chiral HPLC with
a Chiralpak AD column. NMR of3a-i and3a-iv: 1H δ ppm: 0.88 (H-21, t,J =
7 Hz), 1.06 (H-1, t,J = 7.5 Hz),∼1.25 (H-12–20, broad),∼1.55 (H-2 and 11, m),
∼2.25 and∼2.4 (H-5 and 8, m),∼2.95 (H-3, 4, 9 and 10, m), 5.60 (H-6 and 7, m);
13C δ ppm: 10.6 (C-1), 14.1 (C-21), 21.1 (C-2), 22.7 (C-20), 26.4, 26.5, and 26.6
(C-5, 8, and 12), 27.8 (C-11), 29.4–29.7 (C-13–18), 31.9 (C-19), 56.22 and 56.35
(C-9 and 10), 57.18 (C-4), 58.30 (C-3), 126.80 and 126.87 (C-6 and 7). NMR of
3a-ii and3a-iii: 1H δ ppm: 0.89 (H-21, t,J = 7 Hz), 1.06 (H-1, t,J = 7.5 Hz),
∼1.25 (H-12–20, broad),∼1.55 (H-2 and 11, m),∼2.25 and∼2.35 (H-5 and 8,
m), ∼2.95 (H-3, 4, 9 and 10, m), 5.61 (H-6 and 7, m);13C δ ppm: 10.6 (C-1),
14.1 (C-21), 21.1 (C-2), 22.7 (C-20), 26.4, 26.5, and 26.6 (C-5, 8, and 12), 27.8
(C-11), 29.4–29.7 (C-13–18), 31.9 (C-19), 56.30 and 56.43 (C-9 and 10), 57.20
(C-4), 58.32 (C-3), 126.86 and 126.93 (C-6 and 7). [α]D at 25◦C: 3a-i+ 0.4 (c =
0.4),3a-ii + 6.0 (c = 1.7),3a-iii − 5.7 (c = 2.1), and3a-iv− 0.4 (c = 0.6).

Optically pure 9S,10R and 9R,10S isomers of (3Z,6Z)-cis-9,10-epoxy-3,6-
henicosadiene (6a) were also obtained by chiral HPLC resolution of the racemic
mixture (Qin et al., 1997). Two other sets of diastereomers were prepared, i.e.,3a-i
and3a-iii from (9S,10R)-6a and3a-ii and3a-iv from (9R,10S)-6a. By the same
procedure, all stereoisomers of3b and3c were synthesized from optically active
(6Z,9Z)-cis-3,4-epoxy-6,9-nonadecadiene (5b) and octadecadiene (5c).

Pheromone Extract.Pheromone glands were removed from 1-day-old virgin
females ofP. nudaaround 30 min after lights went on, and soaked inn-hexane
for 15 min to extract the pheromone. This extract was fractionated on a col-
umn with Florisil (200 mg, 100–200 mesh, Floridin Co.). Substances were eluted
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successively with 1 ml each ofn-hexane and 5%, 20%, and 50% ether inn-hexane,
and an aliquot [3 female equivalents (FE)] of the third fraction, which was recov-
ered with 20% ether inn-hexane and included diepoxyalkenes, was analyzed by
using a JMS SX-102A GC-MS.

Derivatization with DMDS.Each synthetic diepoxyalkene (10µg) was dis-
solved in a mixture of DMDS (10µl) and diethyl ether (100µl) including iodine
(1.8 mg). The reaction mixture was kept at 40◦C for 3 hr and diluted with diethyl
ether after cooling. Iodine was removed by shaking with a 10% aqueous Na2S2O3

solution, and crude products were analyzed by an HP 5973 GC-MS.

RESULTS

Synthesis of C21, C19, and C18 Diepoxyalkenes.MCPBA oxidation of
6,7-epoxy-3,9-dienes (4) proceeded without regioselectivity and produced a mix-
ture of 3,4-6,7-diepoxy-9-enes (1) and 6,7-9,10-diepoxy-3-enes (2). (6S,7R)-4a
was converted into four C21 diepoxy compounds with a 6S,7Rconfiguration (1a-i,
1a-iii, 2a-i, and2a-ii), and (6R,7S)-4awas converted into the others with a 6R,7S
configuration (1a-ii, 1a-iv, 2a-iii, and2a-iv as shown in Figure 2A (Yamamoto
et al., 1999a). Each compound isolated by a chromatographic technique was
identified by the NMR data. The methyl protons at position 1 of1a resonated

FIG. 2. Conversion of optically active epoxyhenicosadienes (4a–6a) into diepoxyheni-
cosenes (1a–3a): synthesis of all stereoisomers of1a and 2a from cis-6,7-epoxy-3,9-
henicosadiene (4a) (A), and synthesis of all stereoisomers of3a form cis-3,4-epoxy-6,9-
henicosadiene (5a) andcis-9,10-epoxy-3,6-henicosadiene (6a) (B).
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at a lower field than those of2a, and splitting of the methylene protons between
two epoxy rings in stereoisomers with a symmetricalS∗,R∗,R∗,S∗ configuration4

was simpler than those with anotherS∗,R∗,S∗,R∗ configuration (Yamamoto et al.,
1999a). All stereoisomers of1b and2b with a C19 chain and1cand2cwith a C18

chain were synthesized and characterized in the same manner. Oxidation of 3,4-
epoxy-6,9-dienes (5) and 9,10-epoxy-3,6-dienes (6) happened exclusively at one
of two double bonds located far from the epoxy ring of the parent monoepoxides.
Stereoisomers of3 were prepared by selective monooxidation of optically active
5 or 6. MCPBA oxidation of (3S,4R)-5a produced a mixture of 3S,4R,9S,10R
and 3S,4R,9R,10S isomers of3a (3a-i and3a-ii), and oxidation of (9S,10R)-6a
produced another mixture of 3S,4R,9S,10R and 3R,4S,9S,10R isomers (3a-i and
3a-iii), as shown in Figure 2B. Since these three stereoisomers were separable
on a chiral HPLC column (Table 1) and these two sets of the mixtures include
3a-i as a common component, the absolute configuration of each separated isomer
could be assigned. In addition, the 3R,4S,9R,10S isomer of3a (3a-iv) was pre-
pared as a common component of the monooxidation products from (3R,4S)-5a
and (9R,10S)-6a. All stereoisomers of 3,4-9,10-diepoxy-6-enes with a C19 or C18

chain (3b and3c) were synthesized in the same manner.
Chromatographic Behavior of Diepoxyalkenes.Table 1 shows the retention

times of diepoxyhenicosenes (1a–3a) from GC and LC analyses. On capillary
GC columns, the diastereomers of each positional isomer were separable. The
isomers with theS∗,R∗,R∗,S∗ configuration, orienting two epoxy rings to the
opposite face, eluted faster than the isomers with theS∗,R∗,S∗,R∗ configura-
tion, orienting two epoxy rings to the same face. A polar DB-23 column was
better for the separation of the diastereomers than a nonpolar DB-1 column.
However,1a and 2a with the S∗,R∗,R∗,S∗ configuration showed the same re-
tention time, and it was not possible to separate all six isomers of the diepox-
ide on either GC column. GC could not be used to determine unambiguously
which isomer was present in all cases. A chiral capillary GC column (Chiraldex
A-PH), which resolved racemic 3,4-epoxy-6,9-nonadecadiene5b (Ando et al.,
1997), did not separate the enantiomers of any diepoxyalkenes synthesized in
this study. The diastereomers of1a and2a were also separated by either normal
phase LC by using a Lobar column or reversed-phase LC with an ODS column.
Although a diastereomeric mixture of3a showed only one peak on the LC, the
first half of the elution was enriched with (S∗,R∗,S∗,R∗)-3a, and the second half
with (S∗,R∗,R∗,S∗)-3a. Thus, each diepoxide with theS∗,R∗,S∗,R∗ configura-
tion eluted faster than the corresponding diastereomer on the LC, interestingly,
in the reverse order of that on the GC. Since3a has a markedly short reten-
tion time on an ODS column, the achiral HPLC is also useful for separating3a

4S∗, R∗, R∗, S∗ means 3S,4R,6R,7Sand 3R,4S,6S,7R for 1, 6S,7R,9R,1Sand 6R,7S,9S,10R for 2,
and 3S,4R,9R,10Sand 3R,4S,9S,10R for 3.
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from the other two positional isomers (1aand2a). Satisfactory resolution of each
pair of diepoxyalkene enantiomers was accomplished by chiral HPLC, as indi-
cated by retention times and separation factors (α). Besides the enantiomers, the
chiral AD column usefully separated some of the diastereomers and positional
isomers of the diepoxyalkenes. The separation profiles of diepoxynonadecenes
(1b–3b) and diepoxyoctadecenes (1c–3c) were similar to those of1a–3a listed
in Table 1. Without distinction of chain lengths, the elution orders of positional
isomers, diastereomers, and enantiomers were the same with all chromatographic
methods.

MS Analysis of Diepoxyalkenes.Figure 3 shows the EI mass spectra of three
positional isomers of diepoxynonadecene (1b–3b). In addition to small M+ and
[M-18]+ ions, each positional isomer showed characteristic fragment ions, i.e.,
m/z 128, 167, 207, and 209 for1b (Figure 3A),m/z 111, 169, and 225 for2b
(Figure 3B), andm/z 155 and 169 for3b (Figure 3C). These ions seemed to reflect
the chemical structures, and this was confirmed by a systematic MS analysis of the
positional isomers of diepoxyalkenes with a C21, C19, and C18 chain. As indicated

FIG. 3. Mass spectra of three positional isomers of diepoxyalkene: (Z)-cis-3,4-cis-6,7-
diepoxy-9-nonadecene (1b) (A), (Z)-cis-6,7-cis-9,10-diepoxy-3-nonadecene (2b) (B), and
(Z)-cis-3,4-cis-9,10-diepoxy-6-nonadecene (3b) (C).
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in Table 2, the results suggest the following diagnostic ions for determining the
position of the two epoxy rings:m/z128, 167, M-87 and M-85 for 3,4-6,7-diepoxy-
9-enes (1); m/z 111, M-125 and M-69 for 6,7-9,10-diepoxy-3-enes (2); andm/z
M-139 and M-125 for 3,4-9,10-diepoxy-6-enes (3).

GC-MS Analysis of a Pheromone Extract of P. nuda. Mass chromatograms of
a mixture that included three positional isomers of synthetic diepoxyhenicosene,
(S∗,R∗,S∗,R∗)-1a, (S∗,R∗,R∗,S∗)-2a, and (S∗,R∗,S∗,R∗)-3a, indicated their coex-
istence in a ratio of1 : 1 : 1 and anabsence of their diastereomers in the mixture
(Figure 4A). The pheromone extract that included diepoxides scarcely showed ion
peaks atm/z 183 (M-139) and 197 (M-125), which were diagnostic for2aand3a,
at the retention times of these diepoxides. However, diagnostic ions for1a at m/z
128, 167, 235 (M-87), and 237 (M-85) were observed at two different retention
times (Figure 4B). This measurement revealed thatP. nudafemales secrete at least

FIG. 4. Mass chromatography of a mixture of three positional isomers of synthetic diepoxy-
henicosenes (1a–3a) (A) and a natural pheromone ofPerina nuda(B), monitoring their M+

and diagnostic fragment ions listed in Table 2. GC-MS analysis was achieved with a Jeol JMS
SX-102A mass spectrometer equipped with an HP-1 column (0.25 mm ID× 15 m). The col-
umn temperature program was 50◦C for 1 min, 20◦C/min to 150◦C, then 5◦C/min to 220◦C.
Synthetic standards [(S∗,R∗,S∗,R∗)-1a, (S∗,R∗,R∗,S∗)-2a, and (S∗,R∗,S∗,R∗)-3a] used in
(A) and components estimated for the pheromone [(S∗,R∗,R∗,S∗)-1aand (S∗,R∗,S∗,R∗)-1a]
in (B) are shown with compound numbers in frames.
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FIG. 5. Mass spectra of DMDS adducts derived from (Z)-cis-3,4-cis-6,7-diepoxy-9- non-
adecene (1b) (A), (Z)-cis-6,7-cis-9,10-diepoxy-3-nonadecene (2b) (B), and (Z)-cis-3,4-
cis-9,10-diepoxy-6-nonadecene (3b) (C).

two stereoisomers of1a. The ratio of (S∗,R∗,S∗,R∗)-1aand (S∗,R∗,R∗,S∗)-1awas
about 3 : 2.

GC-MS Analysis of DMDS Adducts Derived from Diepoxyalkenes.Diepoxy-
alkenes (1–3) were converted into DMDS adducts, which showed informative
fragment ions reflecting the position of their original double bonds. DMDS adducts
derived from1produced characteristic ions atm/z201 and M-201 from cleavage of
the bond between the 9 and 10 positions. In addition, they showed other significant
ions atm/z 153, probably derived by further removal of MeSH from them/z 201
ion (Figure 5A). DMDS adducts of2 produced diagnostic ions atm/z 89, M-181,
M-137, and M-89 (Figure 5B). The ion atm/z M-89 arises from cleavage of the
bond between the 3 and 4 positions and might be further degraded to the ion atm/z
M-137 by removal of MeSH. DMDS adducts of3 produced abundant ions atm/z
97, 145, M-233, M-193, and M-145 (Figure 5C). The ions atm/z 145 and M-145
are probably derived from cleavage of the bond between the 6 and 7 positions and
might be further degraded to the ions atm/z 97 and M-193 by removal of MeSH.
The relative intensities of the fragment ions produced from the DMDS adducts with
a C18, C19, or C21 chain and their retention times are listed in Table 3. The adducts
of 1–3 with the same chain length eluted separately from a capillary GC column.
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DISCUSSION

Several pheromone epoxyalkadienes were previously stereoselectively syn-
thesized by using Sharpless asymmetric epoxidation of an allylic alcohol or pig
pancreatic lipase-catalyzed asymmetric hydrolysis of ameso-diacetoxyepoxy-
butane (Mori, 1994; Millar, 2000; and references cited therein). For the synthesis
of diepoxyalkenes, stereoselective construction of both epoxy rings seemed quite
arduous. Therefore, we chose an alternate route in which the second epoxy ring
was introduced into epoxyalkadienes without stereoselectivity, and then chromato-
graphic techniques were effectively utilized to isolate each stereoisomer from the
produced mixture. First, each stereoisomer of diepoxyalkenes1and2was prepared
by MCPBA oxidation of optically active 6,7-epoxyalkadiene4. This oxidation pro-
ceeded without regioselectivity and with low stereoselectivity, yielding a mixture
of four components (two sets of diastereomers of1 and2). The four components
were separable by one of the following types of chromatography: MPLC with
a Lobar column, HPLC with an ODS column, or HPLC with a chiral column.
Even though a mixture of all possible stereoisomers of1 and2 (a total of eight
components) is made by the oxidation of racemic4, the separation of each com-
ponent can be accomplished by a combination of these achiral and chiral types
of chromatography, as indicated by the data summarized in Table 1. In contrast,
MCPBA oxidation of5 or 6 was regioselective to yield only3. When racemic5 or
6 is treated with MCPBA, a mixture of four stereoisomers of3 is produced. Each
isomer is separable by chiral HPLC from this mixture. If a (3Z,6Z,9Z)-triene is
treated with two equivalents of MCPBA, a mixture composed of all stereoisomers
of 1–3 (a total of 12 components with the same chain length) will be obtained.
Table 1 shows that each component can be separated by two successive HPLC
procedures with achiral ODS and chiral AD columns. For the separation of enan-
tiomers of epoxyalkadienes and epoxyalkenes derived from (3Z,6Z,9Z)-trienes
and (6Z,9Z)-dienes, we utilized chiral HPLC (Qin et al., 1997; Pu et al., 1999;
Yamamoto et al., 1999b). The work reported here extends the application of the
chiral HPLC technique to diepoxyalkenes.

GC-MS is one of the most useful techniques for analyzing insect pheromones
because of its high sensitivity, excellent resolution, and rational data that reflect
the structures of samples. Pheromone compounds in type II show characteristic
mass spectra, indicating the length of their carbon chain and functionality, i.e.,
the numbers of double bond(s) and epoxy ring(s). For differentiation of the po-
sitional isomers of epoxyalkadienes and epoxyalkenes, both Millar and we have
previously offered some diagnostic fragment ions based on the spectra of many
compounds systematically synthesized (Ando et al., 1993, 1995; Millar, 2000).
In this study, we found additional diagnostic ions for diepoxyalkenes and suc-
cessfully identified a new diepoxyalkene (1a) as a minor pheromonal component
from a lymantriid species,P. nuda, by examining the profile of those ions in a
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GC-MS analysis of the pheromone extract. This species is a defoliator of the
Malayan banyan in the Ryukyu Islands of Japan. Although the main pheromonal
component has been identified as 6,7-epoxyalkadiene (4a) with a 6S,7R config-
uration, its attractive activity is weak, suggesting one or more minor components
that play an important role for male attraction (Wakamura et al., unpublished date).
Diastereomers and positional isomers of diepoxyalkenes show similar chromato-
graphic behavior even on a polar capillary GC column. If a natural pheromone is
composed of a diepoxyalkene, these fragment ions are useful for the elucidation
of chemical structure. Our GC-MS analysis of theP. nudaextract excluded the
possibility of the existence of other diepoxyalkenes,2a and3a, in the fraction
containing diepoxyalkenes, but it revealed the presence of two diastereomers of
1a. Chiral HPLC analysis of the extract showed that they have 3S,4R,6S,7R and
3R,4S,6S,7R configurations, and field tests with synthetic lures indicated strong
synergistic activity for male attraction to4a (Wakamura et al., unpublished data).

For many pheromones of type I, the positions of double bonds have been
successfully determined by GC-MS after making DMDS adducts (Buser et al.,
1983). In the case of the type II pheromones, epoxyalkenes were easily converted to
DMDS adducts. The adducts of 6,7-epoxy-9-enes and 9,10-epoxy-6-enes provided
diagnostic GC-MS data. For example, by this DMDS method, we have confirmed
the structure of the natural pheromone secreted by a geometrid female,Biston
robustumButler (Yamamoto et al., 2000). This study found that DMDS adducts of
1–3also showed diagnostic fragment ions for determining the original positions of
the double bonds. These ions would be useful in elucidating the chemical structures
of natural diepoxyalkenes.
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ALKADIENES AND ALKENES, SEX PHEROMONE
COMPONENTS OF THE ALMOND SEED WASP

Eurytoma amygdali
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Abstract—Whole body extracts of virginEurytoma amygdalifemales were
attractive to males in laboratory bioassays. Extracts of various body parts of the
female wasp elicited different responses to males, with the thorax extract being
the most active. Preparative fractionation of the crude hydrocarbon extract on a
silver nitrate impregnated silica gel column (alkanes, alkenes, and alkadienes)
revealed that the highest male response was elicited by alkadienes and the lowest
by alkenes, with the alkane fraction being inactive. The identification of alkenes
and alkadienes was based on gas chromatographic, mass spectrometric, and gas-
phase infrared data. Laboratory bioassays suggested that the two alkadienes,
(Z,Z)-6,9-tricosadiene [(Z,Z)-6,9-C23:2], and (Z,Z)-6,9-pentacosadiene [(Z,Z)-
6,9-C25:2], and to a lesser extent alkenes, identified in the female extract ofE.
amygdaliwere male attractants.

Key Words—Eurytoma amygdali, Eurytomidae, Hymenoptera, unsaturated hy-
drocarbons, (Z,Z)-6,9-tricosadiene, (Z,Z)-6,9-pentacosadiene, sex pheromones.

INTRODUCTION

The almond seed wasp,Eurytoma amygdali Enderlein (Hymenoptera:
Eurytomidae), is a serious pest of almonds in a number of southeastern European
countries, the Middle East, and some of the countries of the former Soviet Union
(Mentzelos and Atjemis, 1970; Plaut, 1971,1972; Talhouk, 1977; Arambourg et al.,
1983; Zerova and Fursov, 1991). The damage caused to the crop can reach up to
90% by mummifying the infested almond. Control measures for this pest are based
on cultural practices, such as collection of infested almonds and chemical control
by the application of a systemic insecticide against the young larvae.

*To whom correspondence should be addressed.
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The wasp develops one generation per year, and larvae overwinter inside
the infested almonds. The adults emerge in the following April, and the females
oviposit in the unripe green almonds leaving one egg. The hatching larva feeds on
the developing endosperm.

Male attraction to virgin females has been reported by Pittara and Katsoyannos
(1985), who suggested that attraction resulted from chemicals released by the virgin
females. Katsoyannos et al. (1992) have used traps baited with virgin females to
monitor populations ofE. amygdali; however, use of this trap setup (living female
wasps) is limited and can be applied only by trained personnel. There is little
knowledge of the chemicals involved in the mating process of the Eurytomidae
family, and so far there is no reference in the literature for the determination of sex
pheromones. This study reports on the chemical composition and characterization
of whole body extracts and headspace volatiles from male and femaleE. amygdali
and the identification of chemicals that are involved in the mating process of this
wasp.

METHODS AND MATERIALS

Insects.The insects used were obtained from infested almonds collected from
the field in late autumn and stored at 4–6◦C. Portions of infested almonds were
transferred regularly from the cold room to the laboratory. Adults were separated
by sex as soon as they emerged and were kept in cages at 25± 2◦C and 14 L : 10D
photoregime. Wasps were provided with a 10% sucrose solution.

Extraction of Cuticular Lipids.Whole bodies of 2- to 3-day-old females or
males were extracted with methylene chloride for 20 min. After exchange of the
solvent to hexane, extracts were fractionated on a silica solid-phase extraction
(SPE) column (Sep-Pak Plus Silica Cartridges, 690 mg, Waters Chromatogra-
phy Division, Part No. WAT020520) and eluted with approximately 2 ml hexane
(fraction I), followed by an equal volume of methylene chloride (fraction II), and
finally methanol (fraction III). The three fractions were concentrated by a gentle
stream of nitrogen to the appropriate volume and were used for bioassays or further
analysis. The hexane fraction was fully characterized by GC-MS and GC-FTIR.
For GC-MS, 1µl containing ca. 2–3 insect equivalents was injected in duplicate,
while for GC-FTIR, 1µl containing ca. 15 insect equivalents was injected in
duplicate.

Solid-Phase Microextraction (SPME).Collection of chemicals from the in-
sect cuticle was also performed by rubbing a SPME fiber (100µm polydimethyl-
siloxane, Supelco) over the insect body. Two individuals were used for each collec-
tion. The same SPME fiber was also used to collect airborne volatiles by headspace
extraction. In this case, four individuals were placed in a 4-ml vial, left for 1 hr,
and the fiber was subsequently inserted and exposed to the volatiles for 2 hr.
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Hydrocarbon Fractionation and Identification.Cuticular hydrocarbons were
separated by the degree of unsaturation on a silver nitrate-impregnated silica gel
(AgNO3–SiO2) column (20% w/w AgNO3 impregnated silica gel, 6.5 g, 1 cm
ID × 8 cm height, gravity flow). The column was eluted stepwise by a series of
hexane–diethyl ether mixtures (100 : 0, 95 : 5, and 50 : 50 by volume, each 6 ml).
Alkanes were collected in the first fraction, alkenes in the second, and alkadienes
in the third . The composition of each fraction was determined by GC-MS. The
use of equivalent chain length (ECL) values provided a means of identifying the
homolog series of branched methylalkanes. ECL values were calculated from
a standard containing a series ofn-alkanes (C14–C31) at concentrations ranging
from 100 to 500 ng/µl each inn-hexane. All alkane standards were purchased
from Aldrich (Sigma-Aldrich Chemie GmbH, Munich, Germany) at a purity of
97–99%.

Determination of Double Bonds.Double-bond positions in mono- and
diunsaturated compounds were determined by mass spectral analysis (GC-MS)
of the epoxide derivatives (Bierl-Leonhard et al., 1980; Hogge et al., 1985). Epoxy
derivatives were prepared at room temperature by overnight reaction of an ex-
tract containing ca. 25 insect equivalents with 400µg of m-chloroperbenzoic acid
(MCPBA, Sigma-Aldrich Chemie) in a 1 : 1 mixture ofn-heptane and methylene
chloride. After completion of the reaction, an equivalent of ca. 5 female insects
were analyzed by GC-MS. Epoxy derivatives of synthetic standards of (Z )-9-C23:1

(Sigma-Aldrich Chemie), (Z,Z)-6,9-C23:2, and (Z,Z)-6,9-C25:2 (both alkadienes
were a kind gift from Vioryl S. A, Athens, Greece) were also prepared by reacting
20 µg of each standard with 100µg of MCPBA under the above same experi-
mental conditions. The geometry (E or Z ) of the double bonds was determined by
GC-FTIR.

Gas Chromatography–Mass Spectrometry.Gas chromatography–mass spec-
trometry analysis was carried out on a Hewlett Packard 5890 Series II gas chro-
matograph interfaced to a Fisons VG Trio 1000 (Manchester, UK) quadrupole
mass spectrometer. Electron impact ionization was used, with an electron energy
of 70 eV and a trap current of 200µA. Extracts were chromatographed on a
60-m× 0.25-mm× 0.1-µm film thickness DB-5 column (J & W Scientific). The
oven temperature program was set at 50◦C for 2 min, then raised to 250◦C at
5◦C/min, held for 1 min, then 2◦C/min to 280◦C, and held for 50 min. Helium was
used as the carrier gas at a flow rate of 1 ml/min. Splitless injections were made
(1µl) at an injector temperature of 250◦C and a splitless period of 90 sec. For the
SPME analysis, the fiber was desorbed into the injection port for 5 min.

Gas Chromatography–Fourier Transform Infrared Spectroscopy.GC-FTIR
analysis was carried out on a Perkin Elmer Autosystem gas chromatograph
interfaced to a Perkin Elmer System 2000 (Perkin Elmer Ltd.) fourier trans-
form infrared spectrometer equipped with a liquid-nitrogen-cooled narrow-band
(4000–750 cm−1) infrared detector (mercury cadmium telluride). Helium was used
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as the carrier gas at (2 ml/min), and the effluent from the GC was mixed with the
sweep gas helium (0.5 ml/min; transfer line temperature 280◦C) and passed through
the IR light pipe with KBr windows. Spectra were obtained at 8 cm−1 resolution.
Extracts were chromatographed on a 30-m× 0.32-mm× 1-µm film thickness
DB-5 column (J & W Scientific). The oven temperature program was 50◦C for
2 min, then 5◦C/min to 280◦C, and held for 60 min. Splitless injections were made
(1µl) at an injector temperature of 250◦C and a splitless period of 90 sec.

Laboratory Bioassays.Bioassays were performed in a 50-× 40-× 30-cm
screen cage; ten 1- to 3- day-old males were present in the cage during the bioassay.
The cage was placed in front of an operating hood, and a fan was used to generate
the airstream. The appropriate amount of each sample (2–3 female equivalents)
was dissolved in 100µl of n-hexane and was poured on a 2-× 2-cm piece of
Whatman No. 1 filter paper. The filter paper was hung 5 cm below the top of
the cage and served as the source. The SPME fiber that had been used to collect
volatiles released byE. amygdalifemales was also evaluated for male response.
The SPME holder was standing on the top of the cage in a place that allowed the
exposed fiber to penetrate ca. 5 cm inside the cage.

Each test lasted 10 min. The number of males exhibiting wing raising and a
lateral swing of the body or landing on the filter paper was recorded. During each
testing period, samples were tested individually with 10-min intervals between
tests. The experiments were repeated 10 times (filter paper) and five times (SPME)
with different batches of males. Samples were tested in random sequence; the same
amount ofn-hexane alone on a similar filter paper was used as control. Bioassays
were conducted 3 to 4 hr after the onset of the photoperiod.

Data were transformed by using arcsine transformation and subjected to anal-
ysis of variance (ANOVA). Means were separated by Tukey’s studentized range
honestly significant difference (HSD).

RESULTS AND DISCUSSION

Extraction Techniques.Although methylene chloride extraction was efficient
in removing chemicals from the insects’ bodies, it proved complicated and time-
consuming when further clean-up of the extract was needed to remove inactive lipid
material that interfered with the separation and identification of the compounds.
The SPME technique offers a fast, solventless alternative, and it can be applied as
an easy-to-use first screening to determine the nature of the volatile compounds
(Monnin et al., 1998; Turillazzi et al., 1998; Sledge et al., 2000). Comparative GC-
MS analysis of male and female extracts with all three techniques
(solvent extraction, SPME rubbing, and headspace SPME) exhibited a similar chro-
matographic profile with mainly quantitative rather than qualitative differences
(Table 1). The SPME technique compares well with the conventional solvent
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TABLE 1. RELATIVE QUANTITIES OF CHEMICAL COMPOUNDSIDENTIFIED FROMMALE

AND FEMALE E. amygdaliWHOLE-BODY EXTRACTS AND HEADSPACEVOLATILES

COLLECTED ON A SPME FIBER

Solvent extract

Compound ECL Ident.
Diagnostic

ionsa Male Female
SPME,
female

Alkanes
n-Tetradecane 14.00 Std. − − ++
n-Nonadecane 19.00 Std. + + −
n-Heneicosane 21.00 Std. ++ + −
n-Docosane 22.00 Std. + trb −
n-Tricosane 23.00 Std. ++ ++ ++
3-Methyl tricosane 23.73 MS 56/57, + + −

308/309
n-Tetracosane 24.00 Std. ++ ++ ++
n-Pentacosane 25.00 Std. +++ +++ +++
11-+ 13-Methyl 25.32 MS 168/169, + + +

pentacosane 196/197,
224/225

3-methyl pentacosane 25.73 MS 56/57, + + −
336/337

n-Hexacasosane 26.00 Std. + + ++
n-Heptacosane 27.00 Std. +++ +++ +++
11-+ 13-Methyl 27.34 MS 168/169, ++ ++ ++

heptacosane 196/197,
224/225,
252/253

3-Methyl heptacosane 27.75 MS 56/57, ++ +++ ++
364/365

n-Nonacosane 29.00 Std. ++ ++ +
9-+ 11-+ 13-+ 15- 29.34 MS 140/141, +++ +++ +++

Methyl nonacosane 168/169,
196/197,
224/225,
252/253,
280/281,
308/309

3-Methyl nonacosane 29.75 MS 56/57, ++ ++ tr
393/394

Alkenes
(Z )-9-Tricosene 22.61 Std. 155(19)/ − ++ ++

225(10)
7-Tricosene 22.66 MS 127(23)/ − tr −

253(8)
(Z )-9-Pentacosene 24.60 MS/FTIR 155(22)/ − + +

253(10)
9-Heptacosene 26.11 MS 155(17)/ − tr −

281(6)
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TABLE 1. CONTINUED

Solvent extract

Compound ECL Ident.
Diagnostic

ionsa Male Female
SPME,
female

7-Heptacosene MS 127(13)/ − tr −
309(6)

(Z )-5-Octacosene 27.13 MS/FTIR 99(18)/ − ++ ++
351(4)

(Z )-9-Nonacosene 28.62 MS/FTIR 155(23)/ tr ++ +
309(7)

7-Nonacosene 28.69 MS 127(21)/ − tr −
337(5)

(Z )-7-Triacontene 29.02 MS/FTIR 127(21)/ − tr −
351(4)

(Z )-5-Triacontene 29.12 MS/FTIR 99(20)/ tr ++ +
379(5)

(Z )-9-Hentriacontene 30.58 MS/FTIR 155(21)/ tr + +
337(6)

7-Dotriacontene 31.01 MS 127(20)/ − tr −
379(5)

5-Dotriacontene 31.10 MS 99(20)/ − tr −
407(5)

Alkadienes
(Z,Z)-6,9-Tricosadiene 22.61 Std. − ++ +
(Z,Z)-6,9-Pentacosadiene 24.60 Std. − ++ +

Alcohols
Hexadecanol Std. +++ + −
Octadecenol MS +++ + −

Terpenoids
trans-Caryophyllene Std. − − +

aFor alkenes, diagnostic ions are referred to the corresponding epoxides and number in parentheses
is the relative abundance of each ion.

btr: trace (<0.5%);+: 0.5–1.0%;++: 1.0–5.0%;+++: >5.0%.

extraction approach and offers the advantage of detecting volatile compounds
that could be lost during conventional treatment of a solvent extract.

Cuticular Hydrocarbons.The composition from both sexes is presented in
Table 1. The vast majority of compounds identified are long-chain saturated, mo-
nounsaturated, and diunsaturated hydrocarbons. The saturated hydrocarbon profile
from each sex was qualitatively similar, with some quantitative differences. Each
saturated hydrocarbon component was identified based on its equivalent chain
length (ECL) and fragmentation pattern when analyzed by GC-MS. Monomethyl
alkanes substituted at carbon 3 elute approximately 0.3 carbon units before the cor-
respondingn-alkane, and as they fragment on each side of the methyl branch, with
the charge retained on the fragment containing the branching methyl group, they
give spectra with a strong (M-29)+ ion. A weak ion at (M-57)+ is also observed.
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Monomethyl alkanes with a branch on carbons 11–15 have strongm/zion pairs,
indicating cleavage internal to the methyl branch. These compounds all elute ap-
proximately 0.7 carbon units before then-alkane with the same number of total
carbons. The signal intensities for the odd and even fragments in them/zion cou-
plets for each of the daughter ions are nearly equivalent, indicative of a single
methyl branch remaining following a cleavage (Page et al., 1997).

Mass spectra of the epoxide derivatives of alkenes show preferential cleav-
agealpha to the epoxy group (Bierl-Leonhard et al., 1980), producing fragments
indicative of the position of the epoxy group and, thus, the position of the double
bond in the original compound (Figure 1). Double bonds are located at positions
7 or 9 (major isomer) for the odd-numbered alkenes (C23, C25, C27, C29, and C31)
and at positions 5 or 7 for the even-numbered monounsaturated hydrocarbons (C28,
C30, and C32). TheE or Z nature of the double bonds for the major compounds
present in the alkene fraction was determined by GC-FTIR. The presence (E con-
figuration) or absence (Z configuration) of an absorption around 970 cm−1 was
used to determine the configuration of double bonds. Weak but useful bands above
3000 cm−1 were used for the assignment ofZ unsaturated compounds (Doumenq
et al., 1989; Leal, 1991; Attygalle et al., 1994). An absorption highly charac-
teristic for theZ configuration occurs at 3013–3011 cm−1 ( CH2 stretch band),
while E compounds fail to show any bands in this region. These two absorptions
(970 cm−1 and 3013–3011 cm−1), in combination, can be used for the unam-
biguous determination ofZ or E bonds in long-chain unsaturated compounds. All
spectra obtained from the alkenes examined showed an absorption at 3013 cm−1

and a lack of absorption around 970 cm−1, confirming theZ nature of the double
bond (Figure 2A). The presence of (Z )-9-C23:1 in the female extract was also con-
firmed by comparing chromatographic, mass spectrometric, and IR data with that
of a synthetic standard.

The third fraction from the silver nitrate-impregnated silica gel column showed
the presence of two alkadienes (C23:2 and C25:2) when analyzed by GC-MS. Mass
spectra for both alkadienes showed an increased ion atm/z222 andm/z250 for
C23:2 and C25:2, respectively (Figure 3). Descoins et al. (1986) reported that 6,9
dienes have a characteristically increased (M-98)+ ion that originates from cleav-
age between carbons 7 and 8 and subsequent hydrogen transfer. An indication of
the position of the double bonds at carbon 6 and carbon 9 was given by epoxi-
dation, under conditions that favor the formation of unsaturated monoepoxides,
followed by examination of the mass spectrometric fragmentation pattern. For ex-
ample, the two peaks that correspond to the unsaturated monoepoxides of C23:2had
characteristic ions atm/z153 and 225 (indicative of an epoxide at carbons 9,10)
andm/z113 and 265 (indicative of an epoxide at carbons 6,7). The amount of
natural alkadienes available did not allow subsequent catalytic hydrogenation of
the unsaturated monoepoxides or an unambiguous determination of double-bond
positions as has been described by Hogge et al. (1985).
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FIG. 1. EI mass spectra of epoxy derivatives of naturally occurring (A) (Z )-9-C23:1, (B)
(Z )-7-C29:1, and (C) (Z )-5-C28:1, showing the diagnosticalphacleavage ions at mass 155
and mass 225 for (A), mass 127 and mass 337 for (B), and mass 99 and mass 351 for (C).
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FIG. 2. Gas-phase IR spectra of naturally occurring (A) (Z )-9-C23:1, (B) (Z,Z )-6,9-C23:2,
and (C) synthetic (Z,Z )-6,9-C23:2.

Similar principles for interpreting IR spectra for double-bond configuration
of monounsaturated compounds have been applied to diunsaturated compounds as
well (Attygalle et al., 1995). The GC-FTIR spectrum of tricosadiene is presented
in Figure 2B. The lack of any absorption around 970 cm−1 indicates the absence of
anE bond. ConjugatedE,E polyenes do not show this characteristicE absorption.

FIG. 3. EI mass spectrum of naturally occurring (Z,Z )-6,9-C23:2.
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Instead, a band highly characteristic for (E,E )-conjugated diene moieties appears
at 983–982 cm-1. In the spectrum of Figure 2B, there is no absorption around
982 cm−1, excluding any possibility for the presence of anE bond in tricosadiene.
Furthermore, an absorption at 3017 cm−1 with significantly enhanced intensity,
when compared to the corresponding absorption of the monounsaturated (Z )-9
tricosene (Figure 2A,B), supports the presence of twoZ bonds in the molecule
(A3016−3018cm−1/A2866−2864cm−1 = 0.413 and 0.198 for C23:2 and C23:1, respec-
tively). The gas phase IR spectrum of diunsaturated compounds also provides
information for the location of the double bonds. Attygale et al. (1995) reported
that conjugatedZ,Z dienes lack a sharp band in the 3036–3011 cm−1 area in the
GC-IR spectrum and thatZ,Zdienes whose double bonds are separated by only a
single methylene group show the characteristicCH2 stretch band at 3017 cm−1.
The CH2 stretch band of tricosadiene (Figure 2B) that appears at 3017 cm−1

(characteristic of methylene-interrupted double bonds) further supports the mass
spectrometric interpretation for the double bonds located at carbons 6 and 9. The
structure of (Z,Z)-6,9-C23:2 and (Z,Z)-6,9-C25:2 was unambiguously confirmed
by comparison of chromatographic, mass spectrometric, and IR data with that of
synthetic standards (Figure 2B,C).

Bioassays. Close range laboratory bioassays indicated that whole-body
methylene chloride extracts elicited a strong sexual response by males. A high
proportion (75%) in the bioassay cage exhibited wing raising and lateral body
movement, characteristic mating behavior for Eurytomidae. Close to 40% of the
responding males landed on the filter paper baited with the crude extracts. Excited
males approached the source mainly by walking on the top of the screen cage.
Usually, when the males were close to the source, they tried to copulate, and a
number of them jumped on the filter paper (Table 2).

In order to locate the pheromone-producing gland on the female body, extracts
from female heads, thoraxes, and abdomens were evaluated for male response.
Thorax extracts elicited maximal response, and a high proportion also responded to

TABLE 2. E. amygdaliMALES RESPODING TOEXTRACTS FROMDIFFERENTPARTS OF

VIRGIN FEMALE BODY AND TO HEADSPACEVOLATILES COLLECTED ONSPME FIBERa

% Males % Males
Source Dose wing raising landing

Crude female extract 2 FE 74.7a 36.8a

Crude female head extract 2 FE 15.3c 7.2c

Crude female thorax extract 2 FE 64.6ab 32.6ab

Crude female abdomen extract 2 FE 53.4b 22.8b

SPME fiber after collection of female volatiles 4 FE 56.2b 25.3b

Control (hexane) 2µl 1.6d 0c

aN = 10 except for SPME, whereN = 5. Means followed by the same letter are not significantly
different [Tukey studentized range (HSD) test; (P > 0.05)].
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abdomen extracts (Table 2). Similar results have been reported forBephratelloides
pomorum, another Eurytomidae species (Leal et al., 1997). It is possible that the
gland where the pheromone is synthesized is located in the thorax; however, the
pheromone components are spread to the abdomen when they are released.

The SPME fiber that was used to collect volatiles was also evaluated for male
response just after collection and prior to GC analysis. Males were attracted to
the fiber and exhibited a clear sexual behavior. Male attraction to the SPME fiber
was lower than to the whole-body extract, indicating that either the quantity of the
active chemicals absorbed on the fiber was lower than that obtained in the extract
or that the emission rate of substances from the fiber was lower than that of the
filter paper (Table 2).

Since the whole-body extract elicited the maximal response from males, sub-
sequent isolation of the active components was based on whole-body extracts.
Fractionation dictated the use of a large amount of starting material, and clean-up
on a silica SPE cartridge removed coextractable inactive lipid materials. Bioassays
revealed that the active components were eluted in fractions I (hexane fraction),
while fraction II and III (methylene chloride and methanol) showed low activity.
Combination of fraction I with either of the other two fractions did not increase
male attractiveness (Table 3).

Bioassays indicated that alkanes were inactive and that alkenes elicited low
response (Table 4). A high response, significantly different from the crude female
extract, was observed for the third fraction, which contained the two identified
alkadienes, (Z,Z)-6,9-C23:2 and (Z,Z)-6,9-C25:2, as well as for the synthetic stan-
dard consisting of (Z,Z)-6,9-C23:2 and (Z,Z)-6,9-C25:2 at a ratio of 7 : 3 (the ratio

TABLE 3. E. amygdaliMALES RESPODING TOINDIVIDUAL

AND COMBINED FRACTIONSCOLLECTED FROMSPE COLUMNS

USED TOPURIFY FEMALE WHOLE-BODY EXTRACTS

(N = 10)a

% Males

Source Dose wing raising landing

Crude 2 FE 58.8c 31.4c

Fraction I 2 FE 45.3c 34.1c

Fraction II 2 FE 12.3a 11b

Fraction III 2 FE 11.6a 5.4ab

Fractions I+II 2 FE 39.7c 34.9c

Fractions I+III 2 FE 42.4c 27.5c

Fractions II+III 2 FE 15.6b 3.2a

Fractions I+II+III 2 FE 43.7c 29.7c

Control 2µl 5.2a 1.6a

aMeans followed by the same letter are not significantly different [Tukey
studentized range (HSD) test; (P > 0.05)].
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TABLE 4. E. amygdaliMALES RESPONDING TODIFFERENTFRACTIONS OFFEMALE

WHOLE-BODY EXTRACT AND SYNTHETIC ALKADIENES (N = 10)

% Males

Source Dose wing raising landing

Crude female extract 2 FE 77.4a 40.3a

Fraction I from AgNO3–SiO2 column (alkanes) 2 FE 4.1d 0c

Fraction II from AgNO3–SiO2 column (alkenes) 2 FE 17.4c 9.0c

Fraction III from AgNO3–SiO2 column (alkadienes) 2 FE 64.3b 29.2b

Synthetic, (Z,Z)-6,9-C23:2+ (Z,Z )-6,9-C25:2 (7:3) 10µg 57.6b 28.3b

Control (hexane) 2µl 1.4d 0c

aMeans followed by the same letter are not significantly different [Tukey studentized range (HSD)
test; (P > 0.05)].

that had been determined on the female extract after fractionation on the silver
nitrate impregnated silica gel column). These findings indicate the importance of
these two compounds on the mating behavior of maleE. amygdali.

The saturated hydrocarbon sex profiles were qualitatively similar with some
quantitative differences. The major differences are that alkadienes and, to a lesser
extent, alkenes are present only in the female extract (Table 1). The alkadienes have
one double bond in the same location as the alkenes (at carbon 9), and whether
both originate from the same biosynthetic pathway remains to be established. It
has been reported thatCardiochiles nigriceps(Hymenoptera: Braconidae) alkadi-
enes, present only in the female extract, are responsible for mediating courtship
behavior (Syvertsen et al., 1995). The presence of the two alkadienes only in the
female extracts supports our bioassay findings that (Z,Z)-6,9-C23:2 and (Z,Z)-6,9-
C25:2 are the chemicals involved in the mating process ofE. amygdali. Further
research is needed for complete identification of the pheromone and to optimize
the composition of the blend for its use in practical applications.
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Abstract—We have identified and cloned a pheromone-binding protein
(EoriPBP) from the Japanese and American populations of the Oriental bee-
tle, Exomala orientalis(Coleoptera: Scarabaeidae). The protein showed more
than 90% amino acid identity to the previously identified pheromone-binding
proteins fromPopillia japonica(PjapPBP) andAnomala osakana(AosaPBP),
as well as to one of the odorant-binding proteins fromPhyllopertha diversa
(PdivOBP1). EoriPBP has 116 amino acids, with a calculated molecular mass
of 12,981 Da, pI of 4.3, and six highly conserved cysteine residues. 5′-RACE
amplifications led to the characterization of a signal peptide with 19 amino
acids. The signal peptide showed high amino acid identity to the signal peptide
for AosaPBP. Comparison of the amino acid sequences of the PBPs involved
in the detection of similar ligands, i.e., monounsaturated lactones and ketone,
suggests that the most variable residues among the PBPs fromE. orientalis,
P. japonica, andA. osakanaare probably the most discriminating residues. As
with the pheromone-binding protein fromBombyx mori, the residues at positions
61, 64, 71, and 82 in EoriPBP, PajpPBP, and AosaPBP, which are either valine,
leucine, isoleucine, or methionine, are likely to be specificity determinants.

Key Words—Exomala orientalis, Popillia japonica, Anomala osakana,
odorant-binding protein, signal peptide, Scarabaeidae.
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INTRODUCTION

Insects depend heavily on their ability to detect chemical cues from the environ-
ment. These chemicals are involved in mediating a wide range of behaviors, from
communication between conspecific individuals to the recognition of specific fea-
tures of the environment, such as food sources, oviposition sites, etc. The chemical
signals (semiochemicals) are normally buried in a complex mixture of odorants
from myriad sources. This has led to the development of a remarkably selective
and sensitive olfactory system, which approaches the theoretical limit for a detec-
tor. While minimal structural modification of pheromone molecules renders them
inactive (Kaissling, 1987), a single molecule of the native ligand is reported to be
sufficient to activate pheromone-sensitive olfactory neurons in the antennae of the
silkworm moth,Bombyx mori(Kaissling and Priesner, 1970).

In order to convey their messages, pheromones and other semiochemicals
must reach the dendrites of olfactory receptors neurons, where G protein-coupled
olfactory receptors (Clyne et al., 1999; Vosshall et al., 1999, 2000) are supposed
to be located. The last part of the journey toward the receptors is protein-assisted,
given that dendrites are surrounded by sensillar lymph and pheromones are largely
hydropobic in nature. In the perireceptor events (Figure 1), odorant-binding pro-
teins (Vogt and Riddiford, 1981) not only ferry the ligands to their receptors,
but also protect the chemical signals from odorant-degrading enzymes (Vogt and
Riddiford, 1981; Vogt et al., 1985). Activation of the receptors initiates transduction

FIG. 1. Schematic view of the overall olfactory processing in insects, highlighting early
olfactory processing (perireceptor events).
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of the chemical signals into neuronal activities (spikes), which are processed in
the antennal lobe, integrated with other stimuli in the central nervous system, and
translated into behavior (Figure 1). There is growing evidence in the literature that
the inordinated sensitivity and selectivity of the insect olfactory system is achieved
by a combination of olfactory-specific proteins, including odorant receptors (Clyne
et al., 1999; Vosshall et al., 1999, 2000), odorant-binding proteins (OBPs) (Vogt
and Riddiford, 1981; Vogt et al., 1999), and odorant-degrading enzymes (Vogt and
Riddiford, 1981; Vogt et al., 1985; Rybczynski et al., 1990; Rogers et al., 1999).
Because binding studies have suggested that interactions between odorants and
OBPs are specific and selective (Du and Prestwich, 1995), selectivity of the insect
olfactory system is achieved at least partly in the early olfactory processing.

We have previously identified odorant-binding proteins from three species
of scarab beetles (Coleoptera: Scarabaeidae), i.e.,Popillia japonica, Anomala
osakana(Wojtasek et al., 1998), andPhyllopertha diversa(Wojtasek et al., 1999),
which utilize the enantiomers of japonilure (Tumlinson et al., 1977; Leal, 1996,
1998) and an alkaloid compound (Leal et al., 1997) as their sex pheromones
(Figure 2). In order to get a better understanding of the relationship between OBP
structures and their ligands, we have identified and cloned a pheromone-binding

FIG. 2. Structures of some scarab beetle pheromones:1, (Z)-7-tetradecen-2-one,
the sex pheromone of the Oriental beetle (E. orientalis); 2, (R,Z)-5-(—)-(1-
decenyl)oxacyclopentan-2-one, (R)-japonilure, the sex pheromone of the Japanese beetle
(P. japonica); 3, 1,3-dimethyl-2,4-(1H ,3H )-quinazolinedione, the sex pheromone of the
pale-brown chafer (P. diversa).
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protein gene from the Oriental beetle,Exomala orientalis(Waterhouse), whose
pheromone is an unsaturated ketone (Figure 2) both in the Japanese (Leal, 1993;
Leal et al., 1994a) and in American populations (Zhang et al., 1994).

METHODS AND MATERIALS

Analytical Procedures. N-terminal amino acid sequences were obtained on
a Hewlett-Packard Protein Sequencer model 241, with PTH derivatives separated
on a Hewlett-Packard (=Agilent) series 1100 HPLC system. Proteins were an-
alyzed on 15% native polyacrylamide gels run in a Mini-Protean II (Bio-Rad)
and stained with Coomassie blue R-250. For sequencing, proteins were sepa-
rated on native PAGE and transferred by electroblotting to polyvinyl difluoride
(PVDF) membranes. Bands were cut off, dried, loaded on a column, and the pro-
teins sequenced. DNA sequences were obtained with an automated ABI PRISM
Model 377 sequencer (Applied Biosystems). DNA sequences were analyzed using
MacVector (Oxford Scientific).

Insects. Adults collected in traps baited with the synthetic pheromone in
Tsukuba were kept in culture dishes at 25◦C, 75% relative humidity, and 14L:10D
photoperiod and provided with saturated sucrose solution on cotton. In the United
States, beetles were collected in Rhode Island with pheromone traps, frozen, and
shipped to Davis, California.

Protein Extracts. Beetles were anesthetized on ice, antennae and legs were
collected, frozen in liquid nitrogen, and lyophilized. Homogenization was per-
formed in ice-cold glass homogenizers in 10 mM Tris HCl, pH 8. Homogenized
samples were centrifuged twice at 12,000 rpm, 4◦C, for 5 min. The supernatants
were concentrated on a SpeedVac.

Molecular Cloning. Total RNA was extracted from 50 antennae ofE. orien-
talis males by using TRlzol Reagent (Gibco BRL), and mRNA was purified with
the PolyATtract (Promega) kit. The first cDNA strand was synthesized by using
the SuperScript preamplification system (Gibco BRL). The following degenerated
primer was designed based on theN-terminal protein sequences of the mature
protein, 5′-ATGWSNGARGARATGGARGAR-3′, and used in polymerase chain
reaction (PCR) with oligo-dT 15 plus GAG; the last codon makes subsequent PCR
more specific. PCR reactions were carried out in a MiniCycler (model 150, MJ
Research) by using Taq DNA Polymerase (Roche), with annealing at 50◦C. Opti-
mized PCR products were ligated into the pCR2. 1/TA cloning vector (Invitrogen),
and transformed into OneShot Top 10F′ competent cell (Invitrogen). Positive inser-
tions were identified by screening positive colonies by PCR with M13 primers. Se-
quencing of plasmid DNA from several colonies was performed following extrac-
tion with the QIAprep Spin Miniprep Kit (Qiagen). Signal peptide sequences were
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obtained by using 5′-RACE System for Rapid Amplification of cDNA Ends (Gibco
BRL) with the following primers: 5′-GTGGGTTTGATAAACATT-3′ (GSP1), 5′-
CATGGATTCGCTCCAGGTTT-3′ (GSP2), and 5′-CCATCATCGCCAACGA
TT-3′ (nested GSP); GSP, gene specific primers.

RESULTS AND DISCUSSION

Analysis of protein extracts from antennal and control tissues (legs) of the
Japanese population of the Oriental beetle by native polyacrylamide gel elec-
trophoresis (PAGE) showed one antenna-specific protein (Figure 3) migrating at
the bottom of the gel, with a mobility similar to those of OBPs identified to date.
The profile of bands on native gels obtained from male and female antennal extracts
and visualized by Coomassie blue were indistinguishable (data not shown). The
lack of sex specificity in the antenna-specific proteins from scarab beetles, which
has been also observed in other scarab species (Wojtasek et al., 1998, 1999), is con-
sistent with the fact that both sexes detect the female-produced sex pheromones
(Leal et al., 1994a,b, 1996). We have also analyzed extracts from antennal and
control tissues of the American population of the Oriental beetle by native PAGE.
Beetles were collected in Rhode Island, frozen, and sent to Davis, California.
Although the overall profile was similar to that obtained with the Japanese popula-
tion, there was a faint band migrating just below the major antenna-specific band
(Figure 4). Preliminary sequencing data suggested that, as with previous cases
(Wojtasek et al., 1999), the band is due to an isoform of the major protein. The
fact that the minor band is not detected in females may be related to the quality of
the sample. Females from a laboratory colony were frozen and immediately sent

FIG. 3. Soluble protein from the Japanese population ofE. ori-
entalis separated on 15% native PAGE. MA, male antennae (15
antenna-equivalents); ML, male leg (1 leg equivalent). Arrow indi-
cates an antennae-specific band.
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FIG. 4. Soluble protein from the American population ofE.
orientalis separated on 15% native PAGE. MA, male anten-
nae (15 antenna-equivalents); FA, female antennae (18 antenna-
equivalents); ML, male leg (2 legs equivalents). Arrow indicates
an antenna-specific band.

to Davis, California, whereas males were collected in traps baited with synthetic
pheromone and contained beetles that died before the traps were emptied.

We have transferred the antenna-specific band from the native gel to PVDF
membrane and obtained itsN-terminal sequence. Based on the sequence of the
first 27 amino acids (MSEEMEELAKQLHDDXVGQTGVDEAHI), the antenna-
specific protein fromE. orientalisshowed remarkable similarity to the primary
sequence of the PBP fromP. japonica, PajpPBP (Wojtasek et al., 1998). Given
that the undetectable amino acid at position 16 might be due to a cysteine (Leal
et al., 1999), only 1 of the 27 amino acids was different from those of PjapPBP
sequence.

In order to compare the whole primary sequences of the OBPs from scarab
beetles, we cloned the gene encoding the antenna-specific protein inE. orien-
talis. cDNA, derived from the RNA isolated from antennal tissues, was used as
template. Polymerase chain reaction (PCR) was carried out by using a degener-
ate primer based on theN-terminal sequence and an oligo-dT to anneal to the
poly(A) tail. PCR reactions resulted in amplification of one band of approximately
460 bp. The cDNA encoded a protein with 116 amino acids, with a calculated
molecular mass of 12,981Da (considering the formation of three disulfide bonds),
and pI of 4.3. Furthermore, the sequence showed six highly conserved cysteine
residues at positions 16, 44, 48, 86, 95, and 104 (Figure 5). The occurrence of
six cysteines is a hallmark of odorant-binding proteins. They play a pivotal role
in 3D structures of PBPs (Leal et al., 1999; Sandler et al., 2000) by forming
rigid α-helix links. The amino acid identity between the newly identified pro-
tein from E. orientalisand PjapPBP, PdivOPB1, and AosaPBP was 93, 91, and
90%, respectively (Figure 5). Because the protein is tissue-specific and shows
similarity to previously identified pheromone-binding proteins from scarab beetles,
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FIG. 5. Sequence alignments of PBPs fromE. orientalis, P. diversa, A. osakana, and
P. japonicausing the ClustalW algorithm (MacVector, Oxford Scientific). Arrows indicated
the six conserved cysteine residues. The nucleotide sequence data reported in this paper
will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases under accession
numbers AB040144 (EoriPBP), AB040986 (signal peptide for EoriPBP), and AB040985
(signal peptide for AosaPBP).

we suggest that the antenna-specific protein fromE. orientalis is a pheromone-
binding protein.

Pheromone-binding proteins are synthesized in auxilliary cells (trichogen and
tormogen cells) (Vogt et al., 1989; Steinbrecht et al., 1992) and secreted into the
sensillar lymph surrounding the ORN dendrites and, as such, they have signal
peptides. Because we amplified the cDNA with a primer based on theN-terminal
sequence, the cloned cDNA encoded only the mature protein. In order to ob-
tain the full length cDNA, including the signal peptide, we carried out 5′-rapid
amplification of cDNA end (5′-RACE), which leads to an extension of approxi-
mately 100 bp. The sequence analysis showed that the signal peptide for EoriPBP
has 19 amino acids (MLKLVVLLTLGIYVPAVMS), follows the (-3,-1) rule (von
Heijne, 1986), and shows a hydrophobic profile (Figure 6). 5′-RACE withAnomala
osakanacDNA led to the identification of the signal peptide for AosaPBP, which
differs from the signal peptide for EoriPBP only in two positions. In AosaPBP, the
amino acids at positions−1 and−11 are Cys and Ser, respectively, as opposed to
Ser and Thr in EoriPBP.

Prediction of the secondary structure of EoriPBP by the Chou-Fasman method
indicated that the protein is helical-rich (42%), as has been experimentally demon-
strated with the pheromone-binding protein fromB. mori. In BmPBP, the same
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FIG. 6. Hydrophilicity plot of EoriPBP by the von Haijne algorithm (MacVector, Oxford
Scientific) indicating the hydophobic nature of the signal peptide (first 19 amino acids).

method predicts 31%, but the crystal structure showed a much higher helical com-
ponent (60%). Although biased on the low helical component, the method suggests
that EoriPBP is possibly part of a family of helix-rich proteins.

In P. diversa, two odorant-binding proteins have been previously identified
and cloned, but their cognate ligands have never been clearly assigned. On the
other hand, binding data support that PjapPBP and AosaPBP are involved in de-
tection of sex pheromones and behavioral antagonists inP. japonicaandA. os-
akana. Based on the sensitivity of insect olfactory systems to pheromones, one
may speculate that the more abundant of the OBPs inP. diversa, i.e., PdivOBP2,
is involved in the transport and protection of the sex pheromone. However,P. di-
versahas highly sensitive olfactory receptor neurons tuned to green leaf volatile
compounds (Hansson et al., 1999; Nikonov et al., 2001). By contrast, the PBPs
identified fromP. japonica, A. osakana(Wojtasek et al., 1998), andE. orientalis
(this paper) have known ligands. Both the lactone pheromones and the unsatu-
rated ketone (Figure 2) have a polar head (functional group) and a hydrophobic
tail with unsaturation. The structures of the pheromones forP. japonicaandA.
osakanadiffer in their absolute configurations, whereas the pheromone forE. ori-
entalisdiffers in the functional group and position of the unsaturation. In BmPBP,
the double bonds are sandwiched by two of the five phenylalanines, i.e., Phe12
and Phe118, and they were considered to form a general hydrophobic surface for
binding and are not specificity determinants for the double bonds in bombykol
(Sandler et al., 2000). EoriPBP has only three phenylalanines, i.e., Phe36, Phe42,
and Phe88, but Phe88 is unlikely to be participating in the hydrophobic binding
site because both AosaPBP and PjapPBP bind the same ligands, the enantiomers
of japonilure, and yet AosaPBP has a Val88, as opposed to Phe88. On the other
hand, of the residues involved in binding bombykol in BmPBP, the most vari-
able ones are Met61, Leu62, lle91, and Val114, which are likely to be specificity
determinants and are near the ends of the pheromone. These residues are either
valine, leucine, isoleucine, or methionine, and this variation could be a way to alter
the binding pocket (Sandler et al., 2000). Despite the low number of sequences
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known from scarab PBPs, the same picture is emerging with four positions, i.e.,
61, 64, 71, and 82, which are either valine, leucine, isoleucine, or methionine. In
conclusion, despite the high similarity in the amino acid sequences of EoriPBP,
PjapPBP, and AosaPBP, the least conserved residues may be involved in binding
specificity.
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Abstract—The ability of snakes to follow pheromone trails has significant con-
sequences for survival and reproduction. Of particular importance is the ability
of snakes to locate conspecifics during the breeding season via the detection of
pheromone trails. In this study, the ability of male brown tree snakes (Boiga
irregularis), a tropical, rear-fanged colubrid, to follow pheromone trails pro-
duced by reproductively active conspecifics was tested in the laboratory by
using a Y maze. Males displayed a trailing response to both female and male
pheromone trails over blank controls. As males of this species display ritualized
combat behavior, these responses likely represent both direct and indirect mech-
anisms, respectively, for the location of potential mates in the wild. Males did
not, however, discriminate between male and female trails when given a choice
on the Y maze.

Key Words—Trailing behavior, Y maze, mate location, brown tree snake,Boiga
irregularis, reptile pheromones, Reptilia, Colubridae, male combat behavior,
invasive pest species.

INTRODUCTION

Many species of snakes have demonstrated the ability to locate conspecifics during
the breeding season by following pheromone trails passively laid on the substrate
as they move through the environment (e.g., Ford, 1982; Ford and Schofield,
1984; Plummer and Mills, 1996; LeMaster et al., 2001). Trailing behavior is also
used by snakes in other behavioral contexts, including migration to and from
winter hibernacula, in aggregation, and in prey location (reviewed by Ford, 1986;
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Mason, 1992; Mason et al., 1998). The majority of studies concerning snake trailing
behavior have been conducted with northern temperate species, with particular
emphasis on the garter snakes of the genusThamnophis(Ford, 1986).

The purpose of this study was to characterize the pheromone-mediated trailing
behavior of the brown tree snake,Boiga irregularis.The brown tree snake is a rear-
fanged, tropical colubrid native to Australia, Papua-New Guinea, and the Solomon
Islands (Rodda et al., 1997). The species can reach snout-to-vent lengths of up to
3 m, weighs up to 2 kg, and possesses a relatively thin body typical of arboreal
snakes (Rodda et al., 1997). Brown tree snakes are generalist predators that actively
forage for a diet consisting of mammals, reptiles, amphibians, and birds (Savidge,
1988). Although primarily arboreal, it spends a significant proportion of its time
on the ground and typically forages within the lower 3 m of vegetation (Cogger,
1992). The snake is an introduced pest species in the Pacific, notably on the island
of Guam, where it is responsible for the extinctions of several native forest bird
species and has caused considerable economic damage (Rodda et al., 1997).

Brown tree snakes display reproductive behaviors similar to other colubrid
snake species (Greene and Mason, 2000). Males of this species display stereotyped
courtship behaviors that are triggered by a sex pheromone located in female skin
lipids (Greene and Mason, 1998). This pheromone has been isolated and initially
characterized as a suite of nonvolatile, nonpolar skin lipid molecules (Greene and
Mason, 1998). Male brown tree snakes also display ritualized combat behavior
in response to other reproductively active males (Greene and Mason, 2000). In
snakes, ritualized combat serves as a competition among males to gain access
to females during the breeding season (Andr´en, 1986; Schuett and Gillingham,
1989). This behavior appears to be stimulated by a pheromone located in male
brown tree snake skin lipids (Greene and Mason, 2000).

The brown tree snake does not form large breeding aggregations, although
small nonbreeding winter aggregations have been reported in its native and in-
troduced range (Pendleton, 1947; Covacevich and Limpus, 1973). Therefore, it
is likely that brown tree snakes, like other snakes, utilize pheromone trails to lo-
cate spatially distributed conspecifics during the breeding season. In this study,
the ability of the brown tree snake to trail reproductively active conspecifics was
tested by using a Y maze in the laboratory.

METHODS AND MATERIALS

Husbandry.The animals used were collected on Guam and housed under
laboratory conditions for six years prior to being used in the experiment (Greene
et al., 1997). Seven female and 10 male snakes, individually housed in Plexiglas
cages designed specifically for arboreal reptiles, were used (Mason et al., 1991).
Males in the colony had a mean (±SD) snout-to-vent length (SVL) of 162.2±
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22.1 cm and a mean mass of 647.5± 265.7 g. Females had a mean SVL of
137.9± 9.9 cm and a mean mass of 385.7± 81.5 g. Snake cages contained
branches for climbing and hide boxes attached to the roofs of the cages, in which
the snakes spent the majority of their time. Room temperature cycled daily from
24◦C to 30◦C, and relative humidity was maintained at approximately 80% by
using a room humidifier and by daily spraying of the inside of the cages with
water. Light (12L : 12D) was provided by overhead fluorescent lights. Snakes were
fed thawed mice or chicks every three weeks, and water was availablead libitum
for drinking and soaking. All snakes in the captive colony were mature adults in
breeding condition during the study.

Y-maze Design.To test the ability of the snakes to trail conspecifics, a Y
maze was constructed of clear polyvinyl chloride tubing (PVC) with an internal
diameter of 5.2 cm (Figure 1). The maze consisted of an initial stretch of tubing
96 cm long that connected to a Y junction separated by a 45◦ angle into two arms,
each also 96 cm long. The maze was elevated at an angle of 25◦ from the floor to
entice the snakes into the initial stretch, as they are excellent climbers and prefer
to move to the highest point possible when given a choice. All hide boxes used in
housing the snakes could be attached to the initial stretch by using PVC adapters.
Empty, clean hide boxes were attached to the ends of the arms, also by using PVC
adapters, for collection of the snakes at the conclusion of a trial. The initial stretch,
Y junction, and the arms could be taken apart for cleaning between trials.

This maze design allowed for minimal handling of the snakes, thus reducing
the display of defensive behaviors in this relatively aggressive species. In addition,
the design allowed for easy cleaning and reassembly as well as for containment
of the snakes in the maze. Importantly, by having a relatively small internal tube
diameter, conspecific pheromone trails were laid down in a seminatural manner, as
trail-producing snakes deposited odors on a horizontal surface (bottom of tube) and

FIG. 1. Diagram of the Y-maze system used to conduct trailing experiments in this study.
The Y maze was constructed of 5.2-cm-diameter, clear PVC piping. The initial stretch and
arms were each 96 cm long, and the Y junction separated the maze by 45◦. The maze was
elevated from the floor at a 25◦ angle. Hide boxes were attached to the maze at the start of
initial stretch and at the ends of the arms.
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vertical surfaces (sides of the maze) (Ford and Low, 1983). Brown tree snakes, like
other snakes species, are highly thigmotactic, preferring to travel along edges as
opposed to open areas. The maze design, by having rounded edges and a small in-
ternal diameter, reduced concerns of thigmotaxis conflicting with trailing behavior
(Costanzo, 1989).

General Experimental Conditions.To characterize the ability of males to
trail conspecifics, four experiments were completed: (1) males trailing female
pheromone trail versus blank arm (N = 10 trials), (2) males trailing male
pheromone trail versus blank arm (N = 9 trials), (3) males trailing male pheromone
trail versus female pheromone trail (N = 10 trials), and (4) blank control (N = 10
trials, no pheromone trails applied to either arm). Males were tested only once dur-
ing each experiment. All snakes were in breeding condition when used; courtship
and ritualized male combat were exhibited by all snakes during the period of time
in which the study was conducted. The trailing ability of females was not tested,
as females were generally inactive during this time period and would not exit the
start box at the beginning of most trials.

All trials were conducted during the scotophase between 2100 and 0200 hr,
when the snakes were normally active and the snake room was dark. Lighting was
provided at a minimal level by a red 7 W incandescent bulb placed 2 m behind the
maze so that the arms were lit evenly.

Trails were produced by allowing a randomly chosen snake of the desired sex
to pass once completely through the initial stretch, Y junction, and one arm of the
maze. The side of the Y junction leading to the control arm was blocked with a
piece of clean cloth so that no lipids were inadvertently added to the control side.
The arm treated with a conspecific pheromone trail was randomly chosen in each
case. In experiment 3, in which males were given a choice between male and female
pheromone trails, female trails were always applied to the maze immediately before
the male trail. Both male and female pheromone trails were present in the initial
stretch of the maze and the Y junction, while the arms contained only male or
female trails. In experiment 3, a random male and female were chosen to produce
the trail for each trial; however, males were never tested against their own trail.

To begin a trial, a hide box containing a snake was removed from its home
cage and attached to the initial stretch of the maze. The snake was allowed to enter
the maze of its own accord. We defined “trailing” as occurring when a snake’s
head entered the collection box attached to arms of the maze. During trials, an
investigator, blind to the treatment, observed while hidden behind a blind.

A trial was terminated and conducted on another night if a snake exhibited
defensive behavior, such as striking and tail-lashing or if a snake did not enter the
maze from its hide box within 30 min after the start of the trial. Additionally, trials
in which snakes did not display the trail contact response (Brown and MacLean,
1983), a set of behaviors diagnostic of snake pheromone trailing, were not used in
the final statistical analyses.
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TABLE 1. RESULTS OFEXPERIMENTSTESTINGABILITY OF MALE BROWN TREESNAKES

TO TRAIL CONSPECIFICS

Did not P
Experiment Condition N Trailed trail (1-tailed binomial)

1 Males trailing females 10 8 2 0.055
2 Males trailing males 9 8 1 0.020
3 Males trailing females versus males 10 5 5 1.000

(trailed= male chose female arm)
4 Males trailing blank maze 10 5 5 1.000

Statistical Analyses.Statistical significance in the trailing response was de-
termined by using a one-tailed binomial test (Sokal and Rohlf, 1995).

RESULTS

In experiment 1, eight of 10 males entered the female-treated arm of the Y
maze versus the blank control arm (Table 1;P = 0.055). In experiment 2, eight
of nine males entered the male treated arm, while only one of nine males entered
the blank control arm (Table 1;P = 0.02). Males demonstrated no preference for
female pheromone trails over male pheromone trails (experiment 3) when given a
choice on the Y-maze (Table 1;P = 1.000). When tested on a Y maze in which
both arms were left blank (experiment 4), males chose the arms of the maze equally
(Table 1;P = 1.000).

Head-jerking behavior [a behavior only displayed in the context of courtship
and male ritualized combat in this species (Greene and Mason, 2000)] was dis-
played in two trials (by two different males) when males were following female
trails in experiment 1 and was observed in two trials (by two different males) when
males were following male pheromone trails in experiment 2. Snout-probing be-
havior, in which the male would press his snout to the pheromone trail, was ob-
served in most trials. While snout-probing, males would often drag their snouts
backwards along the pheromone trail. In addition, all individuals that trailed dis-
played behaviors associated with trailing in other species, including tongue-flicks
directed to the trail and periodic pauses with side to side movements of the head
(Brown and MacLean, 1983).

DISCUSSION

The ability of male brown tree snakes to follow female pheromone trails most
likely represents a mechanism to locate potential mates during the breeding season.
Similar responses have been reported in several other species, mostly in colubrids
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of the genusThamnophis(Ford, 1986; Mason, 1992; Mason et al., 1998). However,
few reports exist of trailing behavior in other snake taxa, including tropical species
and those that display combat behavior such as the brown tree snake (Ford, 1986;
Mason, 1992).

Male brown tree snakes might follow male pheromone trails in order to locate
males that are near or are courting females. By initiating combat, the trailing male
may be able to displace the other male and gain access to the local female, as has
been suggested for other species (Shine et al., 1981). There would be little cost
to this strategy, as combat would be unlikely to ensue without the presence of a
female. Field reports of the courtship and combat behavior of the Swedish adder
(Vipera berus) have described the ability of males of this species to trail both con-
specific males and females (Andr´en, 1986). Upon contacting and tongue-flicking
the integument of a female, courtship will ensue. Conversely, upon contacting an-
other male, males will initiate combat if a female is present. The winner of the
combat bout gains access to the local female by establishing a temporary territory
that it will defend from other males (Andr´en, 1986).

It would be expected that, given a choice between a conspecific male and
female trail, males would prefer the female trail. This choice would, at least in
a natural situation, lead directly to a female and would allow the male to avoid
agonistic interactions with other males. However, in this study, males did not
display a significant trailing response to either of the sexes, choosing the male trail
as often as the female trail. Behavioral observations and bioassays have shown
that male brown tree snakes can discriminate between males and females via
pheromones in other contexts, such as courtship, making it unlikely that there are
no chemical differences between sexes (Greene and Mason, 1998, 2000). This
apparent lack of behavioral discrimination may be an artifact of how the male
and female trails were laid down in the maze. In the initial stretch of the maze,
both male and female pheromone trails were present together; these trails then
diverged at the Y junction. However, the male trail was always laid down on top of
the female trail, which may be significant to trailing males, as has been found in
vertebrate taxa, such as scent-marking rodents (e.g., Johnston et al., 1997; Ferkin,
1999). Further, under natural conditions, a similar situation might signal to a
trailing male that a male and female pair are nearby. If so, following either a
male or female pheromone trail may lead to the courting pair where the trailing
male would have the opportunity to initiate combat and could, therefore, displace
the local male. Also in this situation, the trailing male might attempt to revert to
vision in order to locate the movement of the courting pair at short distances, as
other species are known to do in the field (Hawley and Aleksiuk, 1975; Andr´en,
1986). Unfortunately, because our captive colony of brown tree snakes bred year-
round, we were not able to test non-reproductively-active snakes to determine if
this particular behavioral response is simply a species recognition response.
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It is has been hypothesized that male trailing behavior in response to females
is triggered by the female sex pheromone (Mason, 1992). Snake sex pheromones
are located in the skin lipids of females and are thought to be composed primar-
ily of long-chain, high-molecular-weight molecules of relatively low volatility
(Mason et al. 1989, 1990; Murata et al., 1991; Greene and Mason, 1998). Sex
pheromones and other skin lipids are passively deposited on the ground as females
pass through the environment, allowing males to trail females upon detection of
the skin lipid trail with their vomeronasal organs. In this study, male snakes were
observed displaying courtship and combat behaviors (head-nodding in both cases)
in response to female and male pheromone trails, respectively. Display of these
behaviors by trailing males suggests that the female sex pheromone and the male
combat pheromone play a significant role in mediating trailing behavior.

Currently, brown tree snake control methods on Guam are limited to detection
by trained dogs and capture by large trapping regimes. However, more attention has
been given to using brown tree snake semiochemicals as repellents and attractants
to aid in control of this particularly detrimental pest species (Brown Tree Snake
Control Committee, 1996; Mason, 1998; Mason and Greene, 2001). Pheromone
attractants would be particularly useful in increasing the efficacy of traps in the
field by increasing the distances over which trap lures work. Currently, live prey is
used to lure snakes into traps, a method that operates over relatively short distances.
The results of this study indicate that pheromones located on the skin of male and
female brown tree snakes may be effective attractants to males during the breeding
season if used in a larger integrated management plan.
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Abstract—Two encyrtid species,Acerophagus coccoisandAenasius vexans,
parasitoids of the cassava mealybugPhenacoccus herreniuse a contact
kairomone from the body surface of their host as a host-location stimulant. The
kairomone was synthesized and identified asO-caffeoylserine based on a com-
bination of chromatographic methods. The synthetic compound was determined
to be active.
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INTRODUCTION

The cassava mealybug,Phenacoccus herreniWilliam & Cock (Homoptera:
Pseudococcidae), is an important pest of cassava in South America (Bellotti
et al., 1983; Noronha, 1990). Two encyrtid parasitoids,Acerophagus coccois
Smith andAenasius vexansKerrich (Hymenoptera: Encyrtidae), are being stud-
ied to controlP. herreni populations at the International Center for Tropical
Agriculture (CIAT) in Cali, Colombia.A. coccoisis considered a generalist be-
cause it parasitizes different mealybug species among the Pseudococcidae
family. A. vexansis a specialist, parasitizing onlyP. herreni (Dorn et al.,
2001).

During host selection, parasitoids use a variety of cues to assess the quality of
their hosts, such as shape, surface structure, and both external and internal semio-
chemicals (waxy secretions and honeydew) (Lewis and Martin, 1990; Vinson,
1991; Godfray, 1994). The structure and quantity of these semiochemicals influ-
ence host acceptance by parasitoids and vary according to species, age or stage of
development, size, condition, and diet of the parasitoid host (Vinson, 1991; Powell,
1992; Takabayashi and Takahashi, 1993; R¨ose et al., 1997). One important class of
these subtances used by parasitic Hymenoptera to identify their hosts is kairomones
(Lewis and Martin, 1990). For example, in the California red scaleAonidiella
aurantii Maskell (Hemiptera: Diaspididae), a kairomone isolated from their cover
and identified asO-caffeoyltyrosine, the ester of caffeic acid and tyrosine, mediates
host recognition and induces oviposition by the parasitic waspAphytis
melinusDeBach (Hymenoptera: Aphelinidae) (Hare et al., 1993; Millar and Hare,
1993).

In cassava mealybugPhenacoccus manihotiMatile-Ferrero (Homoptera:
Pseudococcidae), a serious pest of cassava in Africa (Neuenschwander et al.,
1990; Le Rü et al., 1991), preliminary analyses indicated the presence of a com-
pound composed of a serine and a caffeic acid moiety, probably corresponding
to O-caffeoylserine (Calatayud, unpublished data). This compound was also de-
tected inP. herreni; however, it could not be identified in the mealybug because
it was always hydrolyzed during the purification process. It was, therefore, neces-
sary to synthesize the ester and then verify whether the synthetic compound was
similar to the compound assumed to beO-caffeoylserine. Because this putative
compound is similar to the contact kairomoneO-caffeoyltyrosine, important in
another parasitoid–homopteran interaction as reported by Hare et al. (1993) and
Millar and Hare (1993), we also hypothesized that this substance would act as a
contact kairomone for the cassava mealybug parasitoids. Therefore, the objective
of this study was to confirm the identification ofO-caffeoylserine inP. herreniafter
its synthesis and to study its influence on host-location behavior ofA. coccoisand
A. vexans.
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METHODS AND MATERIALS

Insect Rearing.The cassava mealybug,P. herreni, was reared at CIAT on
30 to 40-cm potted cassava plants (cv. CMC 40) in a glasshouse at 27–33◦C and
12L : 12D photoperiod. Adult females, the stage most parasitized byA. coccois
andA. vexans(Seligmann, 1998), were collected from the colony for chemical
analysis and bioassay.

Both parasitoids species,A. coccoisandA. vexans, were reared continuously
on mealybug-infested cassava plants (cv. CMC 40) as described above for the
cassava mealybug. Emerging adults (both males and females) were placed for
48 hr in transparent polystyrene tubes (15× 1.5 cm) containing honey droplets as
a food source. The wasps were sexed, and females were selected for bioassay.

Synthesis of Kairomone(Figure 1). The method used to synthesizeO-caff-
eoylserine was that described by Millar and Hare (1993), for synthesizing
O-caffeoyltyrosine. Caffeic acid (1) (10 g, 55 mmol) was added to ethyl chlo-
roformate to produce 13.17 g (73.9% yield) of 3,4-diethoxycarbonyl-caffeic acid
(2). 1H NMR (CDCl3): ∂ 7.72 (d, 1H,J= 15.9 Hz, CHCOOH), 7.24–7.46 (3H, m
aromatic), 6.42 (d, 1H,J= 15.9 Hz, olefinic H), 4.28 (2 overlapped quartets, 4H,
J= 7.1 Hz, CH2s), 1.33 (2 overlapped triplets,J= 7.1 Hz, methyls).

The acid (2) (13.17 g, 40.6 mmol) was stirred with 36.5 ml of thionyl chloride
to obtain 10.23 g (73.7% yield) of 3,4-diethoxycarbonyl-caffeoyl chloride (3).
1H NMR (CDCl3): ∂ 7.73 (d, 1H,J = 15.6 Hz, olefinic H), 7.23–7.48 (3H, m
aromatic), 6.56 (d, 1H,J = 15.6 Hz, olefinic H), 4.30 (overlapped quartets, 4H,
J = 7.1 Hz, CH2s), 1.36 (overlapped triplets, 6 H,J = 7.1 Hz, methyls). Then
1.71 g (5 mmol) of the chloride (3) was coupled with theN-t-BOC-(L)-serine (4)
(1.03 g, 5 mmol; Sigma Chemical Co., St. Louis, Missouri) to produce 2.39 g
(quantitative) of the compound (5). 1H NMR (CDCl3): ∂ 7.70 (d, 1H,J= 16.2 Hz,
olefinic H), 7.22–7.58 (3H, m aromatic), 6.40 (d, 1H,J = 15.9 Hz, olefinic H),
5.62 (br. d, 1H, NH), 4.50 (m, 1H, NH-CH), 4.26 (br. quartet, 4H, CH2s), 3.75
(m, 2H, -O-CH2-CH-), 1.27–1.39 (m, 9H,t-BOC methyls, 6H, methyls).

After stirring the compound (5) (752 mg) with a mixture of methylene chloride
and trifluoroacetic acid, the resulting dicarbonate (6) was treated with methanolic
ammonium hydroxide.O-Caffeoylserine (7) was purified by TLC using a migra-
tion solvent ofn-butanol–water–AcOH (4 : 1 : 1) for atotal yield of 328 mg (87%).
SynthesizedO-caffeoylserine was used to confirm the presence of the compound
in P. herreniand bioassayed at several concentrations to determine its biological
activity onA. coccoisandA. vexans.

To validate the synthetic method,O-caffeoyltyrosine was also synthesized,
substituting theN-t-BOC-(L)-serine withN-t-BOC-(L)-tyrosine. The chloride (3)
(1.71 g, 5 mmol) was coupled with theN-t-BOC-(L)-tyrosine (1.41 g, 5 mmol;
Sigma) to produce 2.41 g (quantitative) of the compound with the following NMR
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FIG. 1. Scheme of the various molecules obtained during synthesis ofO-caffeoylserine.

data.1H NMR (CDCl3): ∂ 7.75 (d, 1H,J= 15.9 Hz, olefinic H), 6.95–7.49 (6H, m
aromatic), 6.53 (d, 1H,J= 15.9 Hz, olefinic H), 5.00 (br. d, 1H, NH), 4.58 (m, 1H,
NH-CH), 4.30 (br. quartet, 4H, CH2s), 3.11 (m, 2H, benzyl CH2), 1.39 (br. s, 9H,
t-BOC methyls), 1.34 (t, 6H,J=6.5 Hz, methyls). From 536 mg of this compound,
O-caffeoyltyrosine was obtained for a total yield of 245 mg (81%). Proton NMR
spectra were obtained on an Advance DPX 200 Bruker NMR spectrometer at
200 MHz.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP283-346652 October 13, 2001 19:6 Style file version Nov. 19th, 1999

CASSAVA MEALYBUG KAIROMONE 2207

Isolation and Identification of O-Caffeoylserine in Cassava Mealybug.Adult
females (2.4 g) were crushed in 5 ml of 70% ethanol. After 8 hr at 10◦C, the extract
was centrifuged at 21,000g for 3 min, and the aqueous supernatant was washed
twice with chloroform to remove lipids. The lyophilisate of the supernatant was
suspended in 500µl of 70% ethanol and banded on to a reverse-phase TLC plate
(RP-18, F254s, pre-coated sheet 20× 20 cm, Merck), developed with acetonitrile–
water (50 : 50), and visualized using UV at 254 nm. Two bands withRf values
of 0.75 and 0.69 (shown to contain the putativeO-caffeoylserine by autoanalysis)
were recovered by scraping the plate and extraction in 70% ethanol. After 8 hr at
10◦C and centrifugation in 21,000g for 3 min, the supernatants were lyophilized.
The lyophilisate was suspended in 70% ethanol and submitted to the same TLC
purification as above, but developed inn-butanol–2-propanol–water (60 : 20 : 20).
Three bands withRf = 0.81, 0.73, and 0.67 (shown to contain the putative
O-caffeoylserine by autoanalysis) were recovered as above, let stand at 10◦C for
8 hr, centrifuged, and lyophilized. A mixture of compounds including the putative
O-caffeoylserine remained in the extract. It was not possible to repeat this TLC
purification because the putativeO-caffeoylserine disappeared, probably due to
hydrolysis.

The compound was first identified by LC-MS from a portion of the extract.
LC-MS experiments were performed on a Finnigan TSQ 700 under atmospheric
pressure chemical ionization (APCI) as described elsewhere (Renukappa et al.,
1999). In this case, a reversed-phase column (Grom-Sil 120 ODS-5, 250×4.4 mm,
5µm, Grom, Germany) was used. Separation was achieved by using 0.1% aqueous
trifluoroacetic acid in a linear gradient of 5–100% with acetonitrile over 35 min
and a constant flow of 0.1ml/min.

In the second part, known quantities of the syntheticO-caffeoylserine were
analyzed, alone or added to the remaining extract, by HPLC and autoanalysis.
Samples were analyzed by RP18-HPLC by using the Pico-Tag method from Waters
after amino acid derivatization with phenyl isothiocyanate (PITC). The compounds
were identified by their retention time and quantified by their UV absorption at
240 nm.

Samples were submitted also to ion-exchange chromatography on an au-
tomatic amino acid analyzer (Beckmann 6300). Amino acids were detected by
ninhydrin reaction, identified by their retention time and wavelength ratio, and
quantified by their absorption at 570 nm.

Determination ofO-Caffeoylserine as Host-Location Kairomone.To verify
that O-caffeoylserine is present on the body surface ofP. herreni, 500 adult fe-
males (representing about 500 mg of total fresh weight) without prior maceration
were soaked in 500µl of aqueous 70% ethanol for a final proportion equiva-
lent to 1µl of extract per individual. Insects without wounds were used, and the
suspension was not stirred to limit leaching of internal insect constituents. The
suspension was left at 10◦C for five days. An aliquot of 100µl was collected
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each day and dried for autoanalysis of amino acids. This experiment was run in
triplicate.

To confirm the function ofO-caffeoylserine as a contact kairomone, 100
mealybugs were soaked in 100µl of 70% aqueous ethanol at 10◦C for three days,
pipetted, and used for bioassay. The same experiment was done with pure hexane
and bioassayed as a negative control. Because the ethanolic suspension also con-
tained free amino acids, a solution duplicating the composition and concentration
of these compounds was also bioassayed. The natural host (i.e., adult female of
P. herreni) was bioassayed as the positive control. SyntheticO-caffeoylserine was
bioassayed at several concentrations to confirm its function of as a host-location
kairomone for mealybug parasitoids.

Bioassays.Wasps initially investigate mealybugs by palpating with their an-
tennae as they walk from one edge of the mealybug body to the other. They then
turn≈90◦ and repeat this behavior one or more times. This behavior, previously
observed in several Aphelinidae species, has been termed “drumming and turning”
by Luck et al. (1982). After drumming and turning,A. vexansandA. coccoisinsert
their ovipositors inside the host body in most cases, indicating that this behavioral
event characterizes their host location. Therefore, the number of drummings and
turns was recorded for each wasp observed in the following experiments. The
bioassay was conducted on mealybugs or on treated cotton balls, which mimic the
mealybug body. For cotton balls, 1µl of test solution was pipetted onto cotton
balls approx. 2.0 mm diameter. One insect or treated cotton ball was placed inside a
single glass vial bioassay arena (5 mm diam.× 10 mm high), and for treated cotton
balls the solvent was allowed to evaporate. One gravid female was added, and the
vial was sealed with a cotton plug. Wasp behavior was observed for 15 min with
a 6× dissecting microscope. Bioassays were conducted in the same greenhouse
where the parasitoids were reared, between 1000 and 1500 hr at 25–35◦C. The
natural host (adult females ofP. herreni) and several solutions were bioassayed as
described above.

Five replicate trials of five wasps were bioassayed, with new insects or fresh
cotton balls prepared for each trial. Wasps were used only once. The propor-
tion of total drummings and turns on each mealybug or cotton ball was calcu-
lated and analyzed by ANOVA after applying

√
(X + 1) transformation. Fisher’s

(protected least significant difference PLSD) test was used following ANOVA to
compare means. Statistical tests were performed with Statview software (Abacus
Concept).

RESULTS

Identification ofO-Caffeoylserine in Cassava Mealybug.LC-MS analysis of
P. herreniextracts revealed a compound with a molecular weight of 268.3 (M+H)+,
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close to that calculated from the formula ofO-caffeoylserine, corresponding to
C12H13NO6, which is 267.2.

To confirm the identity ofO-caffeoylserine inP. herreniextracts, the com-
pound was synthesized according to the method of Millar and Hare (1993), which
was used to synthesize another ester,O-caffeoyltyrosine. The proton NMRs
(CD3OD) of the two synthetic esters were readily interpreted.

For theO-caffeoylserine, we obtained: 7.43 (d, 1H,J= 15.9 Hz, olefinic H),
6.78–7.06 (3H, m aromatic), 6.29 (d, 1H,J = 15.8 Hz, olefinic H), 5.09 (br s,
1H), 4.10 (m, 1H), 3.79 (q,J= 11.1 Hz, 2H). Except for protons lost in exchange
in CD3OD, these NMR data corresponded to those obtained by Lin et al. (1999),
confirming the synthesis of this ester.

For theO-caffeoyltyrosine, we obtained: 7.77 (d, 1H,J= 15.9 Hz, olefinic H
β to carbonyl), 7.41 (d, 2H,J= 8.54 Hz, aromatic H, tyrosine), 7.04–7.19 (4H, m
from aromatic H of tyrosine and caffeic acid), 6.84 (d, 1H,J= 8.14 Hz, meta H,
caffeic acid), 6.50 (d, 1H,J= 15.83 Hz, olefinic Hα to carbonyl), 3.82 (dd, 1H,
J= 9.1, 4.24 Hz, CHNH2), 3.35 (dd, 1H,J= 14.12, 4.10 Hz, benzylic H), 3.04
(dd, 1H,J = 14.5, 9.1 Hz, benzylic H). These NMR data corresponded to those
obtained by Millar and Hare (1993), validating the synthesis method.

The retention time of syntheticO-caffeoylserine on a reverse-phase HPLC
column matched that of the peak at 18.9 min from theP. herreniextract. This peak
increased in area when theP. herreniextract was augmented with 0.4 nmol of
syntheticO-caffeoylserine (Figure 2).

The retention time of syntheticO-caffeoylserine on an ion-exchange col-
umn also matched that of the compound isolated fromP. herreni(chromatograms
not shown). This result, together with RP-HPLC data, confirms the identifiyO-
caffeoylserine inP. herreniextracts.

Determination ofO-Caffeoylserine as Host-Location Kairomone.When
mealybugs were soaked in 70% ethanol without prior maceration and submitted
to autoanalysis, theO-caffeoylserine amounted to 0.026 nmol/mg (approx. 0.03
nmol/mg) or 5.2% (in moles) (Table 1). Compared to the other nitrogenous com-
pounds analyzed, this was not major. Alanine and glutamic acid were much better
represented among the compounds analyzed, at 28.4 and 17.1% (in moles), re-
spectively. Furthermore, this concentration ofO-caffeoylserine was the maximum
possible when mealybugs were soaked in 70% aqueous ethanol. In fact, this con-
centration varied over time (Figure 3) from a minimum of 0.011± 0.002 nmol/mg
(mean± SE,N = 3) on day 1 to a maximum of 0.032± 0.002 nmol/mg on day 3
and declining to 0.027± 0.004 nmol/mg on day 5, probably due to hydrolysis.

The fresh weight of an adult female is about 1 mg on CMC 40. According to
the extraction proportion, 1µl of extract was obtained per individual or per 1 mg
of fresh weight. Therefore, 0.03 nmol/mg is equivalent to 0.03 nmol/µl. Synthetic
O-caffeoylserine was bioassayed based on this concentration (at 0.03 nmol/µl and
10 times higher or 2, 4, or 8 times lower).
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FIG. 2. HPLC chromatograms of (A) the syntheticO-caffeoylserine alone (at 2 nmol/10µl);
(B) an extract ofP. herrenishowing the unknown peak at 18.9 min; and (C) the same extract
analyzed in (B) augmented with 0.4 nmol of syntheticO-caffeoylserine.
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TABLE 1. CONTENT AND COMPOSITION OFFREE

NITROGENOUSCOMPOUNDS INMEALYBUGS

Free nitrogenous Concentration
compounds (pmol/1 mg) % (mol)

Asp 30± 5 5.9± 0.05
Thr 14± 2 2.9± 0.86
Ser 20± 5 3.9± 0.25
Asn 8± 2 1.5± 0.05
Glu 86± 25 17.1± 1.80
Gln 13± 4 2.6± 0.40
Pro 24± 5 4.7± 0.10
Gly 34± 7 6.7± 0.11
Ala 143± 14 28.4± 2.41
Val 19± 2 3.8± 0.30
Met 9± 1 1.8± 0.10
Ile 7± 1 1.4± 0.09
Leu 8± 1 1.6± 0.03
Tyr 13± 2 2.7± 0.20
Phe 2± 1 0.3± 0.03
O-Caffeoylserine 26± 7 5.2± 0.36
Try 22± 6 4.4± 0.30
Orn 2± 1 0.3± 0.07
Lys 4± 2 0.7± 0.02
His 11± 4 2.1± 0.44
Arg 11± 4 2.0± 0.45

aValues are (mean± SE,N = 3).

FIG. 3. Concentration ofO-caffeoylserine in extracts from mealybugs (mean±SE,N = 3)
soaked without prior maceration in 70% ethanol as a function of time at 10◦C.
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For both parasitoid species, the extracts from mealybugs soaked in 70%
ethanol were significantly more stimulating for host location than those in hexane
(Figure 4), but no oviposition probing was observed. Moreover, these ethanolic
extracts showed similar host-location stimulations whenP. herreni was bioas-
sayed. No stimulation was noted with ethanol alone, suggesting that the mediation
of host location was in fact due to compound(s) present in ethanolic extracts of

FIG. 4. Percent drums and turns observed forA. coccois(A) andA. vexans(B) onP. herreni
and on cotton balls treated with solvent alone (hexane or 70% aqueous ethanol), extracts
from mealybugs suspended without prior maceration in hexane or in 70% ethanol, or a
mixture of free amino acids using the same concentration and composition as in Table 1.
Bars indicate the mean (±SE; five trials with five wasps each). Means with the same letter are
not significantly different at 5% level (Fisher’s PLSD test following the ANOVA,P< 0.05).
No statistical comparison was possible for means= 0%.
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P. herreniand well solubilized in 70% aqueous ethanol. A mixture of free amino
acids, similar in concentration and composition to the one obtained in Table 1,
showed no stimulating effects as compared to the extracts ofP. herreniin ethanol,
indicating the presence of other compound(s) in the extracts, different from free
amino acids, that have a stimulatory function for host location byA. coccoisand
A. vexans.

Among the concentrations inO-caffeoylserine tested, 0.03 nmol/µl was
highly attractive forA. coccois(Figure 5A). Nevertheless, no difference was found
between 0.03 and 0.015 nmol/µl. After removing the carbonate-protecting groups

FIG. 5. Percent of drums and turns observed forA. coccois(A) andA. vexans(B) on cotton
balls treated with syntheticO-caffeoylserine at several concentrations or with mixture of
serine and caffeic acid at 0.03 nmol/µl each compound. Bars indicate the mean (±SE; five
trials with five wasps each). Means with the same letter are not significantly different at
5% level (Fisher’s PLSD test following the ANOVA,P < 0.05, except forA. vexans(B),
P> 0.05 for ANOVA). No statistical comparison was possible for means= 0%.
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(ultimate phase in Figure 1), using Millar and Hare’s (1993) synthesis method,
there is inevitably a partial ester cleavage, resulting in the presence of free serine
and caffeic acid in the syntheticO-caffeoylserine solution. Therefore, a mixture
of these compounds was also bioassayed at 0.03 nmol/µl, i.e., at the same con-
centration ofO-caffeoylserine where the wasps responded better (Figure 5). It
appeared that theA. coccoisfemale wasps were less stimulated by the hydroly-
sis products of theO-caffeoylserine (caffeic acid and serine) confirming that the
ester,O-caffeoylserine, is the biologically active compound. Moreover, for this
parasitoid species, the ester also induced oviposition probing because 24% (i.e.,
6 of the 25) of the wasps bioassayed at 0.03 nmol/µl of O-caffeoylserine probed
the cotton ball with their ovipositor. Oviposition probing was not observed with
the other concentrations ofO-caffeoylserine tested.

SyntheticO-caffeoylserine at 0.03 nmol/µl elicited more drumming and turn-
ing ofA. vexans, but differences were not observed among the concentrations tested
(Figure 5B,P = 0.0547 for ANOVA), indicating no dosage-dependent response
in this parasitoid species. Nevertheless,O-caffeoylserine did induce a stimulating
effect in this parasitoid species at 0.03 nmol/µl because the wasps exhibited sig-
nificantly higher drummings and turns than when the solvent alone or the mixture
of serine and caffeic acid were bioassayed.

DISCUSSION

The identification ofO-caffeoylserine inP. herreniwas confirmed. To our
knowledge, this represents the first report ofO-caffeoylserine isolated from bio-
logical material, although this ester was recently synthesized by Lin et al. (1999).
Without prior maceration,O-caffeoylserine amounted to approx. 0.03 nmol/mg
of mealybug fresh weight, representing 5.2% (in moles) of the nitrogenous com-
pounds analyzed (Table 1). Although it can be assumed that the procedure used
(i.e., soaking the mealybugs in 70% ethanol for three days at 10◦C) is sufficient
to leach out a number of internal insect constituents, some arguments support
the fact that the method tends to dissolve surface rather than internal constituents
and thatO-caffeoylserine should, in fact, amount to 0.03 nmol/mg on the body
surface ofP. herrenifemales in the adult developmental stage. First, when mealy-
bugs were crushed,O-caffeoylserine amounted to about 9.5 nmol/mg of mealy-
bug fresh weight, i.e., approx. 916 times higher, being much more concentrated
than that obtained without maceration. Furthermore, when whole insects were
soaked in ethanol, the concentration ofO-caffeoylserine reached a maximum at
three days and was three times higher than on day 1 (Figure 3). If the proce-
dure were efficient in leaching out internal insect constituents, the concentration
would increase much more than three times based on the internal concentration
of O-caffeoylserine mentioned above. Figure 5 shows that both parasitoid species
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responded better to 0.03 nmol/µl of O-caffeoylserine. This concentration, equiv-
alent to 0.03 nmol/mg of mealybug fresh weight, is similar to that found when
mealybugs were soaked in 70% ethanol for three days at 10◦C. Given the fact
that higher biological activity was obtained at this concentration and that it is the
maximum that can be extracted by soaking unmacerated insects in ethanol, we
suggest thatO-caffeoylserine amounts 0.03 nmol/mg on the body surface of adult
P. herrenifemales.

The presence of free amino acids in the sample supports the idea that some in-
ternal constituents can be leached out as well (Table 1). However, this is more likely
due to honeydew secretions containing free amino acids that could stick to the body
surface of neighboring mealybugs, given their proximity under mass-rearing con-
ditions.O-Caffeoylserine was not found in the honeydew secretion ofP. herreni.

Using several concentrations of syntheticO-caffeoylserine, it was confirmed
that this compound influences host-location behavior of two parasitoid species
of the cassava mealybug:A. coccoisandA. vexans. Perhaps because of its gen-
eralist nature, this was more clearly shown withA. coccoisdue to the fact that
the dosage-dependent response was well observed, with higher biological activ-
ity at 0.03 nmol/µl (Figure 5A). Although no such response was observed for
A. vexans, O-caffeoylserine also was stimulatory at 0.03 nmol/µl (Figure 5B).
In conclusion, for both parasitoid species, 0.03 nmol/µl is the concentration of
O-caffeoylserine that induces more drummings and turns of wasps (approx. 40%
of relative response among the concentrations bioassayed, Figure 5). This con-
centration, equivalent to 0.03 nmol/mg, is similar, to what can be extracted from
the body surface of mealybugs, induces significant drummings and turns (approx.
40% of relative response as compared to the natural host, Figure 4), and indi-
cates that syntheticO-caffeoylserine is as active as the chemical isolated from the
body surface. All these results are consistent withO-caffeoylserine being a con-
tact kairomone that mediates host-location behavior by the two cassava mealybug
parasitoids.

Except forA. coccoisat 0.03 nmol/µl of O-caffeoylserine, oviposition prob-
ing was not observed with any of the extracts bioassayed, regardless of parasitoid
species. It may be that the female wasp behavior for oviposition probing is influ-
enced by other factors such as color and texture of the mealybug body. In fact,
in preliminary experiments we observed that for both parasitoid species, texture
influenced wasp behavior for host location more than color (Calatayud, unpub-
lished data). Some wasps inserted their ovipositor inside the untreated cotton plug,
whereas oviposition probing was not observed with the treated cotton ball inside
the glass vial. This was probably due to the fact that the cotton plug was more
compact than the cotton ball, suggesting that a good combination between the
concentration ofO-caffeoylserine and texture could enhance oviposition probings.
Unfortunately, increasing the pressed texture of the cotton ball was not possible
given its size.
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O-Caffeoylserine is not provided directly by the host plant; it is either syn-
thesized by the insect itself or with the help of symbiotic bacteria. In fact, it was
detected in adult mealybugs reared on holidic diets at 14.9 nmol/mg fresh weight,
a higher level than in plant-reared mealybugs (about 9.5 nmol/mg), but not for ex-
tracts of host plant (Manihot esculenta) leaves. Nevertheless, enzymes commonly
involved in the synthesis of phenolic compounds in plants such as phenylalanine or
tyrosine ammonia-lyase were not evidenced inP. herreni(Calatayud, unpublished
data).

The physiological role ofO-caffeoylserine in the cassava mealybug is not
clear. The caffeic acid moiety, as suggested by Hare et al. (1993) forO-caffeo-
yltyrosine, could be a precursor of the quinone compound involved in cuticle
sclerotization and tanning. The serine moiety could be a precursor of the bris-
tle (serine polymer) in the ovisacs. The fact that this phenolic compound is
present in higher concentration in eggs (at about 26.4 nmol/mg) than in adult
females suggests that it may also have a protective function (e.g., antibacterial
or antiviral activity) in the insect. All these hypotheses need to be demonstrated
explicitly.
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Abstract—Host location cues for parasitic wasps that attack bark beetle lar-
vae concealed under the bark of spruce trees were analyzed by collecting odor
samples from entrance holes into the bark beetle galleries, isolated larvae, and
pupal chambers with or without bark beetle larvae. Odor samples were col-
lected by dynamic headspace adsorptions on Porapak Q or static adsorptions by
using solid-phase microextraction (SPME) with Carbowax–divinylbenzene as
the adsorbing phase. Samples were analyzed by coupled gas chromatographic–
electroantennographic detection (GC-EAD) and GC-mass spectrometry (GC-
MS). The antennae ofRhopalicus tutelafemales responded primarily to oxy-
genated monoterpenes that are typical for damaged host trees. These compounds
are attractive to bark beetle parasitoids in long-range host location, suggesting
that they are used in both long- and short-range host location. No differences
could be detected between samples collected from pupal chambers with or with-
out mature larvae. Larvae outside pupal chambers emitted low quantities of the
same compounds present in empty pupal chambers. The data support the hypoth-
esis that volatiles used by host foraging parasitoids arise from the interaction
between introduced microorganisms and the bark and/or vascular tissue of the
host tree rather than from the bark beetle larvae.

Key Words—Rhopalicus tutela, Hymenoptera, Pteromalidae, host location,
oxygenated monoterpenes,Ips typographus, Coleoptera, Scolytidae, bark beetle.

INTRODUCTION

By definition, parasitoids are insects that spend their immature stages feeding
on the tissues of other arthropods that are eventually killed. Parasitoids occurs in
several insect orders, although the vast majority are hymenopterans (e.g., Quicke,

1Present address: Max-Planck Institute for Chemical Ecology, Carl Zeiss Promenade 10, D-07745
Jena, Germany. E-mail: Pettersson@ice.mpg.de
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1997). The chalcid parasitoidRhopalicus tutela(Walker) (Hymenoptera: Ptero-
malidae) oviposits on coniferous bark beetles, like the aggressiveIps typographus
L. (Coleoptera: Scolytidae). In Sweden,I. typographuskills large numbers of its
principal host Norway spruce (Picea abiesL. Karst.) during outbreaks (Krol and
Bakke, 1986; Leufv´en and Nehls, 1986; Krokene and Solheim, 1996). As for most
hymenopteran parasitoids attacking bark beetles, a mature larva in a pupal chamber
in the bark of the host tree is the preferred host stage (Berisford, 1980).Rhopalicus
tutela oviposits through the bark, thus detecting the larvae without any obvious
visual cues.

Several hypotheses have been proposed for close-range host location mech-
anisms of parasitoids ovipositing through the bark. Vibrational cues do not seem
to be necessary, since oviposition byR. tutelaon I. typographuswas not disrupted
by killing or removing host larvae (Mills et al., 1991). This is further supported
by similar results from the braconid parasitoidCoeloides brunneri(Richerson and
Borden, 1972). Infrared radiation (heat) also does not seem to be a necessary cue
for Coeloides bostrychorumandR. tutelain locating their bark beetle hosts (Mills
et al., 1991; Pettersson et al., 2001b). Because volatiles derived from bark beetle-
infested spruce logs containing susceptible hosts elicit both antennal activity and
long-range attraction to parasitoids (Pettersson et al., 2000, 2001a, b), the same
chemicals may be important in short-range host location.

During host foraging, hymenopteran parasitoids commonly use semiochem-
icals emitted by the host itself, sources indirectly associated with the presence of
the host (e.g., microorganisms), or the host habitat (Madden 1968; Vinson, 1986;
Godfray, 1994; Rutledge, 1996). Successful parasitism depends on appropriate
habitat identification, i.e., long-range host location (host habitat location), fol-
lowed by short-range host location that includes host location, host acceptance,
host suitability assessment, and host regulation (Vinson et al., 1998). Parasitoids
may use different semiochemicals emitted from differnt sources at various stages of
the host-selection process. In general, host habitat cues are most important at long
distances, while host insect cues are more important at short distances (Weseloh,
1981).

The objectives of this study were to indentify volatile cues of potential use in
short-range host location by bark beetle parasitoids, locate the source emitting these
compounds, and evaluate the potential of solid-phase microextraction (SPME) as a
sampling technique in gas chromatographic-electroantennographic detection (GC-
EAD) analysis of volatile compounds from bark beetle infested spruce trees.

METHODS AND MATERIALS

Experimental Insects.Logs cut from five approximately 90-year-old spruce
trees infested with bark beetle larvae (I. typographus) parasitized byRhopalicus
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tutelaandRoptrocerus xylophagorumwere collected in southern Sweden in the
province of Sm˚aland (58◦50′N, 16◦20′E). Cut ends were sealed with paraffin.
The logs were wrapped in paper sacs and stored at 3◦C. When parasitoids or
bark beetles were needed, logs were brought to a temperate (20◦C) rearing room.
Emerged parasitoids and bark beetles were collected daily and kept separated in
humidified flasks at 8◦C. Parasitoids used in experiments had not had any pre-
vious contact with susceptible bark beetle hosts (in experienced parasitoids).
In plastic cages, controlled bark beetle attacks were initiated on spruce logs
(ca. 20 cm diam., 100 cm long) with the cut ends sealed with paraffin to pre-
vent desiccation. Mature larvae in pupal chambers (the preferred host stage of
the parasitoid) were abundant 22–29 days after attack (at ca. 18◦C, laboratory
conditions).

Sampling of Volatile Compounds.Volatile compounds were collected from
entrance holes into the bark beetle galleries, larvae were separated from their pupal
chambers (25 individuals/sample in a 40-ml glass container), and pupal chambers,
with or without mature larvae, were exposed by removing thin layers of the bark.
Sampling was performed by using dynamic headspace aeration on a Porapak Q
adsorbent or passive diffusion by SPME (Pawliszyn, 1997). Biologically active
compounds were isolated by coupled GC-EAD and identified by GC-mass spec-
trometry (GC-MS).

Dynamic headspace Porapak-samples were collected from individual sample
sites on logs into small Teflon cylinders (ID 4 mm, 5 mm high) directly connected
to the Porapak Q adsorbent (75 mg, mesh 80/100, Alltech) packed into Teflon tubes
(3 mm ID, 4 cm long). Air was drawn onto the adsorbents for 12 hr (80 ml/min)
by a pump. Adsorption for 2–3 hr resulted in samples that had to be concentrated
(>30 times) to be useful in GC-EAD analysis. Adsorption samples were extracted
with diethyl ether (Puriss p.a., Fluka) to a volume of 300µl. One microliter of
each sample was injected on the GC-EAD, approximately corresponding to the
amount of volatiles released during 2.4 min of sampling [(12 hr× 60 min)/300µl].
Samples used in GC-MS analysis (identification and quantification) were spiked
with an internal standard (heptyl acetate, 5 ng/µl eluted sample).

SPME samples were collected during 45 min. Sampling for a longer time
did not yield stronger samples, and sampling for shorter durations captured lower
quantities of monoterpenes. Carbowax-divinylbenzene, 65µm (Supelco, Inc.),
was chosen as the fiber adsorption phase, as it is similar to the GC-column phase
used (Cp-Wax 58 CB), which is suitable for oxygenated (polar) compounds. The
fiber was conditioned in the GC injector (230◦C) for 1 min before sampling.
Sample sites on logs were covered by a small Teflon cylinder (10 mm ID, 15
mm high) equipped with two small openings that enabled simultaneous sampling
by two fibers from one site (Figure 1), giving identical samples for both GC-MS
and GC-EAD analyses. An external standard (5 ng heptyl acetate) was used for
quantification of the GC-MS samples.
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FIG. 1. Teflon cylinder (10 mm ID, 15 mm
high) used for SPME sampling with two
holes allowing simultaneous sampling by two
SPME fibers (one shown in the right hole).
Illustration by Claes Johansson.

Chemical Analysis.Eight samples were analyzed for each volatile collection
technique. A Hewlett-Packard 5890 series II GC and 5972 MSD was equipped
with a fused silica column (25 m× 0.25 mm) coated with polyethylene glycol
nitroterephthalic acid ester (Cp-Wax 58 CB, film thickness 0.2µm, Chrompack).
The carrier gas was helium with a constant flow of 27 cm/sec. One microliter
of a Porapak Q sample was injected by using a HP 7673 autosampler. Injector
temperature was 210◦C, and the splitter was off for 0.5 min; thereafter, it was split
with a purge flow of 30 ml/min. SPME samples were injected manually with the
injector temperature set at 230◦C and with the fiber left in the injector for 20 sec.
The GC oven temperature program was: 30◦C for 2 min, 10◦/min to 230◦C, and
isothermal for 8 min. The GC-MS transfer line temperature was 240◦C. Com-
pounds were identified by mass spectral matches to library spectra (NBS75K,
obtained by authentic standards analyzed on the same GC-MS equipment as used
in this investigation) and by retention time matches to available known standards.
Compounds were quantified by their total ion abundance relative to that of the
internal standard (5 ng/µl of Porapak samples). When comparing the sampling
techniques, the detection limit for each compound was set to 0.8 ng/sample. Data
were square-root transformed to obtain homogeneity in variance and analyzed by
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one-way ANOVA,α = 0.05 (Underwood, 1997), followed by apost hocTukey
test (Sigma Stat 2.03, SPSS Inc.).

Electrophysiology.GC-EAD analyses employed a Shimadzu 14A gas chro-
matograph equipped with the same type of column as in GC-MS analysis (Cp-Wax
58 CB). The SPME samples were injected as above, while the Porapak Q samples
were injected manually with the injector temperature set at 200◦C. Nitrogen was
used as carrier gas, with a flow-rate of 12 cm/sec (at 175◦C), and the detector
temperature at 230◦C. The GC oven temperature program was 30◦C for 2 min,
then 8◦/min to 200◦C, 30◦/min to 230◦C, and isothermal for 3.8 min. Further de-
tails on this GC-EAD equipment are given in Pettersson et al. (2001b). For details
of the EAD setup with parasitoid antennae, see Pettersson et al. (2000). TheR.
tutelaparasitoids used for GC-EAD were 1–16 days old, and each individual was
used for only one recording. Ten females were used for the Porapak-samples,
and 11 females were exposed to the SPME samples. Before and after the GC-
EAD recordings, the responsiveness of each antenna was evaluated by a control
electroantennogram (EAG), as described in Pettersson et al. (2000, 2001b). A
Kolmogorov-Smirnov normality test (Sigma Stat 2.03, SPSS Inc.) showed that
the data met the requirements for parametrical statistics. EAD responses to com-
pounds sampled by different sampling techniques were compared by a one-way
ANOVA, α = 0.05 (Underwood, 1997), followed by apost hocTukey test (Sigma
Stat 2.03, SPSS Inc.).

RESULTS

Oxygenated monoterpenes of damaged conifers constituted the major group
of EAD-active compounds, in both Porapak and SPME samples (Figure 2). Most
compounds elicited antennal responses of the same magnitude, irrespective of the
sampling method (Figure 3). There was no apparent qualitative difference between
the sampling methods. However, the methods differed quantitatively since Porapak
samples contained more compounds in greater amounts (>0.8 ng/single sample)
than the SPME samples (Table 1, Figure 4). Inexplicably, some compounds elicited
different EAD activities in response to Porapak and SPME samples, respectively
(Figure 3), although no quantitative difference was detected between the sampling
methods (Table 1). Samples taken from entrance holes were weaker than samples
from pupal chambers (Figure 4) but did not differ qualitatively. Samples from single
bark beetle larvae contained no detectable compounds. Samples taken from 25
pooled larvae contained only hexanal and acetic acid in amounts>0.8 ng/sample;
these and all other detected compounds were also found in samples from pupal
chambers, with or without larvae. In samples from pupal chambers, onlyα-pinene,
β-pinene, and 3-carene were captured in significantly lower amounts by SPME
than by Porapak Q (Table 1).
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FIG. 2. Representative GC-EAD recordings on femaleRhopalicus tutelaexposed to odor
samples from a pupal chamber with bark beetle larva. The Porapak Q-sample was spiked
with 5 ng heptyl acetate (IS) for quantification. The double peaks (α-P andβ-P) observed in
the early MT region of the SPME sample are due to the injector used. Sample compositions
are given in Table 1; EAD-active compounds are given in Figure 3. EAG= antennal
stimulation by standardized EAG tests indicated by a syringe icon; MT= monoterpenes;
OxMT = oxygenated monoterpenes;α-P= α-pinene;β-P= β-pinene; Lm= limonene;
p-C= p-cymene; Fe= fenchone; Cm= camphor; T4= terpinen-4-ol;α-T = α-terpineol.

DISCUSSION

Most antennal active compounds were oxygenated monoterpenes (Figure 2),
indicating damaged spruce trees (Leufv´en and Birgersson, 1987), in agreement
with previous analyses of volatiles from whole bark beetle infested logs (Pettersson
et al., 2000, 2001a). These compounds are also behaviorally active in Y-tube
(Sullivan et al., 2000; Pettersson, 2001) and wind-tunnel bioassays (Pettersson et al.
2001a) with bark beetle parasitoids. Although some other parasitoids employ dif-
ferent chemical host location cues at long- and short-range host foraging (Weseloh,
1981), bark beetle parasitoids seems to rely on the same volatile compounds. How-
ever, olfaction is probably not the only sensory modality employed in short-range
host location. Although metabolic heat or vibrations produced by the host have
been ruled out as host location cues (Mills et al., 1991; Pettersson et al., 2001b)
for C. bostrichorumand R. tutelaovipositing through the bark on bark beetle
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FIG. 3. Mean EAD responses by femaleRhopalicus tutelato odor samples collected
from pupal chambers with bark beetle larvae using either Porapak Q (N = 10), or SPME
(N = 11). Compounds are arranged in order of retention time. [+] = Minor quantities of
another compound coeluted on the GC-column: fenchone+ nonanal; camphor+ pinocam-
phone; fenchol+ bornyl acetate;α-terpineol+ borneol. SqT= sesquiterpene; OxMT=
oxygenated monoterpene; Bp= base peak, the most abundant ion fragment of the mass
spectrum.∗P < 0.05; ∗∗P < 0.01; the absence of asterisks indicates that no difference in
EAD response was detected (P > 0.05).

larvae, vibrations produced by the parasitoid itself may be used in host foraging.
The pupal parasitoidPimpla turionellaeL. (Hym.: Ichneumonidae), which attacks
various lepidopterans, such asGalleria mellonella,Pieris brassicae, andLymantria
dispar, may locate its concealed host by self-produced vibrations (W¨ackers et al.,
1998), although wind and other factors complicate the interpretation of vibratory
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FIG. 4. Volatile samples, collected by Porapak Q or SPME from pupal chambers with or
without bark beetle larvae, isolated larvae, and entrance holes into the bark beetle galleries.
MT = monoterpenes; IS= 5 ng internal standard, heptyl acetate; OxMT= oxygenated
monoterpenes; BHT butylated hydroxytoulene (ether stabilizer).
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information (Casas et al., 1998). Other possible close-range host location cues
may be chemicals of low volatility requiring contact. While host foraging on
the bark surface of trees containing bark beetle larvae, a parasitoid would possi-
bly detect low-volatility compounds by chemoreceptors on the antennae, mouth

TABLE 1. ODOR SAMPLES USED IN GC-EAD ANALYSIS COLLECTED BY PORAPAK AND

SPME-SAMPLING METHODS FROMPUPAL CHAMBERS WITH BARK BEETLE LARVAE

(C+ L) OR WITHOUT BARKBEETLE LARVAE (C)a

Mean abundancec (ng)± SE

Compoundb Porapak C+ L Porapak C SPME C+ L

α-Pinene 34± 8.7 24± 12 ∗ 2.7± 1.5
α-Fenchene 1.8± 1.5 0.7± 1.4 <

Camphene 4.0± 1.2 2.9± 1.6 <

β-Pinene 15± 7.4 7.9± 4.5 ∗ 1.4± 1.5
Sabinene 0.6± 1.0 < <

3-Carene 4.9± 2.6 1.8± 1.2 ∗ 0.8± 1.2
β-Myrcene 1.8± 0.3 < 1.5± 1.3
Limonene 12± 5.0 7.5± 2.8 10± 6.6
β-Phellandrene 11± 7.4 8.7± 1.1 5.9± 1.4
p-Cymene 9.6± 4.1 6.2± 2.5 8.2± 4.0
α-Terpinolene 2.2± 1.9 0.6± 1.2 2.7± 2.2
Fenchone (+Nonanal) 0.5± 1.4 0.7± 1.4 0.6± 0.2
Linalool oxide 1.3± 2.2 1.4± 0.9 <

Acetic acid 0.6± 1.1 0.8± 0.9 <

1-methyl-4-(1-methylethenyl)-benzene 1.8± 1.1
Sqt [119; 105; 133] 1.4± 1.2 0.4± 0.7 1.3± 1.4
Sqt [105; 119; 204] 0.6± 1.1 < <

Camphor (+Pinocamphone) 21± 13.5 21± 5.0 19± 6.4
Benzaldehyde < < <

Isopinocamphone 19± 13.7 20± 7.3 22± 8.5
Sqt [161; 105; 133] 2.8± 2.4 0.8± 1.5 4.0± 1.7
Pinocarvone 5.3± 3.2 1.2± 1.3 2.8± 2.9
Fenchol+ Bornyl acetate 1.9± 1.6 0.4± 0.7 <

u.i. [107; 149; 91] 0.8± 1.3 0.4± 0.8
Terpinen-4-ol 40± 6.7 30± 11 33± 9.8
u.i. [93; 148; 133] 1.6± 1.4 0.5± 1.0
Myrtenal 2.8± 2.4 1.6± 1.1 1.8± 1.7
OxMT ketone [83; 95; 109] 2.2± 2.0 1.0± 1.2 1.2± 1.3
trans-Pinocarveol 5.7± 5.1 3.4± 2.1 5.4± 5.2
4-Allylanisole < < 0.2± 0.6
α-Terpineol (+Borneol) 21± 18.1 15± 4.7 22± 8.6
Verbenone 1.6± 1.4 < <

Stq+ Sqt 1.0± 1.6 0.6± 1.1 1.7± 1.1
δ-Cadinene 4.3± 3.8 1.6± 2.0 4.0± 1.9
u.i. [79; 91; 108] 1.6± 1.4 < <

Myrtenol 2.8± 2.7 1.4± 1.0 3.2± 1.6
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TABLE 1. CONTINUED

Mean abundancec (ng)± SE

Compoundb Porapak C+ L Porapak C SPME C+ L

Naphthalene 1.6± 1.6 0.4± 0.8 <

p-Cymen-8-ol 5.1± 4.6 3.2± 0.9 2.1± 1.4
u.i. [123; 67; 69] 0.8± 1.3 0.3± 0.6 <

u.i. [93; 121; 79] 3.3± 3.0 2.5± 0.6 <

aDifferences in compound concentration in different samples were analyzed by one-way ANOVA.
∗P < 0.05. The only differences detected were between Porapak and SPME sampling methods.
Compounds are arranged in order of retention time on the semipolar column used.

bu.i. unidentified compound with predominant ion fragments in brackets; Sqt Sesquiterpene;
OxMT oxygenated monoterpene.

cMean abundances calculated from eight samples per category, considering compounds more abundant
than 0.8 ng/sample; “<”, compounds less abundant than 0.8 ng in the samples were not considered
in the comparison of sampling methods.

parts, or tarsi (Slifer, 1970). Parasitoids probably detect differences in the con-
centration of compounds. The bark layer above a pupal chamber is thinner than
that above the rest of the bark beetle galleries. The thin bark layer could allow
compounds produced in the phloem to pass through readily, allowing for an in-
crease in release rate. Alternatively, it could result in lower release rates since
a thin phloem tissue would contain fewer microorganisms, which are the most
probable producers of compounds that attract parasitoids. An unidentified com-
pound has been isolated around the pupal chambers of the southern pine beetle
(Dendroctonus frontalis) in loblolly pine (Pinus taeda) (personal communica-
tion: G. Birgersson, G¨oteborg University; M. Dalusky, University of Georgia).
The release rate of this compound, as measured on the undamaged bark sur-
face, is high in the area surrounding an oviposition site (a pupal chamber) but
decreases at the oviposition site, suggesting that the phloem surrounding pupal
chambers emits greater amounts of compounds than the centers of the chambers.

Pupal chambers are the most likely source of host-finding volatiles for para-
sitoids since pupal chambers emitted larger quantities of volatiles but did not dif-
fer qualitatively from samples from entrance holes (Figure 4). However, Porapak
samples (using funnels, 2 cm ID) from undamaged bark of spruce trees con-
taining mature bark beetle larvae did not reveal any detectable difference in
volatile composition among oviposition sites and other sites (E. M. Pettersson
et al., unpublished data). The similarity in chemical composition and EAD ac-
tivity of samples from pupal chambers, compared to other analyses of bark bee-
tle associated volatiles (Pettersson et al., 2000, 2001a, b), indicates that the
volatile composition of the pupal chambers is not altered by the sampling
technique.
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Odor samples collected from bark beetle larvae did not reveal any com-
pound that was not also present in empty pupal chambers (Figure 4). Thus, these
compounds are most likely contaminants from the pupal chamber. Y-tube walk-
ing bioassays with the pteromalid bark beetle parasitoidRopalicus xylophagorum
showed that bark beetle larvae were not attractive unless they were in the host tree
bark, while infested bark deprived of bark beetle larvae was still attractive (Sullivan
et al., 2000). Bark subjected to mechanical damage was not attractive and differed
in chemical composition from bark beetle infested bark (Sullivan et al., 2000).

Infestation byIps typographusresults in microorganisms being inoculated
into host tree phloem (Krokene and Solheim, 1996). As the production of oxy-
genated monoterpenes increases drastically after an attack by bark beetles and
their associated microorganisms (Leufv´en and Birgersson, 1987), the compounds
attracting bark beetle parasitoids seem to arise from the interaction among bark bee-
tles, microorganisms, and the host tree. Interestingly, physiological changes in the
tree phloem polyphenolic parenchyma cells, three weeks after bark beetle attack,
(Franceschi et al., 2000) coincide with the presence of mature bark beetle larvae
susceptible to parasitation. At this time, a marked increase in the concentration of
camphor and certain other oxygenated compounds has been found (Pettersson, un-
published data) that elicits EAD activity inRhopalicus tutelaand other bark beetle
parasitoids (Pettersson et al., 2000, 2001a). It is possible that the phloem polyphe-
nolic parenchyma cells contribute to the increased production of oxygenated
monoterpenes.

Few EAD-active compounds elicited antennal responses of different mag-
nitude as a result of different sampling methods (Figure 3). Thus, both SPME
and Porapak sampling are useful in GC-EAD analysis of volatiles from bark
beetle infested spruce. The long duration of Porapak sampling did not affect
the samples significantly, as there was no apparent qualitative difference be-
tween the two sampling methods. The major advantage of the more elaborate
Porapak sampling is the large quantity of sample obtained, making it possi-
ble to identify compounds present at low levels. Furthermore, the same sample
can be used in both GC-MS and GC-EAD, facilitating identification of EAD-
active compounds. Several insects can be exposed to exactly the same sam-
ple, making it possible to detect compounds that elicit minor antennal activity.
One drawback of SPME sampling is that a sample can be used only once.

The results show that the volatiles used in host location by parasitoids at-
tacking bark beetle larvae arise from the host tree phloem, rather than from the
host itself. The host trees used were naturally inoculated with microorganisms,
which may play a role in the production of host location volatiles. The results
do not show how parasitoids could use volatile stimuli to pick out the oviposi-
tion sites directly above host larvae in pupal chambers. High-resolution sampling
around oviposition sites followed by quantitative analyses of the GC-EAD ac-
tive compounds may resolve this anomaly by disclosing differences in amounts
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of behaviorally active compounds that might be used in the precise location of host
larvae.
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Abstract—Feeding by Pieris brassicaecaterpillars on the lower leaves of
Brussels sprouts (Brassica oleraceavar.gemmifera) plants triggers the release
of volatiles from upper leaves. The volatiles are attractive for a natural antago-
nist of the herbivore, the parasitoidCotesia glomerata. Parasitoids are attracted
only if additional damage is inflicted on the systemically induced upper leaves
and only after at least three days of herbivore feeding on the lower leaves.
Upon termination of caterpillar feeding, the systemic signal is emitted for a
maximum of one more day. Systemic induction did not occur at low levels of
herbivore infestation. Systemically induced leaves emitted green leaf volatiles,
cyclic monoterpenoids, and sesquiterpenes. GC-MS profiles of systemically in-
duced and herbivore-infested leaves did not differ for most compounds, although
herbivore infested plants did emit higher amounts of green leaf volatiles. Emis-
sion of systemically induced volatiles in Brussels sprouts might function as an
induced defense that is activated only when needed, i.e., at the time of caterpillar
attack. This way, plants may adopt a flexible management of inducible defensive
resources to minimize costs of defense and to maximize fitness in response to
unpredictable herbivore attack.

Key Words—Tritrophic interactions, plant induced defense,Cotesia glomerata,
Pieris brassicae, Brassica oleracea, semiochemicals, pathways, volatiles.
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INTRODUCTION

Plants have evolved a range of defensive mechanisms to guard themselves
from the wide variety of pathogens and herbivores with which they are confronted.
Physiological changes in plants following damage or stress are generally referred
to as induced responses. These are named induced defenses when they reduce the
negative consequences in terms of plant fitness of the herbivore attack on plants
(Karban and Baldwin, 1997). Recent studies indicate that induced plant responses
effectively increase plant fitness in the field both by directly reducing herbivory
(Agrawal, 1998; Baldwin, 1998) or indirectly through enhanced parasitization,
resulting in increased herbivore mortality (Thaler, 1999). Chemical defenses of
plants against herbivorous insects are defined as direct defenses when they are
related to a systemic production of toxic metabolites and as indirect defenses when
they promote the effectiveness of natural enemies of herbivores (Dicke, 1999).

A well-documented inducible response related to direct defense in insects is
the so-called “wound response pathway,” in which wounding and/or insect feeding
trigger the induction of proteinase inhibitors in solanaceous plants (reviewed by,
e.g., Karban and Baldwin, 1997; Maleck and Dietrich, 1999). Inducible responses
related to indirect defenses have been known for about a decade. Feeding (e.g.,
Dicke and Sabelis, 1988; Turlings et al., 1990) and even oviposition (Meiners and
Hilker, 1997, 2000) by herbivores induce the emission of blends of plant volatiles
that are used by predators or parasitoids (parasitic wasps) as a cue to find their prey
or hosts. The importance of induced phytochemicals, such as plant volatiles, for
plant defense as well as the mechanisms that regulate their synthesis and release
are still poorly understood, however (Par´e and Tumlinson, 1999).

Induced responses to injury may be systemic, i.e., a signal produced at the
damaged site is transported throughout the plant, causing effects at sites distant
from the injury (Karban and Baldwin, 1997). In corn seedlings, the emissions
of several volatiles that are highly attractive to parasitic wasps occur a few hours
after caterpillars start damaging the plants. The response is systemic, as undamaged
leaves of injured plants also emit the volatiles (Turlings and Tumlinson, 1992).
Various studies indicate that the systemic responses induced by herbivore feeding
occur in several plant species and affect the behavior of predators and parasitoids
(Dicke et al., 1990; Potting et al., 1995; R¨ose et al., 1996, 1998; Souissi et al.,
1998; Guerrieri et al., 1999).

In this work, we report on the systemic response of Brussels sprouts plants
(Brassica oleraceavar. gemmifera; Brassicaceae) to feeding ofPieris brassicae
(Lepidoptera: Pieridae) caterpillars. In laboratory behavioral assays, the parasitic
waspCotesia glomerata(Hymenoptera: Braconidae) was used as a biological
sensor to determine the dynamics of the plant systemic response. In addition we
carried out GC-MS identification and quantification of the volatiles emitted by
induced plants.
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METHODS AND MATERIALS

Rearing Procedures

Brussels sprouts seedlings were individually transplanted into 400-ml pots
two weeks after they had been sowed on a commercially available mixture of
peat and clay (Optima-Werke, H. Gilgen, Germany). The substrate contained
400 mg/liter total nitrogen, 200 mg/liter phosphorus, 370 mg/liter potassium,
2200 mg/liter lime, and 0.32 mg/liter magnesium. Plants were reared in a walk-
in climate room under high pressure sodium lamps (4× 400 W, for a total of
10,000± 1000 lux) at 16◦C (night), 24◦C (day), 50–70% relative humidity, 16L :
8D photoperiod. Leaves from 8- to 10-week-old Brussels sprouts plants with five
to eight fully expanded leaves were used for experiments. Plants used were similar
with respect to appearance, size, and number of leaves. After treatment, they were
kept under the environmental conditions described above and transferred to the
bioassay room 30 min prior to the experiment.

Herbivores (P. brassicae) and parasitoids (C. glomerata) were reared as pre-
viously described (Gu and Dorn, 2000).P. brassicaelarvae were maintained on
Brussels sprouts plants, at 21± 1◦C, 50–70% relative humidity, and 16L : 8D pho-
toperiod.C. glomeratawere reared in a climate room at 15◦C, 90% relative hu-
midity, and a 16L : 8D photoperiod. For parasitization, first- or second-instars
of P. brassicaewere exposed to 4- to 10-day-old parasitoids for 15 min. This
method ensures the highest acceptance/rejection ratio (Brodeur and Geervliet,
1992) and decreases risk of multiparasitism. Parasitised hosts were subsequently
fed on an ample amount of Brussels sprouts plants and, after they reached the
fourth instar, on Savoy cabbage leaves (Brassica oleraceavar. sabauda). Upon
egression, parasitoid cocoons were separated from the remains of the host and
transferred into a Petri dish. Newly emerged adults were transferred into a nylon
gauze cage (30× 30× 30 cm) in groups of uniform age. For all experiments,
parasitoids had access to water and honey, and they were able to perform nor-
mal flight activities and to mate at random. Females were never exposed to
host larvae or plants before bioassay, and, therefore, they were considered
“naive.”

Behavioral Bioassay

Behavioral experiments were conducted in a Plexiglas wind tunnel that mea-
sured 150× 35× 35 cm. Air was pulled through the wind tunnel via an activated
charcoal filter (0.5 cm thick) at a wind speed of 26–30 cm/sec. The exhaust air was
vented outside the bioassay room. A smoke test was carried out to obtain laminar
airflow and to ensure that the release point of wasps was within the odor plume. A
light intensity of 750–950 lux at the release point and 750–1000 lux at the landing
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point was obtained with high-frequency fluorescence tubes. The conditions inside
the tunnel were 22± 2◦C and 50± 5% relative humidity.

Brussels sprouts leaves were offered to parasitoids in a dual-choice situation as
odor sources. Two sets of two leaves each were excised just before the experiment,
their petioles were wrapped in cotton wool, and they were placed in separate
100-ml Erlenmeyer flasks filled with water. Flasks were transferred to the floor
of the tunnel, 20 cm apart, so that they formed an isosceles triangle with 30-cm
sides with the release point of parasitoids. In order to minimize visual stimuli,
white cotton gauze was suspended in front of the leaves. For the bioassay, 4- to
5-day-old female parasitoids were used. Steinberg et al. (1992) showed that wasps
of this age offer the strongest and most consistent response to the volatiles. The
evening before the experiment, 25 wasps were selected at random in the cage and
transferred individually into cotton wool-stoppered glass vials (6 ml) provided
with a droplet of honey. The vials were held overnight in a dark box in a climate
room and transferred to the bioassay room 30 min prior to the experiment.

For the bioassay, individual females were gently introduced into the wind
tunnel and released in the middle of a platform placed 15 cm from the bottom of
the tunnel floor. Each wasp was allowed two flight attempts. Based on preliminary
observations, most females would not fly toward the odor sources at the first flight
attempt. Wasps that did not fly within 5 min from being released in the wind tunnel
were discarded. A choice was recorded when wasps completed a flight, landing
on the nylon gauze in front of one of the two odor sources. Landing elsewhere in
the tunnel was recorded as no choice. The two odor sources were exchanged after
testing three wasps to compensate for possible asymmetry in the setup. In order
to avoid day-to-day variation in the response of the wasps, we conducted every
bioassay on at least two days. A total of 50 wasps were tested for every experiment
(one combination of odor sources).

When less than 40% of the females tested responded in a bioassay, the same
parasitoids were immediately retested using a leaf infested with approximately
100 first or second instarP. brassicaeas a test odor source and an undamaged leaf
as a control. This standard bioassay was used to assess if the low responsiveness
was due to either insufficient concentration of volatiles or to low motivation of the
wasps, possibly due to a fluctuation in barometric pressure (Steinberg et al., 1992).
We expected a significant increase in responsiveness only in case of problems of
odor concentration in the previous bioassay.

Plant Treatments

Timing and Pattern of Systemic Induction.At different time intervals before
the bioassay (see below), two basal leaves of a plant were infested each with
100 first- or second-instarP. brassicaecaterpillars. Herbivores were prevented
from feeding on other parts of the plant by sticky strips wrapped around the leaf
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petiole. For the bioassays, two uninfested leaves of caterpillar-infested plants were
excised and used as odor sources as explained above. These leaves, which we
named “induced leaves,” were always those immediately above the infested ones.
As a control odor source, we used two leaves of an uninfested plant that were
approximately the same size and position as those on the infested plant.

In order to investigate the conditions under which Brussels sprouts plants
emit systemically induced volatiles, we tested several combinations of herbivore
damage on the infested leaves and mechanical damage on the systemically induced
leaves. Mechanical damage was inflicted, with the same method and timing, also
on leaves excised from control plants. The perimeter of the wound opened by
caterpillars on the leaf ranged from 10 (one day feeding) to 40 cm (three days
feeding). The perimeter of the mechanically damaged leaves ranged from 15 to
25 cm. This was obtained by punching several 0.5-cm-diam. holes on the leaf
surface with a hole-punch. Plants were kept in a common climatic chamber to
ensure that possible adsorption of herbivore induced volatiles would be equal for
control and test plants (Turlings and Tumlinson, 1992).

Figure 1 depicts an overview of the plant treatments. Each combination of
herbivore-induced and mechanical damage was tested in separate bioassays. A first
set of bioassays was carried out in order to assess the level of caterpillar infestation
and the timing of mechanical damage after initial infestation (one day of feeding,
Figure 1A). One hundred caterpillars were allowed to feed for approximately one
day (20 hr). Mechanical damage, consisting of 10 holes/leaf, was inflicted (1) 20 hr
before the bioassay; or (2) during the bioassay, that is 1 hole/15 min, starting 1 hr
before the bioassay; or (3) immediately before the bioassay. In the last case, the
experiment was repeated with a higher level of infestation. This was obtained by
placing caterpillars (approx. 500) all over the plant except on the two leaves used
for the bioassay. The two induced leaves were protected from caterpillars by sticky
strips wrapped around the petiole.

A second set of bioassays was carried out to assess the effect of different
duration of caterpillar feeding (Figure 1B). One hundred caterpillars were allowed
to feed for approximately two (40 hr) or three days (60 hr) before the bioassay.
On the induced leaves of plants infested for two days, mechanical damage was
inflicted immediately before the bioassay (10 holes/leaf). On the systemically
induced leaves of plants infested for three days, mechanical damage was inflicted
as follows: (1) no damage, (2) damage one day before the bioassay, (3) damage
immediately before the bioassay, or (4) damage of 16 holes immediately before
the bioassay. Sixteen holes represent the maximum amount of mechanical damage
that can be inflicted on a single leaf without complete alteration of its shape.

A third set of bioassays was carried out to assess the permanence of the
induced signal after termination of caterpillar feeding (Figure 1C). One hundred
caterpillars were allowed to feed for one or three days before the bioassay and
were then removed by means of a brush. Bioassays were then carried out one,
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FIG. 1. Response of femaleC. glomeratato systemically induced Brussels sprouts leaves
in the wind tunnel. Leaves were excised from plants where caterpillars were released on
two different lower leaves one to six days before bioassay, but fed for a maximum of three
days. Bioassays were carried out at day 0. Dark gray bars indicate the caterpillar feeding
period. The wider bar (4th from top, section A) symbolizes a higher level of caterpillar
infestation, i.e., the whole plant was infested except the leaves used in the bioassay. Light
grey bars indicate that the bioassay was carried out one to three days after termination of
caterpillar feeding. The letter “D” within a bar indicates mechanical damage inflicted one
day before the bioassay (10 holes/leaf), “D 15/min” indicates damage inflicted throughout
the bioassay (1 hole/15 min), “D” at the right end of a bar indicates damage inflicted just
before the bioassay (10 holes/leaf), “no D” indicates no mechanical damage, “high D”
indicates maximum possible damage on a leaf (16 holes). The actual number of females
choosing either systemically induced leaves (SYS) or control (CNTRL) or making no choice
is indicated on the right inside of the figure (sample size= 50 per treatment). Asterisks
indicate significant differences within the choice test atP < 0.001. [Chi-square test for
goodness-of-fit; Sokal and Rohlf (1981)].

two, or three days after removal of the caterpillars. Mechanical damage (10 holes)
was inflicted just before the bioassay. In one bioassay, mechanical damage was
inflicted immediately after caterpillar removal, that is, approximately 20 hr before
the bioassay.

A fourth set of bioassays was carried out to assess whether the occurrence
of systemic induction depended on the time lag after initial infestation rather
than on the duration of feeding (Figure 1D). One hundred caterpillars were al-
lowed to feed for approximately one day (20 hr) and then removed by means
of a brush. Bioassays were then carried out two or three days after removal of
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the caterpillars. Mechanical damage (10 holes/leaf) was inflicted just before the
bioassay.

Plant Age and Systemic Induction.One additional experiment was carried
out to study the effect of plant age on systemic emission of volatiles. One hundred
caterpillars were allowed to feed for three days on the lower leaves of either a 2-
or a 6-month-old plant. Two sets of two leaves were excised from the two plants
and offered to parasitoids as explained above. Mechanical damage (10 holes/leaf)
was inflicted just before the bioassay.

Level of Infestation for Systemic Induction.To assess the level of infestation
necessary to obtain systemic induction of volatiles, 8-week-old Brussels sprouts
plants were infested on one single lower leaf for three days with 5, 25, 50, or
100 caterpillars. In preliminary experiments, we observed that five caterpillars
feeding for three days will inflict a damage of approximately 2 cm2 and that a
wound of this dimension is sufficient to elicit local emission of attractive volatiles.
Two noninfested upper leaves were excised and mechanically damaged (10 holes)
immediately before the wind-tunnel bioassay as explained above. As a control
odor source, we used two mechanically damaged leaves from an uninfested plant
that were approximately the same size and position as those on the infested plant.

Data Analysis.Parasitoid choice response was analyzed with a chi-square
test (Sokal and Rohlf, 1981) to determine if the response differed from a 50 : 50
distribution of wasps over the two odor sources. Wasps that did not make a choice
within 5 min were excluded from statistical analysis.

Volatile Sampling

In order to collect headspace volatiles from single leaves of living cabbage
plants, we used a glass–Teflon chamber similar to others previously described
(Heath and Manukian, 1994; Agelopoulos et al., 1999). The chamber consisted
of a 10-cm-diam.× 11-cm-high bell-shaped jar in which the two leaves from the
treated plant were introduced. Air entered the top of the jar through an activated
charcoal filter. At the bottom of the jar, a split Teflon plate with a hole in the center
closed loosely around the petioles of the leaves like a guillotine, which prevented
air from flowing back into the jar from outside.

The base of the jar allowed the connection of Tenax traps that were used
to adsorb the volatiles. Each trap contained 300 mg of Tenax-GR (mesh size
60/80, Alltech Associates) and was thermally conditioned prior to each collec-
tion for 4 hr at 300◦C with a flow of dried filtered helium (initial purity 99.96%,
50–60 ml/min). Traps analyzed with the Unity thermaldesorber (see below) were
conditioned for 15 hr. During collection, air was pulled trough the Tenax-GR trap
at 240–340 ml/min. Three plant treatments were sampled for volatiles over 24
hr: (1) A plant-herbivore-complex (PHC) consisted of two infested leaves where
first instars (100 leaf) were allowed to feed for 16 hr before volatile collection
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and throughout the 24 hr of headspace sampling. The duration of feeding was
chosen to ensure that the amount of damage on PHC plants would be comparable
to the mechanical damage inflicted on systemically induced ones. (2) Systemi-
cally induced leaves (SYS+D) consisted of two noninfested, artificially damaged
leaves from an infested plant. The plant was infested with 100 caterpillars/leaf
on two basal leaves for 60 hr. Volatiles were sampled from the two leaves lo-
cated immediately above the infested ones. Artificial damage was inflicted with a
hole-punch (10 holes/leaf) just before sampling as described above. (3) Mechan-
ically damaged leaves (MD) consisted of two noninfested, artificially damaged
leaves from an uninfested plant. Artificial damage was inflicted with a hole-punch
(10 holes/leaf) just before sampling. Headspace sampling was replicated five times
for each treatment. This set of samples was analyzed with manual thermaldesorp-
tion (see below)

In subsequent expriments, volatiles were collected as described above but with
a 340 ml/min airflow through the traps. Three plant treatments were sampled for
volatiles over 24 hr: (1) Systemically induced and undamaged leaves (SYSUND)
consisted of two noninfested, leaves from an infested plant. The plant was infested
with 100 caterpillars/leaf on two basal leaves for 60 hr. Volatiles were sampled
from the two leaves located immediately above the infested ones. (2) Systemically
induced and damaged leaves (SYS+D) were as described above. (3) Undamaged
leaves (UND) consisted of two leaves from an uninfested, undamaged plant. All
sampling procedures were repeated five times. This set of samples was analyzed
with automatic thermaldesoprtion (see below).

All collections were carried out in a climate room at 20◦C, 60% relative
humidity, and a 16L : 8D photoperiod. Light was provided by “Very High Output”
Sylvania fluorescent lamps (cold light, 10,000± 1000 lux). Headspace collections
were started 2–3 hr after beginning of the photophase in the chamber to minimize
variations due to changes in plant volatile emissions throughout the day (see e.g.,
Loughrin et al., 1997).

Volatile Analysis

Manual Thermodesorption.Volatiles were eluted from the Tenax traps with a
thermal desorption procedure after headspace sampling. Traps were connected to
the inlet of a gas chromatograph (Hewlett Packard 5890 Series II+) by Swagelock
connections. The exhaust of the trap was connected to flushed copper tubing and
exited the GC oven through the dismantled detector. The oven was programmed
with an initial temperature of 100◦C, then to 300◦C at 45◦C/min. The inlet was
programmed in the same manner. The GC was operated with a constant pressure
(3 kPa) of helium that resulted in a flow rate through the Tenax trap of ca. 20 ml/min
at ambient temperature (ca. 25◦C). The exhaust from the trap was bubbled into a
2-ml vial containing 500µl of hexane (Fluka, purity 99.5%) that was kept in an
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acetone–ice bath. Samples were stored at−60◦C in glass vials with PTFE silicon
septa after being concentrated to 15µl for 5–10 min using a stream of purified
nitrogen.

Collected volatiles were analyzed using GC-MS (Hewlett Packard GC model
6890; MSD 5973). Analyses were carried out using a 0.25-mm-diam.× 30-m long
HP1, polydimethyl siloxane column with nominal film thickness of 1µm. Initial
oven temperature was 55◦C rising 2◦C/min up to 102◦C, and then to 250◦C at
60◦C/min. A postrun time of 15 min at 320◦C was run to remove impurities from
the column. The inlet was operated in the splitless injection mode at a temperature
of 250◦C with a constant column flow of 1.0 ml/min helium. The effluent from
the column was transferred to the MS detector via a transfer line (280◦C) and the
GC-MS electron impact source was operated in the scan mode with the MS source
temperature at 230◦C and the MS Quad at 150◦C.

Automatic Thermodesorption.In subsequent experiments, volatiles were an-
alyzed with a commercial system (Unity, Markes Int. Ltd.). Using the Unity sys-
tem with a double split (split ratio 25 : 1, desorption flow 50 ml/min, split flow
30 ml/min), volatiles were desorbed from the Tenax trap for 5 min, starting at
50◦C, then up to 300◦C at∼20◦C/min, and transferred to the cold trap (50 : 50
Tenax TA+ Carbopack B), which was cooled at−10◦C. The cold trap was sub-
sequently heated for 3 min to 300◦C at∼60◦C/min. The fused silica transfer line
to the GC was kept at 200◦C. Analyses were carried out with the Hewlett Packard
GC-MS and HP column described above. The GC oven was set at 40◦C, rising to
300◦C at 8◦C/min, initial flow of approx. 2.0 ml/min.

Identification of volatiles was achieved by comparing the sample spectra with
those in the NIST98 library for all samples. Subsequently, spectra were compared
with those of authentic standards and identification was confirmed by coinjection.
Quantification of constituents was based on the peak area of an internal standard
(hexylbenzene) that was added to the hexane extract (100 ng/µl sample) or injected
directly into the Tenax-GR trap (200 ng in 2µl ethyl acetate). As no response
factors were determined, amounts given are only rough estimates.

Data Analysis.Comparisons of the amounts of individual volatiles resulting
from the different treatments were analyzed with one-way ANOVA or Kruskal-
Wallis, for data not normally distributed, followed by Student-Newman-Keuls
test for pairwise comparison between single compounds emitted by plants that
underwent different treatments (Sokal and Rohlf, 1981).

RESULTS

Behavioral Bioassays.Emission of systemically induced volatiles from
B. oleraceavaried depending on the duration of caterpillar feeding (one to three
days). In the wind tunnel,C. glomeratafemales were not attracted to upper
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uninfested leaves (induced) ifP. brassicaecaterpillars had been feeding on the
lower leaves (infested) for only one day (Figure 1A). Regardless of the timing of
infliction of mechanical damage or the level of infestation, parasitoid choice was
equally distributed over the test and control.

After two days of caterpillar feeding, again no preference for induced versus
control leaves was observed. In contrast, parasitoid choice shifted significantly
to induced leaves when caterpillar feeding time was prolonged to at least three
days (Figure 1B). Parasitoids were attracted (P < 0.001) to induced leaves if me-
chanical damage was inflicted immediately before the bioassay regardless of the
level of mechanical damage inflicted (see “high D” bar, Figure 1B). Remarkably,
parasitoids were not attracted to leaves without mechanical damage or with dam-
age inflicted one day before the bioassay. However, the same parasitoids tested
in the standard bioassay preferred an herbivore-infested leaf to an uninfested leaf
(56% vs. 24%, with 20% of wasps making no choice), indicating that the in-
duced leaves in the previous bioassays emitted an extremely low concentration of
volatiles.

The permanence of the systemic signal after termination of caterpillar feeding
is depicted in Figure 1C. One day after removal of caterpillars from the plant,
parasitoids preferred the induced leaves over control leaves, even when mechanical
damage was inflicted one day before the bioassay. No preference was observed
for induced leaves tested two or three days after caterpillar removal, indicating a
relevant decrease of the emitted signal.

Parasitoids were not attracted to leaves induced for one day and tested two
or three days after termination of caterpillar feeding (Figure 1D). This indicates
that, for a detectable systemic response, the duration of feeding is more important
than the time lag between infestation and mechanical damage. Furthermore, we
did not observe any effect of plant age on systemic emission of volatiles (results
not shown). Parasitoids did not prefer induced leaves excised from two-month-old
Brussels sprouts over induced leaves excised from 6-month old plants (18 vs. 14,
with 18 females making no choice).

The effect of the level of infestation on the emission of systemically induced
volatiles is shown in Figure 2. Systemic induction did not occur at low levels of
infestation even if caterpillars were feeding on the same leaf for a prolonged time
(five caterpillars, three days).

Volatile Analysis.The composition and quantification of the volatile blend
emitted by the plant–herbivore complex (PHC), systemically induced and dam-
aged (SYS+D) leaves, or mechanically damaged (MD) leaves of Brussels sprouts
plants are depicted in Figure 3. The profiles of systemically induced and caterpillar
infested leaves were almost identical, although systemically induced leaves emit-
ted smaller amounts of (Z)-3-hexen-1-ol and (Z)-3-hexenyl acetate. Mechanically
damaged leaves emitted less (Z)-3-hexenyl acetate than infested leaves and did
not emit (Z)-3-hexen-1-ol or (E)-β-caryophyllene.
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FIG. 2. Level of infestation necessary to obtain systemic induction of volatiles in 8-week-
old Brussles sprouts plants. Bars indicate the choice response of femaleC. glomerata
to upper leaves of plants that were infested on the lowest leaf by different numbers of
P. brassicaecaterpillars (5–100) for three days. Asterisks indicate significant differences
within the choice test atP < 0.05 [chi-square test for goodness-of-fit; (Sokal and Rohlf,
1981)]. SYS+D = systemically induced and damaged; CNTRL= noninduced and mech-
nically damaged. (sample size= 50 per treatment). See Methods and Materials for further
explanations.

The composition and quantification of the volatile blend emitted by systemi-
cally induced and damaged leaves (SYS+D), systemically induced and undamaged
leaves (SYS), or noninduced and undamaged leaves (UND) of Brussels sprouts
plants are given in Table 1. Systemically induced but undamaged leaves emit a
volatile profile that is similar to that of noninduced undamaged leaves. Compared
to undamaged leaves, systemically induced and damaged leaves are character-
ized by increased amounts of green leaf alcohols (1-hexanol, (Z)-3-hexen-1-ol),
green leaf esters [(Z)-3-hexenyl acetate, (Z)-3-hexenyl butyrate, (Z)-3-hexenyl
isovalerate] and sabinene. Interestingly, in both sets of analyses,α-humulene and
(E)-β-caryophyllene appear to be the only terpenoids specifically associated with
induced responses.

DISCUSSION

Brussels sprouts plants, attacked byPieris brassicaecaterpillars, emit vola-
tiles that attract a natural antagonist of the herbivore, the parasitoidCotesia
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FIG. 3. Quantification of major volatile blends emitted during 24 hr by two leaves of
Brussels sprouts plants that were either infested by caterpillars (PHC= plant–herbivore
complex), systemically induced and damaged (SYS+D), or mechanically damaged (MD).
Samples were analyzed by manual thermaldesorption. Compounds are listed based on their
retention time. Different letters close to bars indicate significant differences atP < 0.05
(Student-Neuman-Keuls test). The concentration of (Z)-3-hexenyl acetate [(avg. 3608±
2076 (SE) ng/µl/24 hr)] emitted by PHC has been overscaled to show minor compounds.
Statistics and error bars are presented only for compounds that appeared in more than one
treatment.

glomerata. Chemical and behavioral experiments show that the induced emis-
sion of volatiles is not limited to the site of damage, but occurs throughout the
plant. In Brussels sprouts, the systemic emission of volatiles appears only when
the surface of uninfested leaves is damaged (Figure 1B). This contrasts with in-
duced responses observed in beans, cassava, and corn, where undamaged leaves of
herbivore-infested plants release detectable amounts of volatiles that are attractive
to the natural enemies of the herbivores (Table 2). In previous experiments, we
observed that detached cabbage leaves that were incubated in a solution of cater-
pillar gut regurgitate released a volatile blend similar to that of herbivore-damaged
plants. The release was detectable only if the leaf surface were wounded prior to
bioassay (Mattiacci et al., 1994) . Similarly, leaves that were incubated in a solu-
tion ofβ-glucosidase, an elicitor of volatile emission present in caterpillar salivary
secretions, released detectable amounts of volatiles only after mechanical damage
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TABLE 1. VOLATILE BLEND EMITTED BY SYSTEMICALLY INDUCED AND

DAMAGED (SYS+D), SYSTEMICALLY INDUCED AND UNDAMAGED

(SYS UND) OR NONINDUCED AND UNDAMAGED (UND) LEAVES OF

BRUSSELSSPROUTSa

Odor sources

Compounds SYS+D SYS UND UND

Aldehydes
Nonanal tr tr tr
Decanal 37.0± 16.2 102.3 73.6± 23.2
Benzaldehyde 13.3± 4.0 20.8± 1.5 12.5± 2.3

Alcohols
1-hexanol tr
(Z)-3-Hexen-1-ol 90.7± 11.2

Esters
(Z)-3-Hexenyl acetate∗ 645.8± 56.5 153.1± 37.7 57.5± 11.3
(Z)-3-Hexenyl butyrate 23.3± 4.1
(Z)-3-Hexenyl isovalerate 27.7± 7.6

Terpenoids
α-Thujene 169.2± 15.1 149.6± 21.5 90.7± 11.6
α-Pinene 101.5± 6.2 99.0± 10.1 52.5± 5.2
Sabinene∗ 878.4± 75.3 495.9± 54.0 377.5± 47.4
β-Myrcene 227.8± 21.1 169.0± 20.0 102.1± 11.1
Cineole 331.0± 45.3 229.6± 37.4 151.7± 15.5
Limonene 1030.8 1095.1 tr
(E)-β-Caryophyllene 433.6± 140.8 441.3
α-Humulene 25.2± 6.4 41.6
3-Carene 88.5± 11.4 83.0± 10.0
α-Terpinene 73.7± 7.2 90.3± 22.5 45.1± 7.5

aAverage amounts (ng± SE) were calculated based on the peak area of an internal
standard (hexylbenzene). Absolute amount is given for compounds that were detected
only in one sample.N = 5 for each treatment. *Significant effect of plant treatment
(Kruskal-Wallis one-way ANOVA on ranks,P< 0.05). Samples were analyzed by au-
tomatic thermaldesorption. Statistics are presented only for compounds that appeared
in more than one treatment. tr= trace compounds.

(Mattiacci et al., 1995). This indicates that in cabbage a mechanical damage is
needed either to release volatiles stored in the induced leaf and/or to activate their
precursors.

Induced direct defenses to herbivores have been found in response to both
mechanical damage and actual herbivory on plants (Edwards and Wratten, 1987;
Alborn et al., 1996; McCloud and Baldwin, 1997). Comparatively indirect de-
fenses, such as the emission of plant volatiles attracting predatory and parasitic
arthropods, have been associated with mechanical damage and with herbivory,
albeit with different levels of specificity. The majority of plant species studied
so far, emit, at the site of herbivory, volatiles that are different from those of
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mechanically damaged plant parts. The composition of herbivore-induced volatile
blends might vary even with different herbivore species or with different larval
instars attacking the same plant (reviewed by Dicke and Vet, 1999; Par´e and
Tumlinson, 1999; Hern and Dorn, 2001). In contrast, some species emit qualita-
tively similar chemical blends, irrespective of the damaging agent (Dicke and Vet,
1999). In Brussels sprouts, there is no striking qualitative difference in GC profiles
produced in response to herbivory or mechanical damage (Agelopoulos and Keller,
1994; Mattiacci et al., 1994), and it is, therefore, not surprising that volatiles asso-
ciated with mechanical damage are an important signal forC. glomerata(see also
Steinberg et al., 1993). In general, the ecological function of volatiles associated
with mechanical damage should not be overlooked, as generalist carnivores might
use volatiles associated with mechanical damage even when the volatile profiles of
herbivore-infested and mechanically damaged plants differ. For example, a gener-
alist parasitoid,Cotesia marginiventris, is attracted to volatiles typically emitted
by artificially damaged cotton plants, while a specialist,Microplitis croceipes, is
attracted to volatiles typically induced by herbivores (R¨ose et al., 1998).

While in cabbage the systemic response is detectable only upon mechanical
damage, and in corn the response is detectable without damage, cotton seems to
have an intermediate mechanism of response. In cotton, inducible terpenoids and
(Z)-3-hexenyl acetate are released from undamaged, systemically induced leaves,
while several hexenyl butyrates, known to be associated with caterpillar herbivory,
are emitted only upon mechanical damage. In addition, the amounts of constitutive
compounds emitted by systemically induced and mechanically damaged leaves are
larger than those emitted by systemically induced undamaged leaves (R¨ose et al.,
1996).

Time-course experiments on the emission of carnivore-attracting volatiles are
available only for corn, cotton, and broad bean (Table 2). Different plant species
express a systemic response after a variable time lag from initiation of herbivore
feeding, ranging from a few hours (corn) to several days (lima bean). The observed
delay in the systemic release could be due to the capability of plants to minimize
the costs of defense by activating a systemic response only upon higher levels of
herbivore damage or prolonged periods of feeding. Theory predicts that inducible
defenses should allow plants to allocate limited resources so as to maximize fit-
ness in response to current unpredictable conditions (see for review Karban and
Baldwin, 1997). Broad bean plants emit systemically induced volatiles only when
attacked above a certain density ofAcyrthosiphon pisumaphids and only after
48–72 hr of infestation (Guerrieri et al., 1999). Brussels sprouts seem to minimize
the cost of defense even more effectively. Not only are the systemically induced
volatiles detectable after at least three days of continuous feeding, but when no
further attack occurs (e.g., when caterpillars are removed), the volatile emission
stops after one day (see Figure 1). In addition, a systemically induced response
does not occur if few caterpillars (5) are feeding on a leaf (Figure 2). Thus, the plant
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does not invest in an induced defense when the attack is of short duration or of low
intensity. In addition, as no attractive induced volatiles are emitted without damage
on the systemically induced parts of the plant, it is likely that the metabolites stored
in the induced leaves are reutilized for other biosynthetic needs.

The chemical structures of the volatile compounds emitted by arthropod-
damaged leaves have notable similarities in all plants reported so far (Table 2).
This structural uniformity has been suggested as evidence for the activation of a
common set of biosynthetic pathways shared by a wide range of plant families and
used by a broad spectrum of insect parasitoids and predators (Par´e and Tumlinson,
1999).

The volatiles emitted upon herbivory have been categorized into three basic
groups (Par´e and Tumlinson, 1996): lipoxygenase-derived green leaf volatiles,
isoprenoid-derived terpenoids, and shikimic acid-derived aromatics such as indole
and methyl salicylate. Green leaf volatiles such as (Z)-3-hexenal, (E)-2-hexenal,
(Z)-3-hexen-1-ol, and (Z)-3-hexenyl acetate are emitted at the site of herbivory
by several plants, including Brussels sprouts, corn, cotton, and beans (Table 2).
Remarkably, in corn, cotton, and our samples, (Z)-3-hexenyl acetate is the only
lipoxygenase product that is systemically released by uninfested but undamaged
leaves of infested plants. Based on these results, it has been hypothesized that
lipoxygenase products need to be converted to the acetate form to be emitted in
induced leaves (Par´e and Tumlinson, 1999). In our samples, other green leaf esters
(Figure 3 and Table 1) are probably associated with fresh mechanical damage, since
these compounds are not emitted by systemically induced and undamaged leaves.
In addition, systemically induced leaves emit esters in amounts not substantially
different from mechanically damaged leaves.

The terpenoids detected in herbivore-damaged plants are products of more
than one biosynthetic route or different steps within one pathway (Par´e and
Tumlinson, 1996). A flexible management of these defensive compounds has been
recently elucidated in lima bean. The production of induced terpenoids is regu-
lated by two pathways, of which one is mevalonate-dependent and the other is
mevalonate-independent (deoxyxylulose pathway). The mevalonate-independent
pathway appears to be important in the release of inducible monoterpenes after
elicitation with jasmonic acid (Piel et al., 1998), which has a similar effect as
herbivore infestation (Dicke et al., 1998). In contrast, constitutive compounds are
synthesized through the mevalonate-dependent pathway and need no elicitation
for emission by leaves or flowers (Piel et al., 1998).

In cotton, the acyclic monoterpeneβ-ocimene, the sesquiterpenesα- and
β-farnesene, and the homoterpene (E,E)-4,8,12-trimethyl-1,3,7,11-tridecatetraene
are systemically released by herbivore-induced plants. Cyclic and acyclic monoter-
penes, such asα- andβ-pinene, limonene, and myrcene, and the sesquiterpene
(E)-β-caryophyllene are released at the site of damage, but not systemically (re-
viewed by Par´e and Tumlinson, 1999). In contrast to cotton, Brussels sprouts emit
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α- and β-pinene, limonene, myrcene, sabinene, and (E)-β-caryophyllene both
systemically and at the site of damage (Figure 3).

The acyclic homoterpenes (E)-4,8-dimethyl-1,3,7-nonatriene and (3E,7E)-
4,8,12-trimethyl-1,3,7,11-tridecatetraene have been repeatedly identified in the
headspace volatiles of herbivore-infested plants, including lima bean, apple, cow-
pea, cucumber, corn, and cotton (see, e.g., Turlings et al., 1991; Dicke, 1994;
Loughrin et al., 1994; Bouwmeester et al., 1999). Therefore, these compounds
have been suggested as a general signal of insect infestation (Dicke, 1994). How-
ever, virtually no homoterpenes and only trace amounts of indole, a derivative
of the shikimic acid pathway, were detected in our study or in previous analyses
of cabbage headspace volatiles (Blaakmeer et al., 1994; Mattiacci et al., 1994;
Geervliet et al., 1997).

These differences among the systemically induced responses of different
species led to the hypothesis that plants might utilize a defensive strategy that
is more complex than a common set of biosynthetic pathways shared by a range of
plant families. In fact, specific pathways might be activated based on the available
“defensive arsenal” of inducible chemicals of a certain plant species (Figure 4).
Accordingly, some plant species might utilize different pathways to produce dif-
ferent sets of compounds, of which some are used for local and some for systemic
defense.

This could be the case in cotton, where cyclic monoterpenes are emitted lo-
cally and acyclic monoterpenes are emitted systemically. Other plants might utilize

FIG. 4. A hypothesis of flexible use of inducible pathways for the biosynthesis of locally
and systemically emitted plant volatiles. Black dots indicate damage or herbivory as the
phenomenon triggering volatile emission. Lines indicate biosynthetic pathways. Different
squares indicate different chemical compounds emitted by plants.
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different pathways to produce the same compounds, for example, the acyclic ho-
moterpenes in lima beans. Other species, with limited biosynthetic capabilities for
inducible defensive compounds could be expected to use the same compounds—
and possibly the same pathway—at all levels of defense, local and systemic. It
would be interesting to investigate whether this is the case for locally and system-
ically induced cyclic terpenoids in Brussels sprouts.

Understanding the complexity of the changes occurring in plants after herbi-
vore attack is in its infancy. More investigation on the systemically induced volatile
emission of different species will prove useful in shedding light on the ecological
significance and regulation mechanisms of these defensive responses in plants.
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Abstract—Pine weevils (Hylobius abietis) fed less on bark of lodgepole pine
(Pinus contorta) than on bark of Scots pine (P. sylvestris). Two pine weevil an-
tifeedants, ethyltrans-cinnamate and ethyl 2,3-dibromo-3-phenyl-propanoate,
were isolated from bark of lodgepole pine. These two compounds significantly
reduced pine weevil feeding in a laboratory bioassay. In field assays, the second
compound significantly decreased pine weevil damage on planted seedlings.
Ethyl 2,3-dibromo-3-phenylpropanoate has not previously been reported as a
natural product.

Key Words—Antifeedant, ethyl 2,3-dibromo-3-phenylpropanoate, ethyltrans-
cinnamate,Hylobius abietis, lodgepole pine, pine weevil,Pinus contorta, Pinus
sylvestris, Scots pine.

INTRODUCTION

Seedling mortality resulting from stem-feeding by adultHylobiusweevils
(Col., Curculionidae) is a major silvicultural problem wherever clear-felling fol-
lowed by planting of conifer seedlings is practiced in temperate regions of the
Northern Hemisphere. All over Europe, the pine weevilHylobius abietis(L.) is
the principal noxious species, and seedling mortality due to this insect leads to con-
siderable economic loss. Permethrin has been used to control pine weevil damage in
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Sweden, but the use of insecticides for this purpose will soon be prohibited. Alter-
native measures to manage the pine weevil problem are, therefore, urgently needed.

There is strong evidence that plants have evolved defense systems against
predators and that these systems, to a large extent, are based on the production of
secondary metabolites (Rosenthal, 1986; Harborne, 1988, and references therein;
Sunnerheim-Sj¨oberg, 1991; Daurade-Le Vagueresse and Bounias, 1992; Suga
et al., 1993). Even high priority food plants produce defense compounds against
herbivores—presumably to prevent overbrowsing. Although the polyphagous pine
weevil prefers pines to a multitude of other plant species (Eidmann, 1974), pines
can be expected to contain some antifeedants against pine weevils. However, differ-
ent species of pines and different parts of a pine tree may contain varying amounts
of defense compounds.

Preliminary feeding tests indicated that pine weevils fed less on bark from
lodgepole pine,Pinus contorta, than on bark from Scots pine,P. sylvestris. This
result prompted us to look for compounds possessing antifeedant activity derived
from P. contorta. Scots pine is the most abundant native pine species in Sweden.
Lodgepole pine has been introduced from North America and planted on large
areas in northern Sweden.

The aims of this study were to determine if compounds (either endogenous
or spontaneously modified) possessing antifeedant activity could be isolated from
coniferous hosts, and if these compounds could be exploited to reduce weevil
damage. We:

• compared the feeding preference ofH. abietis for bark from Scots and
Lodgepole pine;
• isolated, identified, and bioassayed two antifeedants, ethyltrans-cinnamate

(1) and ethyl 2,3-dibromo-3-phenylpropanoate (2), from Lodgepole pine;
• performed syntheses and field trials of compound (2).

METHODS AND MATERIALS

Plant Material. Stem samples of lodgepole and Scots pine were collected
from plantations in northern Uppland (seed sources unknown). All fractions and
extracts were subjected to feeding trials, and the results were used for selec-
tion of fractions for further fractionation. Fresh inner bark (500 g) was cut into
small pieces and extracted in methanol for 24 hr. The extract was filtered, and
the plant residue was discharged. The methanol was evaporated, keeping the
temperature below 40◦C. Water (200 ml) was added, and the suspension ex-
tracted with pentane (2× 150 ml) followed by ethyl acetate (2× 150 ml). The
pentane and ethyl acetate fractions were dried over MgSO4, and solvent was evap-
orated. Extracts ofP. sylvestriswere obtained in the same manner as described for
P. contorta.
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The ethyl acetate extract (8.7 g) was dissolved in ethanol (99.7%, 15 ml) and
subsequently fractionated on Sephadex LH-20 using water (250 ml), water–ethanol
(7 : 3, 400 ml), water–ethanol (4 : 6, 400 ml), and finally ethanol (99.7%, 400 ml)
as eluent. Seven fractions were collected, and the solvent was evaporated (12.1 g,
1.80 g, 1.93 g, 0.33 g, 0.08 g, 0.07 g, and 0.03 g, respectively).

Fraction 2 was dissolved in ethyl acetate (200 ml) and extracted with acid
(0.1 M HCl, 2× 100 ml) followed by base [0.1 M Na2CO3 (aq), 2× 100 ml]. The
neutral fraction (0.154 g) was further fractionated on silica using CH2Cl2 : CHCl3 :
MeOH : H2O (80 : 11 : 8 : 1) aseluent. Four fractions were collected.

Spectroscopy. 1H NMR (400 MHz) and13C NMR (100.5 MHz) spectra were
recorded on a Varian Unity 400 using residual solvent peaks as internal standards.

Chromatography. GC-MS was performed on a Finnigan MAT GCQ Plus
system (EI; 70 ev). Thin-Layer chromatography was performed on Merck HF-
254 silica gel plates. Merck Kieselgel 60 (230–400 mesh) or Sephadex LH-20
(Pharmacia Fine Chemicals) was used for column chromatography. HPLC was
performed on a Waters chromatograph equipped with an autosampler and a diode
array detector. Column: LichroCart 125-4 Lichrospher 100 RP-18 (5µm)
(Merck). The mobile phase consisted of solvent A: ammonium formiate buffer
pH 3.4, and solvent B: acetonitrile. The gradient program was 0–30 min 100% A
to 40% followed by 5 min at 40%, and 35–40 min 40% A to 10%. The flow rate
was 1 ml/min.

Isolated Compounds. Ethyl trans-cinnamate, [(E)-3-phenyl-2-propenoic acid
ethyl ester,1, 2 mg)] was the main compound in the first fraction, identified by
GC-MS and NMR (spectral data were in accordance with Cristau and Taillefer,
1998). Ethyl 2,3-dibromo-3-phenylpropanoate (2, 5 mg) was the main compound
in the second fraction, identified by GC-MS and NMR (spectral data were in
accordance with Kabalka et al., 1998).

Synthesis of Ethyl 2,3-Dibromo-3-Phenylpropanoate(2). A racemic mixture
of (2R,3S)- and (2S,3R)-2 was prepared by bromine addition to1 according to
standard procedures (Vogel, 1989). Spectral and chromatographic data for the
synthesized compound were identical to those obtained from the isolated ones.

Ethyltrans-cinnamate was purchased from Aldrich (99%). Bromine (Aldrich).
Ethanol (ETAX 99.7 vol-%). Acetonitrile HPLC-grade (Aldrich). Pentane, ethyl
acetate, and dichloromethane were dried and distilled according to standard
procedures.

Extracts were tested in concentrations slightly higher than the naturally oc-
curring amounts. The amounts to be tested were calculated with the equation:
(E × Bt × 4)/Be whereE is the dry weight of extract,Bt is the dry weight of
extracted bark,Be is the estimated dry weight of test-bark, and 4 is a factor com-
pensating for losses during the fractionation and the dilution by distribution of
compounds over several fractions, and hopefully increases the concentration to
slightly above natural.
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Test of Host Preference. Pine weevil feeding preference was studied in a two-
choice laboratory test. One pine weevil was placed in each of 20 boxes, together
with one fresh twig of each of the two pine species. After three days, the feeding
area on the twigs was measured with the aid of 1-mm-grid graph paper.

Bioassay. Extracts, fractions thereof, and solutions of single compounds were
presented to single pine weevils in two-choice laboratory tests with a treatment
and a control area. The bioassay was designed to allow use of small test samples
applied on a specified area of bark, i.e., the amount of substance per unit area can
be accurately calculated (Nordlander et al., 2000). Fresh pieces of Scots pine twigs
(50 mm long, ca. 15 mm diam.) were split, and each half (= test twig) was wrapped
in aluminum foil. In each test twig, two metal rings (5 mm diameter) were punched
through the foil and into the bark at 25 mm distance. After removal of the aluminum
foil inside the ring, 100µl of the extract/compound to be tested were applied on the
bark in one of the two rings. In the other ring, the same amount of the solvent was
applied (control). After the solvent had evaporated, the metal rings were removed.
Each test twig was placed on moist filter paper in a 142-mm-diam Petri dish
with one weevil in each dish. Forty replicates were used, 20 with females and 20
with males. Generally, there was no significant difference in response between the
sexes, and, therefore, the data presented are pooled. Each weevil was used only
once. The weevils were all in the reproductive phase of their life cycle and were
starved for 24 hr before the test period. The bioassays were conducted at room
temperature (ca. 22◦C).

The amount of feeding on the treatment and control area of each test twig
was recorded after 6 and 24 hr. The test areas were commonly either not fed upon
or completely consumed before the end of the 24 hr test period. Therefore, we
chose to present data based only on the presence or absence of feeding scars,
which is a more conservative measure of antifeedant effect than the amount of
consumed bark. The effect of the various treatments on the initiation of feeding
is described by the index: [(C − T)× 100]/(C + T) whereC is the number of
control surfaces with feeding scars andT the number of treated surfaces with
feeding scars (N = 40). Thus, an antifeedant effect gives positive values up to
a maximum of 100. Statistical differences between treatment and control were
tested with a chi-square test of a 2× 2 table (not continuity corrected): *P< 0.05,
** P< 0.01, *** P< 0.001 (null hypothesis: no difference).

Field Test. The antifeedant effect of ethyl 2,3-dibromo-3-phenylpropanoate
applied on stems of Norway spruce seedlings was assessed in a field test. The
active substance was dissolved in methanol and to this solution a liquid wax (AGS
3512 Ultra, Trion Tensid AB, Uppsala, Sweden) was added in the proportion
3 : 1 methanol–AGS), giving 0.056 g active substance per ml of the final
mixture. About 2 ml of this mixture (containing 0.11 g active substance) were
applied on each seedling in a way that it completely covered the lower half of the
stem. Seedlings treated this way were compared with seedlings similarly treated
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with the same methanol–AGS mixture without the active substance and with un-
treated seedlings. A randomized block design was used with each of the 80 blocks
containing one seedling of each of the three treatments. The distance between
seedlings within a block was about 0.5 m, and the distance between blocks about
2 m. The seedlings were planted on a fresh clear-cutting 13 km NNE Uppsala,
Sweden, on June 11, 1999. The amount of pine weevil feeding was recorded for
each seedling after 19 and 36 days.

RESULTS

Pine weevils fed about twice as much onP. sylvestristwigs as onP. contorta.
The mean (±SE) bark area consumed per weevil during three days was 43.0±
5.1 mm2 for P. sylvestrisand 23.0± 4.9 mm2 for P. contorta(P = 0.026, paired
t test).

The methanol extracts of the two pine species were divided into ethyl acetate,
pentane, and water. The water extracts of both species showed a strong stimu-
lating effect on feeding (Figure 1), whereas the pentane extracts slightly reduced
feeding. The ethyl acetate extracts ofP. contortahad a significant antifeedant
effect. In contrast, no significant effect on feeding was found for the EA extract of
P. sylvestris.

The ethyl acetate extract fromP. contortawas subjected to Sephadex LH-20
chromatography, and seven fractions were collected. Fraction 2 was the only frac-
tion found to possess significant antifeedant activity and was, therefore, chosen
for further fractionation. It was divided into acidic, basic, and neutral phases by

FIG. 1. Results of bioassays of water, ethyl acetate, and pentane extracts ofP. contorta
andP. sylvestrisafter 6 hr of feeding. Note that positive index values indicate antifeedant
effect and negative values a stimulating effect on feeding. Shading of the columns highlights
significance levels. *P< 0.05; **P< 0.01; *** P< 0.001.
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FIG. 2. Results of bioassays of the acidic, basic, and neutral fractions after 6 hr.
* P< 0.01; **P< 0.001.

extraction. All fractions tended to reduce feeding, and a strong antifeedant effect
was found for the neutral extract (Figure 2).

The neutral fraction consisted of three major constituents and some minor
ones. Two of the major compounds were identified as ethyltrans-cinnamate (1)
and ethyl 2,3-dibromo-3-phenylpropanoate (2) (Figure 3). The other compounds
in the mixture were not identified.

Both ethyl trans-cinnamate and ethyl 2,3-dibromo-3-phenylpropanoate
showed high antifeedant activity in the bioassays. After 24 hr the activity was
still high for both compounds (Figure 4).

To ensure that 2,3-dibromo-3-phenylpropanoate emanated from the pine bark
and was not an artifact, a new methanol extract ofP. contortawas made. This extract
was divided into pentane, ethyl acetate, and water as described above, and the ethyl
acetate phase was analyzed using HPLC equipped with a diode array detector;
synthetic 2,3-dibromo-3-phenylpropanoate was used as reference compound. A
peak with retention time and UV spectrum identical to the reference compound
was obtained. A new extract ofP. sylvestriswas treated the same way, and no ethyl
2,3-dibromo-3-phenylpropanoate could be detected.

Field Test.In field tests, ethyl 2,3-dibromo-3-phenylpropanoate significantly
reduced the amount of pine weevil feeding on spruce stems (Table 1). After five

FIG. 3. Structures of ethyltrans-cinnate and ethyl 2,3-dibromo-3-phenylpropanoate.
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FIG. 4. Results of bioassays of ethyl 2,3-dibromo-3-phenylpropanoate (1) (c = 50 mM)
and ethyltrans-cinnamate (2) (c= 50 mM) after 6 and 24 hr. ***P< 0.001.

weeks, the damage level was four times higher on control seedlings treated with
methanol–AGS without the active substance and three times higher on untreated
seedlings. Thus, methanol–AGS alone tended to increase damage, but this effect
was counteracted when the active substance was added.

DISCUSSION

Host plants can simultaneously produce both attractant and deterrent com-
pounds. The host monoterpene limonene can, for example, inhibit the attraction
of pine weevils to the attractant monoterpeneα-pinene and other host volatiles
(Nordlander, 1990, 1991). Verbenone is also known to reduce feeding by pine
weevils (Lindgren et al., 1996). Other natural plant compounds that have
been found to possess antifeedant activity againstHylobiusare limonin, carvone,

TABLE 1. PINE WEEVIL FEEDING IN FIELD ON SEEDLINGSTREATED WITH ETHYL

2,3-DIBROMO-3-PHENYLPROPANOATE(2) AND ON CONTROL SEEDLINGS OFTWO

DIFFERENT TYPESa

No. of attacked Mean (SE) debarked area
seedlings (N= 80) (cm2) per seedling (N= 80)

Treatment of
seedlings 19 days 36 days 19 days 36 days

2+ MeOH+ AGS 27 63 0.62 (0.14) a 1.63 (0.22) a
MeOH+ AGS 58 71 4.66 (0.46) b 6.53 (0.41) b
Untreated 47 69 3.28 (0.40) c 5.09 (0.38) b

aColumn means followed by the same letter are not significantly different (P< 0.05) (ANOVA
(GLM Proc., SAS) of log-transformed data followed by Tukey’s HSD test).
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curcubitacin, and coumarin (Salom et al., 1994, 1996; Klepzig and Schlyter,
1999).

We confirm in this study that pine weevils feed less on bark fromP. contorta
than on bark fromP. sylvestris.(The strong attractivity of the two water extracts
was probably due to the content of low-molecular-weight carbohydrates in those
fractions (Theander, 1982).) Two compounds possessing antifeedant activities
were isolated fromP. contorta, ethyl trans-cinnamate (1) and ethyl 2,3-dibromo-
3-phenylpropanoate (2). Compound2, found inP. contortaand not inP. sylvestris,
might also play a role in feeding preference forP. sylvestris. Several other factors
also may, be responsible forP. sylvestrispreference overP. contorta. P. sylvestris
may contain more feeding stimulants, and/or additional compounds with an-
tifeedant activity may exist inP. contorta.

Ethyl cinnamate has been isolated from several plant species (Pandji et al.,
1993; Aubry et al., 1997; Mallavarapu et al., 1999) but not to our knowledge from
any pine species. Ethyl cinnamate has not been reported to be an antifeedant but
is known to possess other defensive activities (Kiuchi et al., 1988; Pandji et al.,
1993). Ethyl 2,3-dibromo-3-phenylpropanoate has been synthesized and shown to
possess antibacterial and antifungal activities (patent: US patent 4,397,851). To
our knowledge, it has not been detected previously in living tissue.

The existence of a bromine compound in lodgepole pine bark was sur-
prising. However, ponderosa pine (Pinus ponderosa) also contains some bro-
mocompounds, since small amounts of bromine were detected in gases from
burning biomass (Turn et al., 1997). Bromines emanate from man-made
chemicals (Morris et al., 1993) and natural sources (Gribble, 2000; von Sydow
et al., 2000; Keppler et al., 2000); however, brominated natural products are
not common. Biologically, organobromine compounds are mainly produced
by marine organisms and less commonly by plants and other terrestrial
organisms. Many of these compounds possess biological activity (e.g., Gribble,
2000).

Host-derived antifeedant compounds of the type identified in this study may
be useful for the protection of conifer seedlings against pine weevil damage. How-
ever, it is not yet clear whether long-term effects can be achieved with these
compounds.
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Abstract—The chemical components of tarbush (Flourensia cernua) leaves
were fractionated by extracting successively with hexanes, diethyl ether, and
ethanol. Volatile profiles of each fraction were identified by using GC-MS. The
hexanes fraction contained mostly monoterpenoids, while the ethanol fraction
volatiles were primarily sesquiterpenoids. Crude fractions were tested for ac-
tivity against fungi, algae, and termites. Application of as little as 1µg of the
essential oil from the hexanes fraction was sufficient to provide visible antifun-
gal activity in bioautography assays. The diethyl ether fraction showed selective
activity against the cyanobacterium responsible for the 2-methylisoborneol-
induced off-flavor sometimes associated with catfish farming operations. All
three fractions exhibited a high degree of antitermite activity.

Key Words—Flourensia cernua, fractionation, activity, fungi, cyanobacteria,
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INTRODUCTION

At the Natural Products Utilization Research Unit (NPURU), Oxford, Mississippi,
we are interested in finding novel uses for products from natural sources, espe-
cially as they relate to pest management.Flourensia cernuaDC (tarbush, hojasen)
is an aromatic deciduous shrub endemic to the Chihuahuan Desert of the south-
western United States and northern Mexico. Tarbush flowers are reported to be
acutely toxic to livestock (Mathews, 1944; Dollahite and Allen, 1975) when con-
sumed in large amounts (approximately 1% of body weight per day). Additionally,
leaves and flower heads are sold in drug markets in Mexico (Dillon, 1984) and
local farmers’ markets in the United States as a remedy for indigestion. Tarbush
is increasing in dominance within the Chihuahuan Desert and is currently the
target of several studies involving interactions of herbivory and shrub chemistry
at the Jornada Experimental Range (JER), Las Cruces, New Mexico. We previ-
ously reported the chemical profile of the essential oil ofF. cernua(Tellez et al.,
1997). In collaboration with the JER, we examined a set of crude extracts obtained
from tarbush leaves by sequential extractions with solvents of widely differing
properties (hexanes, ether, and ethanol). Bioassays conducted at the JER show all
three crude fractions deter consumption by sheep when applied to alfalfa pellets
(Estell et al., 2001). Bioassays conducted at the NPURU have shown that the
crude hexanes and ether extracts are phytotoxic, whereas the ethanol fraction is
inactive (Dayan and Tellez, 1999). Little else is known of the bioactivity of tarbush
constituents.

Because volatile chemicals are likely the first line of exposure of a plant to
herbivores, one objective of this research was to examine volatile chemical profiles
of the three fractions that were deterrent to consumption by sheep (Estell et al.,
2001). A second objective was to test these fractions for antifungal, antialgal,
and antitermitic activity in an effort to identify potential agricultural and pest
management uses of material from this invasive shrub.

METHODS AND MATERIALS

Plant Collection.Plant materials were collected from an area heavily infested
with tarbush on the JER. Approximately 300 plants were selected haphazardly over
a large area. Leaves were stripped from leaders into plastic bags by hand using
gloves, and immediately placed on ice. Leaves were frozen within 2 hr, shipped
on Dry Ice to the NPURU, and stored at−20◦C until extraction.

Extractions.Tarbush leaves (36.5 kg) were extracted at room temperature in
approximately 3-kg batches. Extractions were carried out sequentially with 7 liters
each of hexanes, diethyl ether, and 100% ethanol for 22 hr in covered 10-liter round
bottom flasks placed in a circular shaker (New Brunswick Co. G10 Gyrotory
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Shaker) at 150 rpm. Each fraction was filtered (Whatman No. 1) and the solvents
removed under reduced pressure with a rotary evaporator. All fractions from a
given solvent were combined. The hexanes fraction produced 415.5 g of a highly
aromatic yellow–brown oil, the ether fraction resulted in 984.0 g of a thick green
oil, and the ethanol fraction produced 2215.6 g of an extremely thick green oil. All
final products were stored at−20◦C until used for bioassays. Steam distillations
of the extracts were conducted as previously described (Tellez et al., 2000).

Chemical Analyses.Volatile chemical analyses of extracts were performed
by GC-MS (EI, 70 eV) with a DB-5 column (30 m× 0.25 mm fused silica capillary
column, film thickness 0.25µm) with He as carrier gas (1 ml/min), 1µl injec-
tion size, and a programmed (injector temperature: 220◦C, transfer line tempera-
ture: 240◦C, initial column temperature: 60◦C, final column temperature: 240◦C,
3◦C/min) run (Adams, 1995). Octane and eicosane standards were used only for
determination of retention times. Identification of extract components was per-
formed by a comparison of mass spectra with literature data (NIST/EPA/NIH,
1990; Adams, 1995), and by comparison of their relative retention times with
those of authentic compounds, or by comparison of their retention indices with
those in the literature (Adams, 1995). The relative amounts (RA) of individual
components of the extracts are expressed as percent peak area relative to total peak
area. Analyses were performed on extracts after removal of solvents, since this
was representative of their composition as applied to bioassays.

Algicidal Assays.A rapid bioassay (Schrader et al., 1997) was used to deter-
mine the lowest-observed-effect concentration and the lowest-complete-inhibition
concentration ofF. cernuaextracts towards isolates of the cyanobacteriaOscilla-
toria perornataandOscillatoria agardhii, and the green algaSelenastrum capri-
cornutum. Ether, ethanol, and hexanes extracts were dissolved in technical grade
acetone, ethanol, and hexane, respectively, and placed into microplate wells by the
method of Schrader et al. (1997) to achieve a final test concentration of 50µg/ml
(N = 4). Solvents were allowed to evaporate for 10–15 min before adding culture
material. Solvents without extracts were used in control microplate wells. The
bioassay was modified by using 96-well quartz microplates (Hellma Cells, Inc.,
Forest Hills, New York) because hexane and acetone were used as loading solvents
and are not compatible with polystyrene microplates.

Fungicidal Assays.Pathogen production and inoculum preparation forCol-
letotrichum fragariaeBrooks,C. gloeosporioidesPenz. & Sacc., andC. accu-
tatum Simmonds were performed according to published procedures (Wedge
and Kuhajek, 1998). Conidia concentrations were determined photometrically
(Espinel-Ingroff and Kerkering, 1991; Wedge and Kuhajek, 1998) from a standard
curve, and suspensions were adjusted with sterile distilled water to a concentration
of 1.0×106 conidia/ml. Inhibition of fungal growth on chromatographic plates was
evaluated by modifications of thin-layer chromotography (TLC) bioautographic
assays (Homans and Fuchs, 1970).
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Extracts were spotted on a TLC plate with a disposable glass micropipet,
loading 400, 100, 10, 1, and 0.1µg of each extract and of each essential oil derived
from each extract. Loading solvents were used as controls. Each experiment was
repeated three times. To detect biological activity directly on the TLC plate, silica
gel plates (250µm, Silica Gel GF Uniplate, Analtech, Inc., Newark, Delaware)
were sprayed with a spore suspension as previously described (Wedge and Nagle,
2000). Inhibition of fungal growth for each test fungus was measured four days
after treatment. Concentration-dependent sensitivity of the fungal species to each
extract or oil was determined by comparing size of inhibitory zones.

Termite Assays.Extracts were tested at different concentrations, proportional
to extract recovery. Hexanes, ether, and ethanol extracts (189, 405, and 958 mg,
respectively) were each suspended with vigorous shaking in 45 ml of acetone. A
3-ml aliquot of the suspension was placed on each of three absorbent cellulose
pads (47 mm diam.) for each of the three extracts (N = 9). Pads of cellulose
without extract (N = 3) were used as a control. All pads remained under a fume
hood for 24 hr to allow evaporation of acetone. Plastic containers (5 cm diam.×
3.5 cm high) served as test containers. A sterile sand–vermiculite (1:1) mixture
(50 g) moistened with distilled water was placed in each of 12 test containers.
One hundredReticulitermessp. worker termites were placed on top of the sand
in each test unit. After 10 min, a treated cellulose pad that had been moistened
with distilled water was placed in each container. Each container was covered and
placed in an incubator maintained at 25◦C and 53% relative humidity. All test units
were observed weekly for five weeks to note any dead termites or unusual termite
behavior. After five weeks, test units were disassembled, and termite survival and
amount of feeding on treated and untreated cellulose pads was recorded.

RESULTS AND DISCUSSION

Table 1 shows the identity, retention index, retention time, and percent com-
position of the volatile compounds in the hexanes, ether, and ethanol extracts.
The volatile profiles for the three crude fractions were markedly different. Forty-
one volatile compounds were identified in the hexanes fraction, accounting for
over 91.3% of the composition of the volatiles in the extract. Forty-seven volatile
compounds were identified in the ether fraction, accounting for over 84.7% of
the composition of the volatiles in the extract;δ-selinene (5.8%) was tentatively
identified by MS only. Fourteen volatile compounds were identified in the ethanol
fraction, accounting for over 79.3% of the composition of the volatiles in the ex-
tract;δ-selinene (8.7%) and 3,7,11,15-tetramethyl-2-hexadecene-1-ol (4.5%) were
tentatively identified by MS only. The volatiles in the hexanes extract consisted of
a high proportion of monoterpenes, with the 27 identified monoterpenes account-
ing for 74.7% of the total area. The hexanes fraction contained a low proportion
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TABLE 1. VOLATILE CONSTITUENTS OFHEXANES, ETHER, AND ETHANOL SEQUENTIAL

EXTRACTIONS OFTARBUSH LEAVESa

RA

Rt (min) RI Hexanes Ether Ethanol

santolina triene 282 907 t — —
tricyclene 306 927 t — —
α-thujene 311 931 0.1 0.1 —
α-pinene 322 939 2.0 1.4 —
camphene 345 954 0.9 0.1 —
sabinene 383 977 1.9 0.4 —
β-pinene 390 980 0.8 0.3 —
myrcene 413 992 19.9 6.7 —
α-phellandrene 436 1004 0.1 t —
3-δ-carene 449 1012 12.6 6.1 —
α-terpinene 460 1018 t t —
o-cymene 470 1023 t — —
p-cymene 474 1026 0.1 t —
limonene 486 1032 27.7 8.4 —
1,8-cineole 495 1033 t t —
z-β-ocimene 500 1040 t — —
e-β-ocimene 522 1050 0.4 0.1 —
γ -terpinene 545 1061 t t —
artemisia ketone 547 1062 t — —
artemisia alcohol 598 1084 4.3 0.6 —
p-mentha-2,4(8)diene 604 1086 t t —
terpinolene 610 1089 0.1 t —
trans-pinocarveol 723 1139 t — —
camphor 736 1145 0.1 — —
cis-chrysanthenol 782 1163 1.1 0.2 —
borneol 789 1166 2.4 0.5 0.2
terpin-4-ol 817 1177 t — —
δ-elemene 1222 1340 t 0.4 0.9
α-cubebene 1251 1352 — 0.2 —
cyclosativene 1292 1367 — 0.1 —
α-ylangene 1305 1372 — 0.1 —
α-copaene 1316 1376 t 0.2 —
β-bourbonene 1337 1384 t t —
β-cubebene 1351 1389 — 0.2 —
cis-jasmone 1366 1394 0.1 — —
α-cedrene 1406 1409 — 0.2 0.2
β-caryophyllene 1421 1417 0.9 16.0 14.3
trans-α-bergamotene 1463 1435 — 0.1 —
α-guaiene or aromadendrene 1468 1437 — t —
α-humulene 1503 1452 0.4 5.0 6.9
γ -muurolene 1561 1476 — 1.0 0.1
γ -curcumene 1563 1477 — t —
germacrene D 1569 1479 1.6 24.0 43.3
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TABLE 1. CONTINUED

RA

Rt (min) RI Hexanes Ether Ethanol

β-selinene 1581 1484 — 0.9 1.1
viridiflorene 1595 1489 — t —
cis-β-guaiene 1601 1492 0.1 — —
bicyclogermacrene 1606 1494 0.1 1.1 1.6
δ-selinene (MS only)b 1633 1505 0.3 5.8 8.7
trans-γ -cadinene 1650 1513 0.1 0.9 0.6
δ-cadinene 1670 1522 0.1 1.2 0.9
cadina-1,4-diene 1689 1531 — 0.1 —
α-cadinene 1702 1537 — 0.1 —
germacrene B 1745 1555 — 0.2 0.3
caryophyllene oxide 1803 1580 0.2 0.1 0.2
β-eudesmol 1956 1649 11.3 2.8 4.4
flourensadiol 2403 1864 1.4 4.6 4.5
3,7,11,15-teramethyl-2-hexadecene-1-ol 2873 2114 — — 4.5

(MS only)

aRT = retention time; RI= retention index as determined on DB-5 using the homologous series of
n-hydrocarbons; RA= relative area (peak area relative to total peak area); t= trace (<0.05%);
— = not found.

bTentative identification (by MS only).

of sesquiterpenoids, withβ-eudesmol accounting for 11.3%, and the remaining
13 accounting for 4.9% of the total relative area. The major monoterpenoids
were myrcene (19.9%), 3-δ-carene (12.6%), and limonene (27.7%). The identified
volatile compounds in the ether extract consisted of a mixture of monoterpenes
(24.9%) and sesquiterpenes (57.0%), with a marked decrease in the proportion
of β-eudesmol present (2.8%). The major components included myrcene (6.7%),
3-δ-carene (6.1%), limonene (8.4%),β-caryophyllene (16.0%),α-humulene
(5.0%), and germacrene D (24.0%). Finally, the ethanol extract volatile profile
was almost completely devoid of monoterpenes (0.2%) and consisted almost
exclusively of sesquiterpenes, with the identified sesquiterpenes accounting for
79.1% of the total area. The major constituents includedβ-caryophyllene (14.3%),
α-humulene (6.9%), and germacrene D (43.3%).

The three solvents used to extract tarbush leaves differed in polarity, from the
fairly nonpolar hexanes to the fairly polar ethanol. These solvents were selected
in order to obtain a crude separation of the components of the leaves. Although
selective extraction was achieved, the separation appeared more a function of
size (monoterpenoids versus sesquiterpenoids) than polarity, at least for volatile
compounds. The observed difference is not an artifact of solvent removal since
chromatograms obtained prior to and after solvent removal showed little differ-
ence in profile. In the past, we have observed selective extractions of terpenoid
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classes withArtemisia annua(Tellez et al., 1999; Duke et al., 2000), although what
mechanisms might be responsible in this present case remain unexplained.

Steam distillations of each extract afforded 337, 178, and 15 mg of essential
oil (volatiles) per gram of hexanes, ether, and ethanol extract, respectively. Thus, a
substantial portion of all three crude extracts represented the nonvolatile fraction.
This distribution of volatile and nonvolatile components among the three extracts
might explain results obtained in sheep feeding studies (Estell et al., 2001), in
which all extracts decreased feed intake even though the amounts and profiles of
the volatiles were different.

This study demonstrated that all three crude fractions were active in our fungal
bioassays. Bioautography data (Table 2) showed that the essential oil derived from
the hexanes extract retained activity againstC. gloeosporioidesandC. fragariae
at lower application amounts than the other treatments. Antifungal activity of the
essential oil derived from the hexanes crude extract was detected at the 1µg dose.
Antifungal activity of the essential oils derived from the ether and ethanol fractions
was observed only at 10µg doses and above. Antifungal activity of the ethanol
crude extract fraction could be observed only at the highest amount (400µg)

TABLE 2. FUNGAL GROWTHINHIBITION BY HEXANES, ETHER, AND ETHANOL EXTRACTS OF

TARBUSHLEAVES ANDTHEIRESSENTIALOILS BY BIOAUTOGRAPHY USING Colletotrichum
gloeosporioides, C. fragaria, AND C. accutatumAS INDICATORS

Inhibition zone diameter (mean± SD, mm)

Hexanes Ether Ethanol

Extract Oil Extract Oil Extract Oil

C. gloeosporioides
400µg 7.3± 1.2 8.7± 0.9 10.0± 0.8 9.3± 0.5 9.7± 0.5 13.7± 0.9
100µg 3.7± 0.5 6.3± 1.2 6.7± 0.5 8.3± 0.9 0.0± 0.0 9.3± 0.9
10µg 0.0± 0.0 3.0± 2.2 1.0± 1.4 2.7± 0.5 0.0± 0.0 3.3± 0.5
1µg 0.0± 0.0 0.7± 0.9 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0

0.1µg 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
C. fragariae

400µg 10.3± 1.2 11.0± 0.8 10.3± 1.2 11.3± 3.3 10.0± 0.8 12.7± 0.5
100µg 8.0± 0.8 8.3± 1.2 7.3± 0.5 8.7± 0.9 0.0± 0.0 11.7± 0.9
10µg 2.3± 0.5 3.7± 0.9 1.3± 1.9 3.3± 0.5 0.0± 0.0 6.7± 3.1
1µg 0.0± 0.0 2.3± 1.7 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0

0.1µg 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
C. accutatum

400µg 7.0± 0.8 8.3± 0.5 10.7± 0.5 7.7± 0.5 5.3± 0.5 10.3± 0.5
100µg 4.7± 0.5 5.7± 0.5 6.7± 0.5 6.3± 0.5 0.0± 0.0 9.0± 0.8
10µg 0.0± 0.0 2.0± 1.4 1.0± 1.4 2.3± 1.7 0.0± 0.0 4.7± 0.9
1µg 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0

0.1µg 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0
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tested at the end of four days. Comparison among extracts, other than comparing
the presence or absence of activity, by comparing size of inhibition zones is not
valid because of the different solvents used to spot each extract. Comparing the
zones of inhibition within an extract indicates a clear dose response for all three
extracts againstC. gloeosporioides, C. fragariae, andC. accutatum.

The essential oil of the hexanes extract was consistently more active against
fungi than the extract itself, suggesting that a good portion of the activity in the
hexanes extract resides in its steam-distilled volatile components. Several ma-
jor volatile components—α-pinene (2.0%), 3-δ-carene (12.6%), and limonene
(27.7%) (Himejima et al., 1992), andβ-eudesmol (11.3%) (Miyakado et al.,
1976)—are reported to have antifungal activity. Another major component,
myrcene (19.9%), is reported to enhance the activity of other antimicrobials
(Onawunmi et al., 1984) . The steam-distilled volatiles of the ethanol fraction ex-
hibited inhibitory activity to all threeColletotrichumspecies, but their extremely
small presence (1.5%) in the extract makes it unclear whether the inhibitory effect
observed for the extract is due mostly to these steam-distilled volatiles or to other
non-steam-distilled components.

F. cernuaextracts were screened against two species of cyanobacteria (blue-
green algae) and one species of green algae to determine their potential as a se-
lective cyanobactericide. An off-flavor in channel catfish (Ictalurus punctatus)
raised in the southeastern United States creates an unpalatable and, therefore, un-
marketable product that results in large economic losses to the industry. Most
off-flavor episodes in catfish are attributed to their absorption of earthy/musty
compounds produced by certain species of cyanobacteria that grow in catfish pro-
duction ponds. In west Mississippi, the cyanobacteriumOscillatoria perornata
(Skuja), a producer of the musty-odor compound 2-methylisoborneol (MIB), is
thought to be the major cause of musty off-flavor in farm-raised catfish (van der
Ploeg et al., 1995). Green algae are not associated with such undesirable metabo-
lites and are also preferable to cyanobacteria in catfish production ponds because
they are better oxygenators of the water and a better base for aquatic food chains
(Paerl and Tucker, 1995). Therefore, the discovery of safe compounds that selec-
tively kill cyanobacteria would benefit the channel catfish industry.

Complete inhibition ofO. perornatawas observed for the hexanes and ether
extracts ofF. cernuaat 50 (µg/ml (Figure 1B). ForOscillatoria agardhii(a non-
MIB-producing cyanobacterium), complete inhibition occurred with the hexanes
extract, and these results were established visually, i.e., disappearance of filaments
in the treatment wells. The formation of black precipitate in wells containing
hexanes extracts andO. agardhiiculture resulted in high absorbance readings that
could be misinterpreted as accelerated growth rate byO. agardhii based solely
on the graphed data (Figure 1A). The other two cultures did not produce any
colored precipitate in wells containing hexanes extract. ForS. capricornutum,
complete inhibition was also established only for the hexanes extract (Figure 1C).
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FIG. 1. Effect of tarbush extracts on growth of (A) Oscillatoria agardhii, (B) O. perornata,
and (C) Selenastrum capricornutum. Error bars represent standard deviations of the mean
(n = 3).
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These results indicate selective toxicity of the ether extract ofF. cernuatowards
O. perornataand nonselective toxicity of the hexanes extract towards all three
organisms. No toxicity towards the green alga or cyanobacteria tested was observed
for the ethanol extract. Additional screening of extracts and their steam-distilled
oils revealed that a constituent (s) present in the extract but not the steam-distilled
oil is (are) responsible for the selective toxicity of the ether extract towardsO.
perornata(data not shown).

All three crude extracts also showed a high degree of termiticidal activity after
five weeks. The ethanol fraction was tested at the highest concentration and had a
mean survival of 0%; there were no survivors in any of three replicates (N = 100
per replicate). The hexanes extract was tested at the lowest concentration but also
had a nearly complete kill (mean of 2.3% survival); there were no survivors in
two of the replicates and only seven survivors on the third replicate (N = 100
per replicate). The intermediate ether fraction had 15.7% survival (0, 35, and 12
survivors in each replicate,N = 100/replicate). Survival of the control group with
an acetone blank was 82%. The antitermite properties of different fractions suggest
the presence of more than one active compound (or set of compounds).

In conclusion, the three sequential extracts of tarbush exhibited fairly different
volatile profiles. The crude organic extracts of tarbush show promise as antitermitic
and antifungal agents. The ether extract ofF. cernuaholds promise as a possible
selective cyanobactericide against the cyanobacterium thought to be the major
cause of musty off-flavor problems in Mississippi farm-raised catfish. We are
currently carrying out the bioassay-guided isolation and identification of the active
components inF. cernua.
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Abstract—Effects of three extracts (hexanes, ether, and ethanol) from tarbush
(Flourensia cernua) on intake of alfalfa pellets by lambs were examined. Forty-
five ewe lambs were fed one of five treatments for five days (randomized com-
plete block, three lambs per block on each treatment). Treatments were alfalfa
pellets (CON) or alfalfa pellets plus ethanol carrier (CAR), hexanes extract
(HEX), ether extract (ETH), or ethanol extract (ETOH). Extracts were applied
to alfalfa pellets at the same concentration as in an equivalent amount of tarbush
(as fed basis) in experiment 1 and at 10-fold dilutions of that concentration in
experiment 2. Treatments were isolated from tarbush leaves by using a sequen-
tial extraction with hexanes, diethyl ether, and 100% ethanol. Lambs received
640 g of alfalfa pellets (dry matter basis) each morning and intake was moni-
tored during a 20-min interval. Lambs were maintained and fed alfalfa pellets
(4.7% of body weight) as one group except during this interval. In experiment
1, mean intake by lambs during the 20-min interval was 361, 393, 204, 212, and
228 g for CON, CAR, HEX, ETH, and ETOH, respectively (SEM= 28.9). All
three extracts decreased intake (P < 0.001) compared to CON or CAR. Intake
did not differ among the three extracts (HEX, ETH, and ETOH) or between the
two controls (CON and CAR). Mean intake did not differ among treatments in
experiment 2 (468, 455, 389, 381, and 431 g for CON, CAR, HEX, ETH, and
ETOH, respectively; SEM= 30.5;P= 0.187). Several compounds are probably
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responsible for the low palatability and differential use of tarbush typically ex-
hibited by livestock.

Key Words—Flourensia cernua, feeding deterrent, intake, plant–animal inter-
actions, plant extracts, sheep.

INTRODUCTION

Tarbush (Flourensia cernuaDC) is a dominant shrub in the northern Chihuahuan
Desert. It is high in crude protein and generally low in antiquality factors (except
phenolics) (Estell et al., 1996). Livestock consume tarbush in limited amounts un-
der free-ranging conditions (Nelson et al., 1970; Anderson and Holechek, 1983),
depending on season and availability of other forages, but the shrub is not a pre-
ferred species. Tarbush may be toxic for some species of herbivores during flow-
ering (Mathews, 1944; Dollahite and Allen, 1975). However, no adverse effects
were observed in sheep consuming 30 or 15% tarbush leaves in mixed diets for 30
or 90 days, respectively (Fredrickson et al., 1994; King et al., 1996).

We have been using tarbush as a shrub model to examine chemical inter-
actions between desert shrubs and mammalian herbivory. Ruminants exhibited
differential use of individual plants when forced to browse tarbush (Estell et al.,
1994b), and removal of surface compounds with organic solvents increased tar-
bush consumption by sheep (Estell et al., 1994a). Terpenes on the leaf surface of
tarbush were related to its use by livestock (Estell et al., 1998a).

The objective of these experiments was to determine effects of extracts of
tarbush on intake by lambs when applied to alfalfa pellets. Our hypothesis was
that pellet consumption by lambs would decrease when extracts were applied.

METHODS AND MATERIALS

Experimental Protocol and Animal Management.Two experiments to exam-
ine intake of lambs consuming alfalfa pellets treated with extracts from tarbush
were conducted in accordance with guidelines approved by the New Mexico State
University Institutional Animal Care and Use Committee. Both experiments were
part of larger studies. Experiment 1 was conducted in conjunction with a series
of studies to examine the effect of specific terpenes (α-humulene, 1,8-cineole,
p-cymene, 3-carene, and sabinene) on intake (Estell et al., 2000), and experiment
2 was part of a similar study that examined another series of terpenes (β-pinene,
camphene, caryophyllene oxide, and myrcene; author’s unpublished data). Both
experiments were conducted as described by Estell et al. (2000). Ninety Polypay
ewe lambs [45 lambs per experiment, approximately 5 months of age, mean initial
body weight (BW) of 43.0± 0.41 kg and 36.8± 0.42 kg for experiments 1 and
2, respectively] without previous experience browsing tarbush were adapted to
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alfalfa pellets [4.7% of BW, dry matter (DM) basis] for two weeks and a dry-
lot pen for one week. A five-day adaptation period was conducted to familiarize
lambs with handling procedures and the 20-min pen feeding (week 1), followed
by a five-day period to establish baseline intake of untreated alfalfa pellets dur-
ing the 20-min interval (week 2). Extracts were tested in week 8 (experiment
1) and week 7 (experiment 2). All five-day periods were separated by two-day
intervals during which lambs were fed and managed as during the adaptation
period.

Lambs were individually fed treated pellets each morning during a 20-min
interval in an enclosed metabolism unit (1.22-× 2.44-m pens). Groups were fed
in succession at 08:00, 08:30, and 09:00 hr. During the 20-min feeding, 640 g of
pellets (DM basis) were offered daily to lambs, and feed refusals were measured.
Except for the morning feeding period, lambs were maintained as one group in an
outdoor pen with free access to water and trace-mineralized salt. Alfalfa pellets
(≥15% CP, 0.95 cm diam., from sun-cured alfalfa hay) were sampled randomly,
composited, ground to pass a 2-mm screen in a Wiley mill, and analyzed for dry
matter (93.8% and 94.9% in experiments 1 and 2, respectively) (AOAC, 1990).
Lambs were weighed on day 5 each week immediately preceding the 08:00 hr
feeding.

Lambs were also group-fed untreated alfalfa pellets twice daily at 13:00 hr
(950 g DM/lamb) and 10:00 hr (remainder required to provide a mean intake of
4.7% of BW). An amount of untreated feed equal to the total unconsumed feed
during 20-min tests was also fed at 10:00 hr. During the two-day intervals between
intake measurements, lambs were fed an additional 640 g DM/lamb at 10:00 hr.

Treatments.Treatments applied to alfalfa pellets consisted of extracts from
an equivalent amount of tarbush (as fed basis, 680 g) in experiment 1. These
concentrations should most accurately reflect those to which livestock would be
exposed when browsing tarbush. For experiment 2, 10-fold dilutions of the ex-
tracts served as treatments. Two control groups (one receiving untreated pellets
and one receiving pellets sprayed with ethanol carrier) were included in each ex-
periment. Treatment extracts were thawed at room temperature for 24 hr, dissolved
in the appropriate amount of ethanol, and stored in amber glass bottles. Extracts
were not completely soluble in the amount of ethanol used, and some settling
occurred. Consequently, suspensions were swirled immediately before decanting
and application.

Solutions were applied at 1 ml/20 g of alfalfa pellets with graduated
cylinders (experiment 1) or graduated high-density polyethylene spray bottles
(experiment 2). Treatments were sprayed in a stream pattern in experiment 2 to
minimize volatilization. Pellets were placed in one end of feed pans, and pans
were tilted and gently shaken while treatments were applied in an effort to apply
treatments completely and evenly. Approximately 10 min lapsed between appli-
cation and feeding, and order of application was rotated systematically (within
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and across days) to minimize bias due to time between spraying and feeding.
Treatments were applied in an adjacent separately ventilated room, and an exhaust
fan in the metabolism unit was used to remove aromas and minimize potential drift
among pens. One stainless steel pan was used for each lamb in each experiment
to minimize cross-contamination, and pans were rinsed with ethanol after each
feeding.

Bulk Extraction.Tarbush exhibiting lush green growth (prebloom stage) with-
out visible evidence of insect damage was harvested from one location on the
Jornada Experimental Range near Las Cruces, New Mexico. Leaves were removed
by hand using gloves and placed in plastic bags on ice. Approximately 36 kg of
fresh material representing several hundred plants were collected on September
10, 1997, between 07:30 and 12:00 hr. Leaf material was frozen within 1–2 hr
of collection, shipped on Dry Ice to the USDA-ARS Natural Products Utilization
Research Unit (Oxford, Mississippi), and stored in a−20◦C cold room. Frozen
leaves were extracted sequentially with hexanes, diethyl ether, and 100% ethanol.
Extractions were conducted in 3-kg batches at room temperature on a circular
shaker at 150 rpm for 22 hr in a covered 10-liter round-bottom flask with 7 liters
of each solvent. Extracts from each solvent were filtered (Whatmann No. 1 filter
paper), solvents were removed with reduced pressure in a 10-liter rotary evapora-
tor, and 12 extracts from each solvent were combined in amber glass bottles and
frozen. Oils were stored in a−20◦C cold room until shipped on Dry Ice to Las
Cruces, New Mexico.

Statistical Analysis.Lambs were randomly assigned to pen, group, and treat-
ment at the beginning of each experiment in a randomized complete block design.
Randomization was restricted to three lambs per treatment in each group (block).
Repeated-measures analysis of variance was conducted using GLM procedures
of SAS Institute (1989) for each experiment to evaluate the consistency of intake
among days within experiment. The model contained group (blocking factor),
day, treatment, day× treatment interaction, and experimental error (animal nested
within treatment). Orthogonal polynomial contrasts were tested among days in this
analysis. Analysis of variance for each experiment was also conducted by using
GLM procedures of SAS Institute (1989) with intake (five-day means) during the
20-min interval as the dependent variable and treatment and group as the inde-
pendent variables in the model. Although pen and animal are confounded and pen
was not in the model, previous experiments that used these facilities did not reveal
pen effects (Estell et al., 1998b). Means from analysis of variance were separated
(P < 0.05) by LSD (SAS Institute, 1989) in the case of a significantF value (P <

0.05). Intake of control lambs (N = 9) was subjected to analysis of variance with
time as the treatment factor to evaluate the consistency of intake of controls over
time. Means were separated (P < 0.05) by LSD (SAS Institute, 1989) in the case
of a significantF value (P < 0.05).
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FIG. 1. Daily intake (g/day during 20 min feeding) by lambs of alfalfa pellets treated
with Flourensia cernuaextracts at the same concentration as in intact plants. Treatments
were control (H) and control with carrier (•), hexanes extract (¥), ether extract (N), or
ethanol extract (¤); N = 9 lambs/treatment; SEM= 28.9; linear treatment (P < 0.001)
and quadratic mean (P < 0.001) effects were detected.

RESULTS AND DISCUSSION

When intake was examined by day with a repeated-measures analysis of vari-
ance, a linear treatment effect (P <0.001) and a quadratic mean effect (P <0.001)
were detected in experiment 1 (Figure 1), and a quadratic (P = 0.001) mean effect
was detected in experiment 2 (Figure 2). Quadratic mean effects in both experi-
ments reflect the increased intake early in the week and the decrease in the latter
part of the week. This shift was evident across treatments and therefore unrelated to
treatments. The linear treatment effect in experiment 1 indicates changes in intake
over time were not consistent among treatments (day× treatment interaction), and
likely reflects the dramatic decrease in the ETOH treatment between days 2 and 5
(Figure 1).

Across days, intakes for CON (361 g) and CAR (393 g) differed (P < 0.001)
from HEX (204 g), ETH (212 g), and ETOH (228 g) in experiment 1 (Figure 3).
Although the pattern was similar in experiment 2 (Figure 4), means were not sta-
tistically different (468, 455, 389, 381, and 431 g for CON, CAR, HEX, ETH, and
ETOH, respectively). All three treatments clearly reduced intake in experiment 1,
supporting our hypothesis; however, the three fractions representing different crude
mixtures of volatile and nonvolatile compounds extracted by increasingly polar
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FIG. 2. Daily intake (g/day during 20 min feeding) by lambs of alfalfa pellets treated
with Flourensia cernuaextracts at a 10-fold dilution of the concentration in intact plants.
Treatments were control (H) and control with carrier (•), hexanes extract (¥), ether extract
(N), or ethanol extract (¤); N = 9 lambs/treatment; SEM= 30.5; linear (P = 0.010) and
quadratic mean (P < 0.001) effects were detected.

FIG. 3. Mean intake (g/day during 20 min feeding) by lambs of alfalfa pellets treated with
Flourensia cernuaextracts at the same concentration as in intact plants. Treatments were
control (CON) and control with carrier (CAR), hexanes extract (HEX), ether extract (ETH),
or ethanol extract (ETOH);N = 9 lambs/treatment; SEM= 28.9; CON and CAR differed
from HEX, ETH, and ETOH (P < 0.001).
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FIG. 4. Mean intake (g/day during 20 min feeding) by lambs of alfalfa pellets treated
with Flourensia cernuaextracts at a 10-fold dilution of the concentration in intact plants.
Treatments were control (CON) and control with carrier (CAR), hexanes extract (HEX),
ether extract (ETH), or ethanol extract (ETOH);N = 9 lambs/treatment; SEM= 30.5;
treatment means did not differ (P > 0.05).

solvents were equally effective in deterring intake at concentrations equivalent to
those encountered in intact plants.

Treatments CON and CAR were not different in experiments 1 or 2, indicating
no effect of the ethanol carrier on intake of alfalfa pellets. No effect of group was
detected in either experiment. Intake for the CON lambs during the 20-min interval
was 361 g (experiment 1) and 468 g (experiment 2). Intake for the same nine lambs
during the adaptation period (week 2) was 403 g and 536 g for experiments 1 and
2, respectively. Intake of control lambs during adaptation and week of treatment
did not differ in either experiment (P > 0.05; SEM= 38.7 and 32.8, respectively).
Because intake was adjusted weekly and because prior treatments did not greatly
affect intake, we did not expect CON intake to differ over time.

Previously at this location, when a mixture of cattle, sheep, and goats were
forced to use tarbush, they preferentially browsed certain plants to the exclusion
of others, and this differential use was negatively related to epicuticular wax con-
centration (Estell et al., 1994b). Lambs consumed more tarbush when surface
compounds were removed with organic solvents (Estell et al., 1994a). Concen-
trations of specific mono- and sesquiterpenes on tarbush leaves were related to
this differential use (e.g.,α-pinene and flourensadiol) (Estell et al., 1998a). To
date, 15 volatile compounds (camphor, limonene,cis-jasmone,β-caryophyllene,
borneol,α-pinene, sabinene, 3-carene,p-cymene,α-humulene, 1,8-cineole, cam-
phene, myrcene, caryophyllene oxide, andβ-pinene) have been tested individually
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for effects on intake (Estell et al., 1998b, 2000, unpublished data). Results from
these studies have generally shown minor or no effects on intake by lambs when
individual compounds were applied to alfalfa pellets.

Because all treatments significantly reduced intake in experiment 1, a 10-fold
dilution of the extracts was applied in experiment 2 in an attempt to identify the
most potent fraction. None of the diluted extracts significantly influenced intake;
however, the amount of residue recovered (415, 984, and 2215 g for hexanes,
ether, and ethanol fractions, respectively) during extraction suggests the hexanes
fraction was most potent, based on the fact that it was recovered in the low-
est amount and, therefore, contributed the least mass to its respective treatment
solution.

Volatile profiles for each extract were characterized by using gas chromato-
graphy–mass spectrometry (Tellez et al., 2001). Volatile profiles in the extracts
were related more to molecule size than to any obvious polarity differences. The
hexanes fraction contained most of the monoterpenes (and few sesquiterpenes),
the ether fraction contained primarily sesquiterpenes (with some monoterpenes),
and the ethanol fraction was almost exclusively sesquiterpenes. The volatile com-
pounds contributing greater than 10% of the total peak area in the hexane fraction
were limonene, myrcene, 3-carene, andβ-eudesmol. For both the ether and ethanol
fractions, only germacrene D andβ-caryophyllene were present in excess of 10%
of the total peak area (Tellez et al., 2001). Limonene, myrcene, 3-carene, and
β-caryophyllene did not affect intake when examined individually (Estell et al.,
1998b, 2000, unpublished data), although, to our knowledge, effects of germa-
crene D andβ-eudesmol on mammalian herbivory have not been examined . These
crude fractions likely also contain numerous nonvolatile compounds, particularly
in the more polar ether and ethanol fractions (e.g., alkaloids, flavonoids, etc.).
Flavonoids (Rao et al., 1970), 4-hydroxyacetophenone derivatives (Bohlmann and
Grenz, 1977), and benzofurans and benzopyrans (Aregullin-Gallardo, 1985) have
been characterized in tarbush. Certainly, these or other nonvolatile compounds in
the extracts may be responsible for the reduced intake of alfalfa pellets by lambs
in this study.

The decreased intake observed in experiment 1 may be due to reduced palata-
bility, given that many compounds in the crude terpenoid fraction are bitter. Bit-
terness is thought to be a primary aversive stimulus influencing forage prefer-
ences (Krueger et al., 1974), although compounds considered to be bitter are not
necessarily deterrent to herbivores (Nolte et al., 1994). Hanks et al. (1975) re-
ported that methanolic extracts containing phenolics from a number of subspecies
of rubber rabbitbrush, varying in palatability and use by mule deer, resulted in
different patterns when subjected to paper chromatography. Dohi et al. (1996)
found methanolic extracts of perennial ryegrass sprayed on low-quality hay stimu-
lated intake by goats, whereas pentane extracts either had no effect or reduced
intake. Pass et al. (1998) examined the deterrent properties of eucalyptus for
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common ringtail possums, using plants that were herbivore deterrent and her-
bivore susceptible. Several fractions from low-use plants differed from controls,
including a methanolic fraction, a chloroform subfraction, and the steam distillate
(Pass et al., 1998).

Intake reductions could be attributed to reduced digestibility and or pas-
sage rate due to microbial toxicities. Terpenes have been reported to decreasein
vitro digestibility in ruminants, suggesting microbial toxicities (Oh et al., 1967;
Schwartz et al., 1980), particularly if rumen microflora are not adapted to the
compounds (Oh et al., 1967). Sinclair et al. (1988) indicated both dry matter and
protein digestibility in snowshoe hares were reduced when ether or methanol ex-
tracts of white spruce or bog birch were applied to rabbit chow at levels found
in those species normally. However, it is doubtful that reduced digestibility was
responsible for decreased intake in this study, given the short duration of the
study and the fact that lambs maintained an average total intake of 4.7%
of BW.

There was little indication that intake reduction was due to negative feed-
back in this study, even though aversions can be formed within a five-day period
(Provenza et al., 1990). The only evidence of aversion to extracts occurred for the
ETOH treatment (experiment 1; Figure 1), in which intake decreased substantially
during the latter part of the week (linear treatment effect, suggesting a day×
treatment interaction,P < 0.001).

In conclusion, compounds in these extracts are probably partly responsible
for the low palatability and differential use of tarbush by ruminants. Knowledge of
specific chemical interactions with feed intake may ultimately lead to mechanisms
to alter feeding behavior and diet selection. Potential benefits of increased shrub
consumption would depend on the balance of nutritional benefits and metabolic
impacts of phytotoxins.
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Abstract— Sacoglossans are a group of opisthobranch mollusks that have been
the source of numerous secondary metabolites; however, there are few exam-
ples where a defensive ecological role for these compounds has been demon-
strated experimentally. We investigated the deterrent properties of the sacoglos-
sanElysia rufescensand its food algaBryopsissp. against natural fish predators.
Bryopsissp. produces kahalalide F, a major depsipeptide that is accumulated by
the sacoglossan and that shows in vitro cytotoxicity against several cancer cell
lines. Our data show that bothBryopsissp. andElysia rufescensare chemically
protected against fish predators, as indicated by the deterrent properties of their
extracts at naturally occurring concentrations. Following bioassay-guided frac-
tionation, we observed that the antipredatory compounds ofBryopsissp. were
present in the butanol and chloroform fractions, both containing the depsipep-
tide kahalalide F. Antipredatory compounds ofElysia rufescenswere exclusively
present in the dichloromethane fraction. Further bioassay-guided fractionation
led to the isolation of kahalalide F as the only compound responsible for the
deterrent properties of the sacoglossan. Our data show that kahalalide F protects
bothBryopsissp. andElysia rufescensfrom fish predation. This is the first report
of a diet-derived depsipeptide used as a chemical defense in a sacoglossan.

Key Words—Antipredatory role, herbivore–prey relationship, depsipeptides,
kahalalide F, sacoglossan mollusks, green algae,Elysia rufescens, Bryopsissp.
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INTRODUCTION

Sacoglossans (=ascoglossans) are a group of opisthobranch mollusks that feed
primarily on siphonaceous green algae (Williams and Walker, 1999). They are
highly specialized herbivores that can sequester functional chloroplasts from their
diet and use them as a source of photosynthetic energy (Clark et al., 1990; Williams
and Walker, 1999). Sacoglossans can also sequester secondary metabolites from
their diets or use the sequestered chloroplasts to convert bicarbonate into a
variety of carbohydrates that can be used for the synthesis of secondary
metabolites (Ireland and Scheuer, 1979; Ireland and Faulkner, 1981; Paul and
Van Alstyne, 1988; Gavagnin et al., 2000). It has been hypothesized that these
compounds defend sacoglossans against predators. These putative chemical de-
fenses are throught to provide ecological advantages and may function
as a driving force in the evolution of this group (Cimino and Ghiselin, 1998).

Although marine natural products chemists have isolated numerous secondary
metabolites from sacoglossans (Faulkner, 1992; Avila, 1995), their ecological roles
remain largely uninvestigated. Many species synthesize polypropionates (Ireland
and Scheuer, 1979; Ireland and Faulkner, 1981; Ksebati and Schmitz, 1985; Dawe
and Wright, 1986; Roussis et al., 1990; Di Marzo et al., 1991; Vardaro et al., 1991;
Gavagnin et al., 1996). However, these compounds do not show an antipreda-
tory role when they have been experimentally tested (Hay et al., 1989; Roussis
et al., 1990). Both the chemically defended sacoglossanCyerce nigricansand its
chemically defended host algaChlorodesmis fastigiatacontain chlorodesmin (Hay
et al., 1989). Although chlorodesmin significantly deters feeding by herbivorous
fishes (Paul, 1987; Wylie and Paul, 1988), it does not account for the antipredatory
properties of the mollusk (Hay et al., 1989). Two propionate-derived metabolites
isolated from the same mollusk species also lacked the deterrent properties of the
extracts (Roussis et al., 1990).

Our study focused on the sacoglossanElysia rufescensand its food alga
Bryopsissp. Kahalalide F is the major metabolite of a series of amino and fatty acid-
derived depsipeptides produced by the green algaBryopsissp. that are accumalated
by Elysia spp. (Hamman and Scheuer, 1993; Hamman et al., 1996). Kahalalide
F shows a series of in vitro activities against tumor cell lines, viruses, and fungi
(Hamman and Scheuer, 1993), but no ecological roles have been investigated. In
our study, we investigated whether or notBryopsissp. andElysia rufescensare
chemically defended against generalist fish predators and, if so, whether or not
kahalalide F is the compound responsible for the deterrent properties.

METHODS AND MATERIALS

Extraction and Isolation.We collected 5.4 kg wet mass ofElysia rufescens
and 4.67 kg wet mass ofBryopsissp. by snorkeling at low tide near Black Point,
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Oahu, Hawaii, during February 1995. Marilyn Dunlap and Alison Kay identified
the animals. A voucher specimen is deposited at the Bernice P. Bishop Museum,
Honolulu, BPBM 247679.Bryopsissp. is an undescribedBryopsisspecies highly
abundant in the reef flat at Black Point. In contrast toBryopsissp. at other sites
(Kan et al., 1999, personal observation), the specimens at Black Point lacked
macroepophytes. We used bioassay-guided fractionation to isolate and identify
ecologically active compounds. We used various solvents to extract and fraction-
ate the extracts from both species along gradients of polarity (Figures 1 and 2). The
general goal and approach was the same for the two species, but the specifics of the
process varied betweenE. rufecensandBryopsissp. The sacoglossans were ex-
tracted with ethanol (5× 3 liters) and dichloromethane (CH2Cl2, 2 liters). Ethanol
and CH2Cl2 extracts fromE. rufescenswere combined (282.3 g) and partitioned
between CH2Cl2 and water (Figure 1). The aqueous layer was extracted withn-
BuOH, leaving 216.4 g of aqueous extract after evaporation. Then-BuOH layer
was combined with the CH2Cl2 layer, concentrated (65.9 g), and partitioned be-
tween hexanes (30.5 g) and MeOH–H2O (9 : 1) (35.4 g). The methanol layer was
collected and water was added to adjust the MeOH concentration to 60%. Extrac-
tion with CH2Cl2 and concentration yielded 23 g of CH2Cl2 extract and 12.4 g of
the aqueous methanol extract. The CH2Cl2 fraction was subjected to ODS flash
column chromatography, by using a stepwise aqueous methanol gradient (50%
MeOH= ODS1, 70% MeOH= ODS2, 90% MeOH= ODS3, 100% MeOH=
ODS4, CHCl3–MeOH–H2O (7 : 3 :0.5)= ODS5). Fraction ODS3 (12.2 g), was
subjected to ODS flash column chromatography by using a stepwise aqueous
acetonitrile gradient [50% MeCN, 60% MeCN, 70% MeCN, 80% MeCN, 100%
MeOH, CHCl3–MeOH–H2O (CMW,7 : 3 :0.5)]. The peptide-containing fractions
(monitored by TLC) were combined (8.3 g) and purified on an ODS column by
using a stepwise aqueous MeCN gradient solvent system (61%, 62%, 70% aque-
ous MeCN and 100% MeOH). The kahalalide F-containing fraction eluted with
61% MeCN (4.1 g), and it was passed through an ODS BondElut short column.
A reverse-phase HPLC separation (Ultracarb 10 ODS PO; MeOH–H2O–TFA,
65 : 35 : 0.05) led to 2 g ofpure kahalalide F. All the non-kahalalide F-containing
fractions and the HPLC side fractions were recombined to reconstitute what was
called fraction ODS6 (Figure 1).

The methanol (2× 3 liters) and CHCl3–MeOH (1 : 1) (2× 3 liters) extracts
from Bryopsissp. were combined (159.82 g) and partitioned between CHCl3 and
water (Figure 2). The aqueous layer was extracted withn-BuOH (4.23 g). The
CHCl3 layer was concentrated (11.09 g) and partitioned between hexanes (4.71 g)
and MeOH–H2O (9 : 1) (6.87 g). The methanol layer was collected (2.67 g), and
water was added to adjust the MeOH concentration to 60%. Extraction with CHCl3

and concentration yielded 4.2 g of chloroform fraction.
We used TLC and proton nuclear magnetic resonance (NMR spectra measured

on a General Electric QE-300 or GN Omega 500 instrument) to detect kahalalide
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FIG. 1. Scheme of the extraction and partitioning procedure used to obtain secondary
metabolites from the sacoglossanElysia rufescens. Fractions enclosed in a double frame
were tested at their naturally occurring concentrations against natural fish predators in the
field. Fractions sharing the same double frame were tested in the same feeding experiment.
See text for more information on the isolation procedure and assay techniques.
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FIG. 2. Scheme of the extraction procedure used to obtain secondary metabolites from
the green algaBryopsissp. Fractions sharing the same double frame were tested at their
naturally occurring concentrations against natural fish predators in the same field feeding
experiment. See text for more information on the extraction procedure and assay techniques.

F in the fractions and in the mucus produced byElysia. The presence of secondary
metabolites in the mucus has been traditionally considered as indirect evidence
of the ecological role of the compound (Faulkner, 1992). To collect mucus, we
put slugs with seawater in zip-lock bags during collection and then transferred the
bags with slugs to containers with ice for transportation to the laboratory. Once
in the laboratory we took the slugs out of the seawater, which had taken on a
mucilaginous consistency due to the production of mucus by the slugs. We freeze-
dried the water–mucus solution, extracted with DCM, and then partitioned using
the Elysia scheme. Presence of kahalalide F was monitored in the fractions by
proton NMR analysis.

Antipredatory Experiments.We used field experiments to determine whether
Bryopsissp. andElysia rufescensare chemically defended against a natural coral
reef fish assemblage. Methods were similar to those of Becerro et al. (1998). We
added extracts fromBryopsissp. andE. rufescensto an artificial diet consisting
of 5 g of ground food, 2.5 g of carrageenan, and 80 ml of water. We used ground
material of the green algaEnteromorphasp. or ground catfish pellets (Kruse’s
Perfection Brand) in an attempt to better mimic the nutritional characteristics
of Bryopsissp. andE. rufescensin our artificial diets. We added the necessary
amount of extracts, fractions, or compounds relative to wet mass of the food to
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match the natural concentration of extracts, fractions, or compounds relative to the
wet mass ofBryopsisor E. rufescens. The actual amount of extract (dissolved in
2 ml of dichloromethane–methanol 1 : 1) added to the mixture varied according
to the percent yield (per wet mass) of the particular extract or fraction tested.
Control foods were prepared by adding 2 ml of solvent to the carrageenan-food
diet. The mixture was poured into 1-cm3 molds containing a rubber O-ring, so
that safety pins could be used to attach cubes to ropes (40 cm long). Each rope
contained either four control or four treated food cubes. We placed 20 pairs of
control and treated ropes on the reef of Western Shoals, Apra Harbor, Guam. Pairs
were removed when approximately half of the cubes were eaten in any of the
treatments. We used Wilcoxon signed-ranks test for paired comparisons to test for
significant differences in the number of control and treatment cubes eaten.

RESULTS

In field experiments, extracts fromBryopsissp. andElysia rufescenssig-
nificantly deterred fish predators at naturally occurring concentrations. The an-
tipredatory properties ofBryopsissp. are associated with the butanol and CHCl3

fractions (P < 0.001 andP = 0.01 respectively, Figure 3). TLC analysis showed
that kahalalide F is exclusively present in the active fractions.

The antipredatory properties ofElysia rufescenswere associated with the
methylene chloride fraction (P = 0.002, Figure 4), a combination of the butanol
and methylene chloride fractions from the first fractionation procedure (Figure 1).
Kahalalide F was the only compound responsible for the antipredatory properties
of the extract (P = 0.02, Figure 5). Kahalalide F was also present in the mucus,
as observed by proton NMR, although the concentration at which it occured is
unknown.

DISCUSSION

Secondary chemistry seems to play a major role in the biology, ecology,
and evolution of mollusks. Sea hares, cephalaspideans, and nudibranchs either
sequester secondary metabolites from their diet or synthesize them de novo to
use them as chemical defenses (Faulkner, 1992; Avila, 1995). Although the data
available for sacoglossan mollusks seem to support a defensive role for these
compounds (Gavagnin et al., 1994a), experimental evidence is still scarce and
does not always support this hypothesis. Our study provides evidence that the
sacoglossanElysia rufescensand its host algaBryopsissp. are chemically defended
against generalist fish predators. Kahalalide F, a major depsipeptide sequestered
by E. rufescensfrom the green algaBryopsissp., is the compound responsible for
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FIG. 3. Feeding deterrence of fractions from the green algaBryopsissp. towards natural fish
consumers in the field. Bars represent average (mean±1 SE) number of control (empty bars)
and treated (filled bars) cubes eaten in the field by natural fish predators. Mean differences
between treatments and their respective controls were tested with Wilcoxon signed-ranks
test for paired comparisons. The aqueous (water), butanol (BuOH), 60% methanol (MeOH),
chloroform (CHCl3), and hexanes fractions were all tested at their naturally occurring
concentrations.

this activity. To our knowledge, this is the first report of a diet-derived depsipeptide
used as a chemical defense by sacoglossans.

Sequestration of secondary metabolites is widespread among opisthobranch
mollusks. There is ample evidence that sea hares and nudibranchs incorporate bi-
ologically active compounds in their tissues and use them for their own defense
(Faulkner, 1992; Avila, 1995). Similarly, sacoglossans also accumulate or mod-
ify secondary metabolites from their diets.Elysiella pusilla(=Elysia halimedae)
sequesters diterpenoids from its food algaHalimeda macrolobaand uses them
as defense against fish predators (Paul and Van Alstyne, 1988). The sacoglossan
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FIG. 4. Feeding deterrence of fractions from the sacoglossanElysia rufescenstowards
natural fish predators in the field. Bars and statistical values as in Figure 3. The aqueous
(water), 60% methanol (MeOH), methylene chloride (CH2Cl2), and hexanes fractions were
all tested at their naturally occurring concentrations.

Oxynoe panamensisfeeds on the chemically defended algaCaulerpa sertularoides,
from which it incorporates caulerpin and caulerpicin (Doty and Aguilar-Santos,
1970). Chlorodesmin, a diterpenoid from the green algaChlorodesmis fastigiata,
significantly deters feeding by some herbivorous fishes (Paul, 1987; Wylie and
Paul, 1988). However, the sacoglossanCyerce nigricansspecializes on feed-
ing on Chlorodesmis fastigiata(Hay et al., 1989), from which it incorporates
chlorodesmin. Although the sacoglossan is chemically defended, chlorodesmin
does not account for the deterrent properties of the mollusk (Hay et al., 1989).
Our data support a deterrent role for the metabolites ingested byElysia rufescens
from Bryopsissp. Similarly, the sacoglossanCostasiella ocelliferasequesters the
brominated compound avrainvilleol from its diet algaAvrainvillea longicaulisand
uses it as a defense against fish predators (Hay et al., 1990).

The production of polypropionate metabolites by marine mollusks is well
documented (Cimino and Sodano, 1993), including that by many sacoglossan
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FIG. 5. Feeding deterrence of methylene chloride subfractions from the sacoglossan
Elysia rufescenstowards natural fish predators in the field. Bars and statistical values
as in Figure 3. All subfractions were tested at their naturally occurring concentrations.
Subfraction labels: ODS1= 50% methanol, ODS2= 70% methanol, ODS6= all com-
pounds (except kahalalide F) obtained from the 90% methanol subfraction, KF= kahalalide
F, ODS4= 100% methanol, ODS5= chloroform–methanol–water (7 : 3 :0.5), methylene
chloride (CH2Cl2), See text and Figure 1 for more information on the partitioning procedure
and isolation of kahalalide F).

species (Ireland and Scheuer, 1979; Ireland and Faulkner, 1981; Ksebati and
Schmitz, 1985; Dawe and Wright, 1986; Roussis et al., 1990; Di Marzo et al.,
1991; Vardaro et al., 1991; Gavagnin et al., 1996). Many polypropionates isolated
from mollusks have strong antibacterial (Biskupiak and Ireland, 1983; Dawe and
Wright, 1986), cytotoxic (Ksebati and Schmitz, 1985), and ichthyotoxic (Gavagnin
et al., 1994b; Vardaro et al., 1991) properties, and crude extracts from species con-
taining polypropionates significantly inhibit feeding by fish predators (Hay et al.,
1989). Polypropionates are also present in the mucus of sacoglossans (Di Marzo
et al., 1991; Vardaro et al., 1991). Deterrent secretions have been described in
many opisthobranchs including sacoglossans (see review by Avila, 1995), and the
presence of secondary metabolites in the mucus may be considered as indirect
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evidence for the role of these compounds as a defensive mechanism against preda-
tors (Faulkner, 1992). The sacoglossanElysiella pusilla(= Elysia halimedae) in-
corporates from its dietHalimeda macrolobathe aldehyde halimedatetraacetate,
which the sacoglossan reduces to its corresponding alcohol and incorporates in
high concentrations in its body, mucus, and egg masses (Paul and Van Alstyne,
1988). The alcohol deters feeding by fish predators at natural concentrations (Paul
and Van Alstyne, 1988). Polypropionates might function similarly, although exper-
imental data on the sacoglossanCyerce nigricansfailed to support a deterrent role
for polypropionates (Hay et al., 1989; Roussis et al., 1990), and further research
is necessary to establish their role against predation. Whether polypropionates
play other biological or ecological roles is uncertain. There is evidence support-
ing the involvement of cyercenes in the regenerative processes after autotomy of
body parts in the sacoglossanCyerce cristallina(Di Marzo et al., 1991), a process
widely distributed among sacoglossans that has received little attention (Lewin,
1970; Di Marzo et al., 1991; Trowbridge, 1994).

Our bioassay-guided fractionation procedure shows that kahalalide F is the
only compound responsible for the antipredatory properties ofElysia rufescens.
In the mollusk, kahalalide F is the major metabolite out of a group of several com-
pounds isolated from the mollusk and its dietary alga (kahalalides A–J) (Hamman
and Scheuer, 1993; Hamman et al., 1996; Goetz et al., 1997). Kahalalide F is found
in E. rufescensat concentrations between 0.4% (this study) to 1% (Hamann et al,
1996), which are several orders of magnitude higher than the concentration found
in the alga (0.0005%, this study). Kahalalide F shows remarkable clinical bioac-
tivity while the rest of the kahalalides lack significant cytotoxicity (Hamman et al.,
1996; Goetz et al., 1997). Although toxicity and deterrent activity are not neces-
sarily related (Pawlik et al., 1995), the diverse biological activity of kahalalide F
shows that the same compound may exhibit both clinically oriented and ecolog-
ically oriented activities. Since we only performed bioassay-guided fractionation
with the extracts fromE. rufescens, the possibility that the minor, nontoxic kaha-
lalides may help deter predators inBryopsissp. cannot be completely ruled out.
Detailed TLC analyses of every fraction showed that all of the active algal fractions
contained kahalalide F, while we found no traces of kahalalide F in the nonactive
fractions.

It is worth noting that the concentration at which kahalalide F deters preda-
tors in the alga is very low (0.0005% of the algal wet mass). Even if all of the
kahalalides contribute to this effect, their total percentage of the algal biomass
is 0.0032%. Halimedatetraacetate, the major metabolite inHalimeda macroloba,
is about 0.2% of the algal wet mass (Paul and Van Alstyne, 1988). Both the
sacoglossanCyerce nigricansand its host algaChlorodesmis fastigatacontain
the cytotoxic diterpenoid chlorodesmin (Hay et al., 1989). Although the sacoglos-
san is chemically defended against fish predators, chlorodesmin is not respon-
sible for the antipredatory properties of the crude extract when tested at natural
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concentrations (less than 1% of the mollusk dry mass) (Hay et al., 1989). Two
pyrones from the same sacoglossan species accounted for 0.9% and 0.45% of the
dry mass of the mollusk and also failed to account for the repellent properties
of the crude extract (Roussis et al., 1990). Because of their low concentrations,
minor compounds may be easily overlooked in marine chemical ecology, yet they
may play a determinant role in the biology and ecology of benthic organisms. The
killer spongeDysideasp. is chemically defended against fish predators (Thacker
et al., 1998). However, the major compound, 7-olepupuane, does not account for
the total activity of the extract, suggesting that either addition or synergism of
other minor compounds enhances the activity of the major compound (Thacker
et al., 1998). Our study may be an example of how minor compounds (kahalalide
F, 0.0005% of the algal mass) account for the activities detected in the whole
extract.

Elysia rufescensis a highly cryptic but chemically defended species. In fact,
E. rufescensmay have evolved a variety of defensive mechanisms to reduce the
chances of predation. We showed thatBryopsissp. is a chemically defended alga,
that may provide the sacoglossan an associational refuge (Hay et al., 1990; Hay,
1992; Duffy and Hay, 1994). By feeding onBryopsissp.,E. rufescenssequesters
algal chloroplasts and makes itself highly cryptic. However, predation may be
high on cryptic organisms (Trowbridge, 1994), so the acquisition of other defen-
sive strategies may expand the benefits of crypsis.E. rufescenssequesters the
antipredatory compound fromBryopsis, accumulates the compound up to several
times above the concentration in the alga, and becomes chemically defended it-
self. Moreover,E. rufescensreleases the antipredatory compound into its mucus,
which may be considered as a defensive mechanism to deter predators (Lewin,
1970; Jensen, 1984; Trowbridge, 1994). Predation is an important factor influ-
encing mortality in benthic systems (Lubchenco and Gaines, 1981), and several
mechanisms may work together with the same goal. Predator–prey relationships
are important processes in marine benthic communities. Many of these relation-
ships are chemically mediated interactions between predators and their prey. By
investigating these associations, we will broaden our understanding of the biology
and ecology of benthic organisms and the factors that affect the evolution of these
predator–prey interactions.
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Abstract—The spatiotemporal information in chemical signals provides critical
information for organisms during chemical orientation. Information in chemical
signals is influenced by the hydrodynamic conditions of the environment. Hydro-
dynamically distinct environments will contain different types of information,
which will influence how organisms orient. This study was designed to examine
how the orientation behavior of the brown bullhead (Ameiurus nebulosus) is
influenced by flow regime. The experiment was conducted in a flume under two
different flow conditions. Treatments consisted of control (no odor) and plain
gelatin (odor). Percent success, swimming speed, turning angle, heading angle,
heading angle upstream, and net-to-gross ratio were analyzed. Brown bullheads
were 100% successful in finding the odor source under no flow and 57% success-
ful in flow. Bullheads swam differently in the no-flow condition when compared
to the flow condition. Since, these fish did not orient the same under different flow
conditions, it appears that hydrodynamics plays a role in shaping their behavior.

Key Words—Chemical orientation, catfish, swimming behavior, hydrodynam-
ics, chemical signal.

INTRODUCTION

For many organisms, chemical signals are important sources of information that
influence behaviors such as orienting toward food, attracting mates, avoiding preda-
tors, or determining social status (Lewis and Gower, 1980; Croll and Chase, 1980;
Carr, 1988; Tierney and Atema, 1988; Breithaupt and Atema, 1993; Chivers and
Smith, 1993; Sorensen and Scott, 1994; Hazlett, 1994; Chivers et al., 1996; Zippel
et al., 1997; Bradbury and Vehrencamp, 1998). For instance, starfish are able to
∗To whom correspondence should be addressed. E-mail: pmoore@bgnet.bgsu.edu

2301

0098-0331/01/1100-2301$19.50/0C© 2001 Plenum Publishing Corporation



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP283-346659 October 13, 2001 13:35 Style file version Nov. 19th, 1999

2302 SHERMAN AND MOORE

respond to a chemical stimulus and orient toward a food source in no-flow con-
ditions (Moore and Lepper, 1997). Ovaries from female frillfin gobies develop a
chemical that elicits courtship behavior in males, even in the absence of females
(Tavolga, 1956). Western toad tadpoles (Bufo boreas) are able to recognize preda-
tor odors. They will display antipredator behavior when exposed to chemical cues
from familiar predators, but will not display this behavior toward unfamiliar preda-
tors (Kiesecker et al., 1996). Yellow bullheads have been found to use chemical
signals in recognizing individuals and associating odors with rank in hierarchies.
Subordinate fish will avoid an area of an aquarium where water from the tank of
a dominant fish has been introduced, even though the dominant fish is not present
(Bardach and Todd, 1970).

One of the better-studied aspects of chemical signals is chemical orientation.
Chemical orientation is defined as the directional movement of an organism to-
ward an odor source (van der Steen and Maat, 1979). This orientation behavior is
also observed in a variety of terrestrial organisms (Kennedy, 1986; Belanger and
Arbas, 1998; Willis and Arbas, 1998; Takken et al., 1997). Aquatic organisms, in
particular, have the ability to orient toward food, mates, home streams, parents, or
offspring (Bardach et al., 1967; Tosi and Sola, 1993; Atema et al., 1980; Stabell,
1992; Weissburg and Zimmer-Faust, 1994). During orientation, fish exposed to
chemical stimuli, such as food, display characteristic maneuvers that help them
locate the odor source. Dogfish use a figure-eight pattern when searching for food
(Parker, 1912), whereas sea robins use an s-shaped or zigzag search pattern when
swimming up an odor gradient (Bardach and Case, 1965).

In order for chemical orientation to occur, an organism must be stimulated
by a putative cue and must extract directional and distance information from it.
Distance and direction information can be gained from a variety of cues, such as
wind, flow direction, electroreception, and chemicals (Able, 1991). In the case of
a chemical signal, there are two main characteristics that can provide information:
quality and quantity of the signal. The quality is the type of chemical compounds
that are stimulatory for that organism. It provides the organism with informa-
tion on source type, i.e., food, predator, and reproductive condition (Sorensen
et al., 1989; Schwenk, 1995; Carr et al., 1996; Rasmussen and Schulte, 1998;
Swaisgood et al., 1999). For example, gravid garter snake females release non-
volatile methyl ketones from cutaneous glands along the ground as they travel,
providing information to males, which follow the females (Mason et al., 1989).
Cichlids secrete proteinaceous mucus from their bodies, which maintains contact
between the brood and parents, as well as provides food for the young (Barlow,
1974). Several common metabolites of low molecular weight have been found to
be feeding stimulants (Carr, 1988). Other types of metabolites such as polyketides
or alkaloids are feeding deterrents (Carr, 1988).

The quantity of chemical signals and their distribution in time and space
can provide distance and direction information (Atema, 1988; Moore and Atema,
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1991; Moore et al., 1994; Murlis, 1986, 1987; Murlis et al., 1992; Vickers, 2000;
Zimmer-Faust et al., 1995). At macroscopic size scales, the spatial and tempo-
ral information in a chemical signal is structured primarily by fluid flow (Moore
et al., 1994; Vickers, 2000). When an odor is released, the concentration fluc-
tuates, creating a signal that is patchy in space and time. This patchiness con-
sists of intermittent plumes in the water column with patches of high, low, or
zero odor concentration. As the odor plume moves away from the source it
spreads horizontally and vertically. (Murlis and Jones, 1981; Zimmer-Faust et al.,
1995; Finelli et al., 1999; Moore et al., 2000). The degree of patchiness is influ-
enced by the hydrodynamic conditions of the particular flow environment (Moore
et al., 1994; Weissburg, 1997). Environments with different flow characteristics
will consequently have different signal characteristics (Moore et al., 2000). In order
to orient efficiently, animals need olfactory behaviors and physiological properties
of sensory systems that can extract information from odor fluctuations (Moore
et al., 1994; Atema, 1995).

Catfish provide an excellent opportunity to address questions concerning the
influence of flow on orientation behavior. Ictalurid catfish are a model system for
examining the role of chemical signals in orientation. Many of the species are
nocturnal in habit and found in habitats of slow-moving or still waters with poor
visibility, whereas others are found in turbulent flow conditions. For example,
brown bullheads (Ameiurus nebulosus) are typically found in no-flow or low-flow
conditions (backwater areas of rivers, ponds, and lakes). These fish are morpho-
logically suited for environments dominated by chemical information (Bardach
and Todd, 1970). Their bodies are covered with thousands of external taste buds,
as well as dense concentrations on the barbels (Bardach and Todd, 1970; Atema,
1971). The physiological aspects of olfaction and gustation in channel catfish
and bullheads have been extensively studied (Caprio and Raderman-Little, 1978;
Caprio and Byrd Jr., 1984; Caprio et al., 1989; Miyamoto et al., 1990; Kang and
Caprio, 1991; Restrepo et al., 1990; Kanwal and Finger, 1997). However, the be-
havioral aspects of orientation have not been thoroughly studied. The purpose of
this study was to test the hypothesis that catfish, which are adapted to a particu-
lar hydrodynamic condition, orient more successfully to an odor source in their
normal hydrodynamic environment than in one to which they are not adapted.

METHODS AND MATERIALS

Animals.Brown bullheads (Ameiurus nebulosus) were bought from North-
east Aquatics and placed in community tanks for observation over several months.
This observation time allowed the fish to become accustomed to their new environ-
ment. The mean size for bullheads was 21± 0.72 cm. Fish were kept on a reversed
12L : 12D schedule. Fish from the community tank were randomly caught and
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isolated in 10-gal tanks (25× 31 × 51 cm) for at least two weeks before ex-
perimentation. Temperature ranged from 55 to 60◦F in the winter and to 65◦F in
the summer. Both community and isolation tanks were routinely cleaned. Diet
consisted of goldfish food (Wardley Pond Ten), fish (whitefish or pollack), and
catfish food (Net Profit fish food). Fish were fed with the main light on either late
morning or early afternoon. Past research has shown that brown bullheads have
the ability to exhibit diurnal phasing, showing no or less-pronounced negative
phototactic behavior (Eriksson 1978; Eriksson and van Veen, 1980). It has also
been shown that, in nature, when there is a rise in water level, catfish will forage
during the day (Pflieger, 1975). Valentinˇcič et al. (1994) reported that channel
catfish fed uninhibitedly in a lighted room within a week of being moved to a
test tank.

Test Arena.All orientation experiments were conducted in a plywood flow
tank (244× 57.3× 62 cm; Figure 1). The test section of the flume was 212 cm
long. The start gate was placed at the downstream section of the tank. This holding
area was 26.5× 58 cm. The odor source was placed at the upstream section of

FIG. 1. Diagram of the experimental tank. The triangle with A shows camera location;
B represents the head tanks. The flow tank is labeled C and the start gate is labeled D.
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the tank, which was placed at least 15 cm away from the upstream collimator. The
source was 29 cm from each side of the tank and 22 cm from the head collimator.
The odor source was 197 cm away from start gate. This allowed test subjects
to move beyond the odor source. Water was kept at a constant depth of 16 cm.
Flow velocities were calculated by visually timing a neutrally buoyant object’s
movement over a given distance five times and taking the average time in seconds.
Flow velocity during the flow trials was 4.2± 0.88 cm/sec and 0.0± 0.0 cm/sec
during the no-flow trials. Flume water was stored in head tanks above the flow
tank and was allowed to age for two days before use. Head tanks held a total of
115 gal for refilling the flow tank during no-flow trials and providing the water for
the gravity feed in the flow trials. After each trial, the tank was drained completely
and fresh and distilled water was used to rinse down the tank before the next
trial.

Odor Source.Treatments consisted of a control (empty mesh bag), plain
gelatin, or fish gelatin. Gelatin has been used as a source of food and a method
of delivery for specific amino acid supplementation to test subjects (Keen, 1982;
Sarwar and Ratnayake 2000; Buentello and Gatlin III, 2000). Preliminary data
showed that plain gelatin produced a stronger response from the research subjects
than fish gelatin. Those that did respond to the fish gelatin did not show any overall
difference in swimming parameters, and so the data with the fish odor were dropped
from further analysis. The odor sources were placed into a mesh bag, which was
tied to the head collimator by a 16-cm piece of clear fish line. Weights (6 g) were
used to hold down the bag. Four Knox gelatin packages were added to four cups
of hot water and placed into a plastic container (30× 16 cm). This was stirred
together until everything was mixed. It was then placed into the refrigerator. Gel
blocks (2.5× 4 × 2 cm) were cut from the larger dish of prepared gelatin. The
odor treatment was placed into the tank at least 30 sec before the start gate was
opened.

Dye Trials. Dye trials were carried out for the no-flow treatment to quantify
how fast the odor moved in the flume. 1-× 2-cm squares were measured, drawn,
and numbered on the floor of the tank with a permanent marker. Grid sheets were
used for visual marking of the odor trail during a 5-min trial. The dye gel block
was made following the same recipe as the odor gel blocks (Moore and Lepper,
1997). The dye gelatin was cut into 1-× 2-cm squares instead of the size used
for the experiment because the dye blocks kept breaking in half. Once placed into
the flume, dye filaments would come off the gel block before timing and dissipate
quickly, moving about the tank. Once the block was sitting on the bottom of the
tank, timing started and the number of 1-× 2-cm squares covered in dye were
marked out on the grid sheet until the 5-min experimental period was up. The
number of squares was counted and the average dye movement in no flow was
calculated to be 0.056 cm2/sec.
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Experimental Design.Fish were starved for two days before they were used
in a trial, and each was given a week between tests to avoid any learning biases.
Separate groups were tested for flow (N = 7) and no flow (N = 7); however, a
single fish was randomly tested under all odor conditions within a single flow
condition.

Presentation of odor was randomized and each fish was given a week be-
tween trials. A randomly chosen fish was placed into the start gate section of
tank and given 20 min to acclimate. After 20 min fish were resting on the bot-
tom of tank in the start section. The start gate was slowly opened and left open
so fish had the option to stay in this section. The acclimation time was cho-
sen based on other fish research (Bardach et al., 1967; Ellingsen and Døving,
1986; Nevitt, 1991; Giaquinto and Volpato, 1997; Smith, 2000), which examined
a variety of different acclimation times and fish behaviors. A camera (Quazar
model VM-52 SVHSC CCD) was set 3 ft above the flow tank and connected
to a Hi-Fi Stereo Hi 8 recorder (NTSC EV-C100). Recording was carried out
under red lights. The no-flow trials were taped for 20 min, and the flow trials
were taped for 4.5 min or until the catfish first hit the odor source. Behavioral
trials were conducted until an animal successfully located the odor source. A trial
was defined successful when the test subject touched the odor source with its
mouth.

Data Analysis.The Peak Motus Motion Analysis System was used to digi-
tize orientation paths under both flow conditions. A fish’s position was digitized
every second. Animals took an average of 30 sec in no flow and 32 sec in flow
to locate the odor source. Therefore, control groups were digitized for 30 sec for
the no flow and 32 sec for the flow. The coordinate (x, y) data were then put
into an in-house standard orientation template to calculate speed, turning angle,
heading angle, heading angle upstream, and net-to-gross ratio (Moore et al., 1991)
(Figure 2). When calculating the angles, the right and left angles were not differ-
entiated; hence all angles fall between 0 and 180◦. This type of analysis allows
us to perform statistical analysis with standard linear statistics (e.g., MANOVAs).
Circular statistics are slightly more conservative than MANOVAs. Performing an
analysis using linear statistics allows us to analyze the fine details of fish move-
ment patterns. The consequences for a linear analysis is that it is possible for a
zig-zag pattern typically found in moths to have a mean heading angle of 60◦. For
statistical analysis, a single mean for each parameter was calculated from the total
orientation path. The total path means were subsequently used for all statistical
analysis as the data points that were put into the two-way MANOVA. A two-way
MANOVA was used to analyze speed, speed towards source, turning angle, head-
ing angle, heading angle upstream, and net-to-gross ratio for bullheads. All signif-
icantP values were set at 0.05. A Fisher’s exact test was used to analyze percent
success.
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FIG. 2. Diagram shows three successive positions (t = −1, 0, and+1:• ) on a hypothetical
orientation path used to define behavioral parameters. The dashed line represents the cat-
fish’s projected path (if it continued in a straight line), from which a turn angle value (α) at
point t = 0 is calculated. The solid line (B) represents the straight line to the odor source
(four point star) from which heading angle relative to the odor source (β) is calculated. The
unlabeled line represents the path that is straight upstream, from which the heading angle
relative to upstream (χ ) is calculated. Swimming speed (A) is the distance moved from
time point t = −1 to t = 0. The difference between distance to the odor source at time
t = −1 (dash–dot line, C) and distance to the odor source at timet = 0 (solid line, B) is
the swimming speed toward the source.

RESULTS

Success at Finding Odor Source.Brown bullheads were successful in locating
the odor source under both flow and no flow conditions. Seven of seven brown
bullheads (100%) found the odor source under no flow. Four of seven bullheads
(57%) were successful in finding the odor source under flow. The Fisher exact test
showed no significant difference between the two odor treatments (Fisher exact,
one-tailed;P > 0.09).

Qualitative Description of Orientation Behavior.In no flow, catfish swam in
a more linear fashion when odor was present. In general, fish made fewer turns
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while swimming toward the odor source. Fish were seen mouthing the mesh bag
once they found the odor source. During the control trials, fish swam around the
tank and did not investigate the mesh bag. They could be seen swimming along
the edges more than individuals in the odor trials. The catfish pathway was more
circuitous under flow for both treatments. An example of swimming paths for each
treatment is illustrated in Figure 3.

FIG. 3. (A) A representation of the path made by a bullhead under no flow and no odor
source. (B) A typical path made by bullheads with an odor source in no flow. (C) A
representation of the path made by a bullhead under flow without an odor source. (D)
A typical path made by bullheads with an odor source under flow. The star represents the
odor source (or contial), and the arrows illustrate the direction of the flow.
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General Effect.Brown bullheads oriented differently when an odor was
present (MANOVA, Rao’sR= 7.04, P < 0.01). They also oriented differently
under flow and no flow (MANOVA, Rao’sR= 5.59,P < 0.02). This effect was
seen in the net-to-gross ratio, swimming speed, heading angle upstream, head-
ing angle toward source, and turning angle toward source. The post-hoc analysis
provided a more detailed view of this behavior.

Effect of Flow and Odor on Swimming Speed.Brown bullheads swam sig-
nificantly faster under flow (6± 2 sec) conditions than during no flow (14± 2 sec)
in the control trials (Figure 4; Newman-Keuls post-hoc,P < 0.02). In addition,
brown bullheads also swam faster when stimulated with an odor source in flow
(13± 1 sec) than no flow (19± 1 sec) (Newman-Keuls post-hoc,P < 0.005).

Orientation Paths.Brown bullheads swam a straighter path when an odor
was present (indicated by a higher net-to-gross ratio) in the no flow conditions
(0.85± 0.1) (Figure 4; Newman-Keuls post-hoc,P < 0.001) as compared to the
flow condition (0.19± 0.04). Brown bullheads swam more randomly in no flow
(0.22± 0.09) and flow (0.10± 0.01) controls (blanks) (indicated by the lower net-
to-gross ratio) (Newman-Keuls post-hoc,P > 0.05). Turning angle toward source
was lower for brown bullheads during odor trials in no flow (16± 3◦) condition
than flow (35± 2◦) (Figure 5; Newman-Keuls post-hoc,P < 0.002). However,
there was no difference in turning angle for the control trials in no flow (24± 8◦)
or flow (38± 7◦) (Newman-Keuls post-hoc,P > 0.05). The heading angle relative
to an odor source measures the accuracy of an organism’s movement toward an
odor source. Brown bullheads had a lower heading angle while orienting in no flow
(23± 9◦) than flow (68± 4◦) condition (Figure 5, Newman-Keuls post-hoc,P <

0.001). The control group in no flow (55± 15◦) did not differ from the control
group in flow (76± 4◦) for heading angle toward source (Newman-Keuls post-hoc,
P > 0.05). Brown bullheads had a lower heading angle upstream when orienting to
an odor source in no flow (23± 10◦) condition (Figure 5, Newman-Keuls post-hoc,
P < 0.02) as compared to flow (61± 10◦). There was no difference in heading
angle upstream between the control group in no flow (57± 16◦) and flow (75±
5◦) (Newman-Keuls post-hoc,P > 0.05).

DISCUSSION

The results of this experiment indicated two important conclusions for cat-
fish orientation. First, it confirmed our expectations that brown bullheads would
orient more successfully under no-flow conditions compared to flow conditions.
Although not significantly different, brown bullheads appeared to have a higher
success rate in finding the odor source under no flow (100%) than flow (57%).
These trends are in the direction of our hypothesis, but the conservative nature
of the Fisher exact test does not show significant differences between these two
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FIG. 4. The upper graph illustrates the swimming speed of bullheads in no-flow (black) and
flow (white) conditions. The bottom graph is the net-to-gross ratio of bullheads in no flow
(black) and flow (white). An asterisk indicates a significant difference using MANOVA
followed by post-hoc test.N = 7 for each flow treatment.
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FIG. 5. The upper graph illustrates the turning angle of bullheads in no-flow (black) and flow
(white) conditions. The middle graph is the heading angle toward the source of bullheads
in no flow (black) and flow (white). The bottom graph shows the heading angle relative to
upstream of bullheads in no-flow (black) and flow (white) conditions. The asterisk indicates
a significant difference using a MANOVA followed by a post-hoc test.N = 7 for each flow
treatment.
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treatments. We expect either a less conservative test (chi squared) or a larger
number of replicates would show significance. Second, it showed that bullhead
orientation was influenced by changes in the flow conditions. A statistical in-
teraction was found between the flow/no-flow treatment and the odor treatment
with regard to swimming speed. During odor stimulation, bullheads swam faster
in the flow condition when compared to the no-flow condition. Since both flow
and odor modulated the bullhead’s orientation response, this statistical effect
suggests that bullheads may use some type of an odor mediated rheotactic
response.

The orientation paths exhibited by bullheads during chemical stimulation
were different for the flow and no-flow conditions. Bullheads had more linear ori-
entation paths under no-flow conditions than in flow conditions. Post-hoc analysis
showed that bullheads did not swim differently in no-flow or flow in the absence
of odor. Other spatial aspects of orientation, such as turning angle, heading angle,
and heading angle upstream were smaller under no flow when compared to flow
conditions. This indicates that bullheads made smaller course corrections when
orienting to the odor source under no flow than under the flow condition. Larger
angles in the control trials indicate greater course correction, therefore illustrat-
ing a less directed swimming. There was no difference between flows in any of
these parameters when odor was absent from the trials. Overall, the orientation
angles and the net-to-gross ratio indicated that bullheads swam directly to the odor
source under no flow. These results suggest that bullheads may be performing a
gradient type of search in no-flow conditions, which supports past research on
catfish (Bardach et al., 1967). The no-odor results also indicate that the shape of
the tank did not influence the swimming behavior of the fish. If the tank were to
constrain orientation behavior, we would expect that both no-odor controls would
show similar spatial effects.

In the odor/flow treatment, catfish could be gathering information by the
distribution of the odor patches and possibly some information on flow direc-
tion. Bullheads have been found to be sensitive to odor concentration differences
(Johnsen and Teeter, 1980) and have also been found to orient successfully under
no-flow to a liquid odor source (Bardach et al., 1967). The odor source used in
this study diffused slowly based on dye trials, but patches of odor source came
off while placing the source in the tank. These patches could have diffused out
in the water column, setting up patches of odor for the bullheads to encounter as
they come out of the start gate. Gelatin has several amino acids (Bohidar, 1997;
Lüpke and Br¨uckner, 1998) [such as arginine and alanine (Caprio et al., 1993;
Ivanova and Caprio 1993; Valentinˇcič and Caprio, 1994)] that have been found to
be stimulatory to catfish.

In flow conditions, turbulence directly impacts odor distribution and indi-
rectly influences an animal to modify its locomotor behavior during orientation
(Weissburg and Zimmer-Faust, 1993). Eddies that are formed by turbulence interact
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with the odor plume, influencing the spatial and temporal fluctuations of the odor
concentration (Moore and Atema, 1991). In addition to flow speed, substrate can
also influence the hydrodynamics of a habitat. In a study detailing the influence
of habitat on chemical signal structure, Moore et al. (2000) found that chemical
signals have different spatial and temporal information on different substrates such
as sand, cobbles, or gravel. Presumably, the level of turbulence in a system directly
impacts the frequency of odor pulses that are measured in an odor plume (Moore
et al., 2000). The modifications in locomotor behavior seen in the brown bullheads
between the flow, and no-flow, could be due to either differences in the odor plumes
or the flow affecting their swimming ability. Still, the results seem to indicate that
the swimming behavior pattern seen is related to the distribution of the odor and
not the flow regime. There were no significant differences between the controls in
any of the orientation parameters, except speed.

An important hypothesis that has been put forth and is being supported by sev-
eral studies states that organisms should have sensory systems and behaviors that
are adapted to the specific sensory conditions of their environment (Wehner, 1987;
Atema, 1988; Moore et al., 1991; Endler, 1995; Huber et al., 1997; Weissburg,
1997; Endler and Basolo, 1998; Kotrschal et al., 1998; Schneider et al., 1998;
Land et al., 1999; Persons et al., 1999; Poling and Fuiman, 1999; Schneider and
Moore, 2000). From this hypothesis we could predict that organisms should per-
form behavioral tasks more efficiently or more successfully when presented with
conditions that are similar to their natural habitats. If we alter environmental condi-
tions that structure sensory information, we would expect to find either changes in
behavior or decreased success in performing a specific behavioral task. We found
both of these results with brown bullheads.

This phenomenon has also been found with regard to orientation behavior in
other species. For example, blue crabs (Callinectes sapidus) traveled upstream and
at higher speeds toward a food source (clams) in smooth-turbulent flows (Weissburg
and Zimmer-Faust, 1994). These behaviors changed when turbulence shifted from
smooth to rough. In this case, crabs were slower and made more frequent stops. It
was also found that rheotactic and chemical information are necessary for crab ori-
entation (Weissburg and Zimmer-Faust, 1994). Crayfish (Orconectes rusticus) are
able to use information from the temporal and spatial distribution of chemicals to
make directional decisions. Differences were found in how fast they located a food
source, time spent moving, and how fast they moved on different substrates. These
differences in orientation behavior were based on the hydrodynamics associated
with chemical signal structure (Moore and Grills, 1999). In moths, pheromone
pulse frequency determines flight form of males in two phylogenetically distant
moths, a noctuid (Heliothis virescens) and a pyralid (Cadra cautella) (Vickers
and Baker, 1994; Mafra-Neto and Card´e, 1994, 1998). These moths fly faster and
straighter to sources of high-pulse frequencies and slower and more zigzag to
sources of low-pulse frequencies. Finally, tsetse flies (Glossina pallidipes) show a
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stepwise orientation approach, which allows them to assess wind direction between
flight bursts (Bursell, 1984).

In summary, this study demonstrates that bullheads can orient successfully
to an odor source and are successful under flow conditions that are similar to their
natural environment. It also suggests that bullheads may be generalists in their
orientation behavior. Since the spatial pattern of orientation was different in the
two flow conditions tested, they may be able to switch search strategies depending
on the flow condition and signal structure. This suggests that the hydrodynamic
environment may be an important factor in the shaping of an organism’s chemosen-
sory behavior. However, further studies need to be done to distinguish if bullheads
are really using different search strategies under different flow conditions. More
studies are also required in order to understand how bullheads are finding the odor
source under no flow.
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MURLIS, J., ELKINTON, J. S., and CARDÉ, R. T. 1992. Odor plumes and how insects use them.Annu.
Rev. Entomol.37:505–532.



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP283-346659 October 13, 2001 13:35 Style file version Nov. 19th, 1999

CHEMICAL ORIENTATION OF BROWN BULLHEADS 2317

NEVITT, G. A. 1991. Do fish sniff? A new mechanism of olfactory sampling in pleuronectid flounders.
J. Exp. Biol.157:1–18.

PARKER, G. H. 1912. The directive influence of the sense of smell in the dogfish.Bull. US Bur. Fish.
32:35–46.

PERSONS, M. H., FLEISHMAN, L. J., FRYE, M. A., and STIMPHIL, M. E. 1999. Sensory response patterns
and the evolution of visual signal design in anoline lizards.J. Comp. Physiol. A184:585–607.

PFLIEGER, W. L. 1975. The Fishes of Missouri. Missouri Department of Conservation, Missouri.
POLING, K. R. and FUIMAN , L. A. 1999. Behavioral specialization in developing sciaenids and its

relationship to morphology and habitat.Environ. Biol. Fish.54:119–133.
RASMUSSEN, L. E. L. and SCHULTE, B. A. 1998. Chemical signals in the reproduction of Asian (Elephas

maximus) and African (Loxodonta africana) elephants.Anim. Reprod. Sci.53:19–34.
RESTREPO, D., MIYAMOTO, T., BRYANT, B. P., and TEETER, J. H. 1990. Odor stimuli trigger influx of

calcium into olfactory neurons of the channel catfish.Science249:1167–1168.
SARWAR, G. and RATNAYAKE , W. M. N. 2000. Effects of amino acid supplementation of dietary

proteins on serum cholesterol and fatty acids in rats.Nutr. Res.20:665–674.
SCHNEIDER, R. W. S. and MOORE, P. A. 2000. The physics of chemoreception revisted: How the

environment influences chemically mediated behavior, pp. 159–176,in P. Domenici and R. W.
Blake (eds.). Biomechanics in Animal Behavior. BIOS Scientific Publishers Ltd., Oxford.

SCHNEIDER, R. W. S., PRICE, B. A., and MOORE, P. A. 1998. Antennal morphology as a physical filter
of olfaction: Temporal tuning of the antennae of the honeybee,Apis mellifera. J. Insect. Physiol.
44:677–684.

SCHWENK, K. 1995. Of tongues and noses: Chemoreception in lizards and snakes.TREE10:7–12.
SMITH, M. E. 2000. Alarm response ofArius felis to chemical stimuli from injured conspecifics.J.

Chem. Ecol.26:1635–1647.
SORENSEN, P. W., STACEY, N. E., and CHAMBERLAIN , K. J. 1989. Differing behavioral and endocrino-

logical effects of two female sex pheromones on male goldfish.Horm. Behav.23:317–332.
SORENSEN, P. W. and SCOTT, A. P. 1994. The evolution of hormonal sex pheromones in teleost fish: Poor

correlation between the pattern of steroid release by goldfish and olfactory sensitivity suggests
that these cues evolved as a result of chemical spying rather than signal specialization.Acta Phys.
Scand.152:191–205.

STABELL, O. B. 1992. Olfactory control of homing behavior in Salmonids, pp. 249–270,in T. J. Hara
(ed.). Fish Chemoreception. Chapman & Hall, New York.

SWAISGOOD, R. R., LINDBURG, D. G., and ZHOU, X. 1999. Giant pandas discriminate individual
differences in conspecific scent.Anim. Behav.57:1045–1053.

TAKKEN, W., DEKKER, T., and WIJNHOLDS, Y. G. 1997. Odor-mediated flight behavior ofAnopheles
gambiaeGilessensu strictoandAn. stephensiListon in responses to CO2, acetone, and 1-octen-
3-ol (Diptera: Culicidae).J. Insect. Behav.10:395–407.

TAVOLGA, W. A. 1956. Visual, chemical, and sound stimulus as cues in the sex discriminatory behavior
of the gobiid fish,Bathygobius soporator. Physiol. Zool.31:259–271.

TIERNEY, A. J. and ATEMA, J. 1988. Behavioral responses of crayfish (Orconectes virilisandOrconectes
rusticus) to chemical feeding stimulants.J. Chem. Ecol.14:123–133.

TOSI, L. and SOLA, C. 1993. Bile salts and taurine as chemical stimuli for glass eels,Anguilla anguilla:
A behavioral study.Environ. Biol. Fish37:197–204.
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Abstract—Horseshoe crabs come ashore in attached pairs during spring high
tides to mate and nest on beaches of the Atlantic and Gulf coasts. Unattached
males also come ashore and crowd around the nesting pairs as satellites and
engage in sperm competition with the attached male. Females with no satellites
and females with large numbers of satellites nest next to one another on the
same tide. When females are removed and replaced by a cement model, satellite
males continue to be attracted to the same location. Models over sites where
females with many satellites had nested are more attractive to males than sites
from which a female with no satellites had been removed or a site where no crab
had been nesting recently. A second experiment demonstrated that males are
responding to chemical cues. A sponge filled with seawater taken from below a
female with many satellites and placed under a model female was more attractive
to males than a sponge filled with seawater. This is the first demonstration that
horseshoe crabs use chemical cues, in addition to visual cues, to locate mates.

Key Words—Limulus polyphemus, horseshoe crab, Merostomata, Xiphosura,
pheromone, chemical cues.

INTRODUCTION

Chemical cues are used by a wide range of aquatic invertebrates to find food
(Ache, 1972; Dunham et al., 1997; Zhou and Rebach, 1999), locate hosts (Mackie
and Grant, 1974), identify predators and habitat (Krapf, 1986; Wudkevich et al.,
1997; Hazlett, 2000), and recognize conspecifics (Caldwell, 1985; Karavanich and
Atema, 1998). Identifying and locating mates with chemical cues is well known
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among arthropods (Ache, 1987; Krieger and Breer, 1999), including crustaceans
(Atema and Engstrom, 1971; Dunham, 1978; Borowsky, 1985, 1991; Gleeson,
1991; Oh and Dunham, 1991; Stanhope et al., 1992; Hazlett, 1996; Frey et al.,
1998; Bushmann and Atema, 2000), spiders (Kaston, 1936; Tietjen and Rovner,
1982; Pollard et al., 1987; Evans and Main, 1993) and scorpions (Gaffin and
Brownell, 1992). Although horseshoe crabs (Limulus polyphemus) are known to
use chemical cues to identify food (Barber, 1956, 1961), no study has demonstrated
a role for chemical signals in mate recognition.

Pairs of horseshoe crabs come ashore on spring high tides to lay and fertilize
eggs (Shuster, 1982), while lone males roam the beach forming groups around the
nesting pairs. A pair is formed when a male grasps a female’s terminal spines with
his claws (Botton et al., 1996) and rides to the nesting beach with her. A group
forms when an unattached male contacts a nesting pair (Rudloe, 1980; Barlow
et al., 1986) and becomes a “satellite” of that pair (Figure 1). Satellites push on
attached males but rarely displace them (Brockmann, 1990). Paternity analyses
demonstrate that the satellite males are engaging in sperm competition with the
attached male and with other satellite males that may be present (fertilization is

FIG. 1. Pairs of horseshoe crabs with many satellites (right) nest next to pairs with no
satellites (left) (drawing by Jennifer Piascik from slide taken at Seahorse Key, Florida). In
the experiment to test the role of chemical cues in attracting satellite males, we removed a
pair with many satellites and a pair with no satellites and replaced them with cement castings
of females (models). Satellite males approached and remained with a concrete model that
was pushed into the sand over the spot where a nesting female with many satellites had been
removed (along with her associated satellites). The newly arriving males were individuals
that had been searching the beach for nesting pairs and had not nested with this female
previously.
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external and occurs underneath the female as she is laying eggs) (Brockmann et al.,
1994). Satellites are remarkably successful at fertilizing eggs if they are in the right
position and even those in large groups may have some success (Brockmann et al.,
2000). Satellite male groups are distributed unevenly: some nesting pairs have
many satellites, whereas others have none (Brockmann, 1996). Larger females
and those in better condition have more satellites than smaller, older individuals
(Brockmann, 1996; Agresti, 1996). In order to understand the formation of male
mating groups, we examined the proximate cues used by males to locate nesting
females on the beach.

What are the likely cues used by unattached males to find nesting pairs? By
using cement castings of females, Barlow et al. (1982, 1984, 1987, 1988) demon-
strated that males use visual cues when locating unattached females offshore.
Using a camera-tracking system, he showed that males veer toward other crabs
when within visual range (Powers et al., 1991). The crabs can see other crabs
or objects resembling crabs under a wide range of conditions including at night
(Herzog et al., 1996) and when contrast is low (Passaglia et al., 1997a,b). Although
unattached males are, on average, older than attached males and their surfaces, in-
cluding their eyes, are in poorer condition (Brockmann and Penn, 1992), all show
visual activity (Wasserman and Cheng, 1996). Clearly, visual cues are used by
unattached males to locate females, and they are probably also used to locate pairs
nesting on the beach, just as females use visual cues to avoid the nesting sites of
other females (Barlow et al., 1982; Powers et al., 1991).

Several pieces of evidence suggest that chemical cues may also be involved
in locating mates. Satellite males walk in circles around the depression left on
the beach by recently departed nesting females (Cohen and Brockmann, 1983;
Hassler, 1999). Some of these are males that were involved in the satellite group,
but some are not (authors’ personal observation). Furthermore, when all satellites
are removed from a nesting pair, newly arriving unattached males (not those that
were removed) are more attracted to those pairs that had many satellites than to
those that had few (Brockmann, 1996). Horseshoe crabs have chemoreceptors on
all limbs, on the spines of the gnathobases and chilicerae, and on the flabellum
(Patten, 1894; Barber, 1961; Hayes, 1966, 1971, 1985; Hayes and Waterman, 1969;
Wyse, 1971). Strong and highly specific chemoreceptive responses toward amino
acids from prey items have been recorded from these structures (Barber, 1951,
1953, 1956; Wyse, 1971; Hayes and Barber, 1982). Taken together, then, it seems
reasonable to suggest that male horseshoe crabs may be using chemical cues, in
addition to visual cues, to locate nesting pairs. Patten (1894), Hanstr¨om (1926),
Pomerat (1933), and Kaplan (1988) speculated that olfactory cues may be used by
male horseshoe crabs to find females, but no data were collected. By using cement
castings of females in the field, we provide the first experimental evidence that
unattached male horseshoe crabs use chemical cues to locate mates.
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METHODS AND MATERIALS

Study Sites.Two beaches were used in this study: Seahorse Key (SHK), an
island on the west coast of Florida in the northern Gulf of Mexico, approximately
4 km from Cedar Key, Levy County, Florida (29◦06′N, 83◦04′W) and Breakwater
Harbor (BWH) at the mouth of the Delaware Bay in Cape Henlopen State Park
(38◦45′N, 75◦05′W), Lewes, Delaware (Penn and Brockmann, 1994). Horseshoe
crabs at SHK nest each spring along a 2-km stretch of low-energy, fine sand beach
on the south shore of the island. At BWH they nest along a 4-km section of low-
energy, sand and gravel beach on the south side of the harbor. We collected data
on the distribution of pairs and group sizes during alternate weeks (new and full
moon): at SHK from March 16 to May 8, 1996, and at BWH from June 17 to
30, 1996. We conducted experiments on the responses of unattached males to
models of nesting females during alternate weeks from June 6 to July 26, 1997, at
BWH.

Location of Nesting Pairs.During four tides in Florida and six tides in
Delaware, we surveyed a 100-m stretch of beach (divided into ten, 10-m sections)
continually from the peak of the high tide (as predicted by NOAA tide tables)
until no crabs remained on the beach. When we encountered a nesting pair, we
marked the female’s location with a prelabeled vinyl flag and recorded the time,
direction the female was facing, and number of satellites in physical contact with
the female or her attached male, i.e., group size. During the following daytime low
tide, we measured distances from each flag to reference stakes that were placed on
the beach at the start of the season. These distances were transformed into X–Y
coordinates and plotted on a map of the beach.

Number of Satellites per Female.Many pairs of horseshoe crabs return re-
peatedly across consecutive tides and nest in different locations on the beach. If
unattached males are using cues from individuals, then particular nesting pairs
might show some consistency in the number of satellites they attract from one tide
to the next. We walked along a 1-km section of beach at Seahorse Key that had
been marked off in 100-m sections and counted the number of individually marked
nesting pairs and the sizes of the groups of satellites surrounding them. The crabs
had been marked as part of another study using methods previously described
(Brockmann and Penn, 1992; Brockmann, 1996). Our census was conducted once
per tide between the time of the maximum high tide and 1 hr after on alternate
weeks (new and full moons) from March 17, to May 20, 1996. For females that
returned to nest across two or three different tides (not necessarily consecutive
nights), we looked for consistent patterns in the number of satellites they attracted.
A complication of this analysis is that there may be different operational sex ratios
(OSR) from one night to the next and, thus, different expected numbers of satel-
lites. For this reason, we also examined whether the operational sex ratio affected
the numbers of satellites around females.
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Chemical Cues Experiments.We examined cues used by unattached males
to locate nesting pairs with two experimental manipulations conducted in the field
at BWH. A pilot study revealed that unattached males would approach a cement
casting of a female (model) and even come out of the water and crawl up the beach
to a casting if it were placed over a spot where a female had been nesting recently. In
the first experiment, we compared responses of newly arriving, unattached males
toward three cement castings (models) of females presented simultaneously: (1)
a casting placed over a location from which a pair with many satellites had been
removed (many-satellites model); (2) a casting placed over a nearby location where
a pair that had no satellites had been removed (no-satellites model); and (3) a
casting placed over a nearby location where no horseshoe crabs had been nesting
during this tide (no-pair model). If satellites were using chemical cues to locate
nesting pairs, then they should approach the many-satellites model more than the
no-satellites or no-pair models. In this experiment visual cues were eliminated as a
way for crabs to differentiate between models since all three models were alike (and
were rinsed off and switched from one trial to the next). Furthermore, no auditory
or tactile cues differentiated the models (as may occur with live, nesting females).
In the second experiment, we compared the response of satellites to two casts of
a female, both placed at sites where no crabs had been nesting (although nesting
pairs were nearby). Under one we placed a sponge filled with water collected from
underneath a female with many satellites (many-satellites sponge), and under the
other model we placed a sponge filled with seawater (seawater sponge). If satellites
were responding to chemical cues, then they should approach the first model more
than the second.

We prepared 10 cement castings (models) using the undamaged carapaces
from similar-sized dead females found on the beach. We rinsed, dried, and filled
the cavities of the shells with a mixture of equal parts concrete, sand, and mortar.
A finished cast consisted of a female carapace with a hardened concrete filling
so the model female would remain in place when placed at the shoreline. A dif-
ferent combination of the 10 models was used for each trial of the two experi-
ments.

We began the first experiment by walking along the beach until we encoun-
tered a nesting pair with more than four satellites (where the many-satellites model
would be placed) that was located within a meter of a pair with no satellites (where
the no-satellites model would be placed) and that were at approximately the same
height on the beach relative to the water line (Figure 1). We also chose a nearby
patch of sand (1 m away) on which no pair was nesting (where the no-pair model
would be placed). After the three locations had been chosen, we began the experi-
ment by quickly removing the nesting crabs and exchanging them for the concrete
models. We lifted females out of sand and carefully brought live pairs several
meters up the beach, well above the waves, and placed them upside down where
they remained for the duration of the trial. We pushed each cement casting into the
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depression left in the sand by the female that had just been removed and scraped
sand over the front edge of the casting so that it closely resembled a live nesting
female. We used the same procedure for the no-pair model by pushing it into the
sand so that it resembled the others. We treated satellites in one of two ways: either
(1) all satellites were allowed to stay with the model after the live pair was removed
(experiment 1 stay) or (2) all satellites were removed from the live nesting pair
and placed upside down high on the beach for the duration of the trial, and all new
satellites investigating the models were removed (experiment 1 remove). Obser-
vation posts were located between models and removed pairs about half a meter
above the central model. We alternated the order in which we exchanged pairs
for models, and we alternated the use of the cement models among trials (so that
all casts were used equally for the three treatments). We recorded the number of
new satellite males that approached each model at 30-sec intervals over 10 min by
using scan sampling. We defined approach as an unattached male moving within
at least 5 cm of the model for at least 10 sec with the anterior portion of the pro-
soma directed toward the model. For the analyses presented here, we used data
from the 30-sec interval preceding 1, 4, 6, and 10 min. For each tide on which this
experiment was conducted (N = 7), we ran as many trials as possible (two to nine
trials per tide, total trials= 36 for experiment 1 stay and 18 trials for experiment
1 remove). If unattached males were using chemical cues to locate nesting pairs,
they should approach the many-satellites models more often than the no-satellites
or no-pair models.

In the second experiment, we placed the cement models over sand where no
pairs had been nesting, placed sponges under the models, and recorded the behavior
of approaching males as in the preceding experiment (experiment 1 stay), except
that we continued each trial for only 5 min. To collect water from under the female
with many satellites, we squeezed out the sponge, lifted the female’s carapace
slightly, and pushed the sponge underneath, where it remained for 30 sec. To
collect water from a nearby site with no female, we squeezed out a sponge and
inserted it into the sand to the same depth as the sponge placed under the live female
where it remained for 30 sec. Each sponge was then placed under the posterior
one third of its assigned model so that only a small portion of the end was visible.
We used cellulose sponges (7.5 cm thick× 11.25 cm wide× 17.5 cm long) that we
squeezed out several times and then soaked in a bucket of fresh seawater before and
between trials. Although we alternated the sponges between nights, a sponge was
used for only one treatment per night. If satellites are more attracted to the model
with the many-satellites sponge than to the model with the seawater sponge, then
it would support the hypothesis that unattached males are using chemical cues
when choosing to join nesting pairs. We conducted the maximum number of trials
possible during each tide (N = 6 tides; four to nine trials per tide; total trials=
50).
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RESULTS

In both Florida (SHK;N = 143 nests) and Delaware (BWH;N = 192 nests),
pairs with groups of satellites around them were interspersed on the beach with
pairs that had no satellites (Figure 2). We found no differences in the distribution
of groups and lone pairs, but nesting crabs were aggregated. At SHK, most females
nested in a narrow band of beach at the top of the tide line, from 3.5 to 5.5 m above
low tide (Figure 2) whereas in BWH females nested across a broader section of
beach (1 to 5.5 m above the low tide line; Figure 2). Although we searched for
nests over a 100-m section of beach, crabs nested in only 30 m of beach on the 10
tides that we measured locations at SHK and BWH.

When individual females returned repeatedly to nest on the beach, those that
had larger numbers of satellites on their first visit were likely to have larger numbers
of satellites on subsequent visits (χ2 = 12.6,df= 4, N = 99, P = 0.01 between
the first and second visits). We also found an increase in the number of satellites
across three returns by a female (Friedman test:χ2 = 24.8, df= 2, N = 104,
P < 0.001). The numbers of satellites that a pair attracted was correlated with the
overall OSR on that tide (rs = 0.34,P< 0.0001 for visit 2) and the OSR increased
across the three visits. However, OSR cannot be the full explanation because there
was an increase in the number of satellites per pair over the first two visits (visit 1:
mean 0.6± 0.8 satellites; visit 2: mean 1.1± 0.1; Wilcoxon test,Z = −3.7, P =
0.0001), but there was no increase in OSR between those two visits (OSR for visit
1: mean= 1.2± 0.1; visit 2: mean = 1.1± 0.08; Wilcoxon test,Z= −1.5, P =
0.15).

The experimental manipulations showed strong effects. When a live nesting
pair was removed from a site and replaced with a cement casting of a female,
one to three satellite males approached the model each minute. The males left
the water and crawled up the beach 1–5 cm and then either returned to the water
immediately (26/36) or remained with the model (10/36) grasping the carapace
with their claws for 0.5–10 min. When satellites were allowed to remain in the
vicinity of the model (experiment 1 stay), there was a difference in the numbers
of satellites attracted to the three models (0 min indicates the number of satellites
that initially remained with the model; Friedman ANOVA:N = 36,d f = 2; P =
0.0088 at 0 min;P = 0.0022 at 1 min,P = 0.0418 at 4 min,P = 0.0381 at 6 min,
andP = 0.0035 at 10 min; Figure 3a). A difference existed between the responses
to the no-satellites and the no-pair models at 1 min (N = 17, P = 0.0184) and 10
min (N = 22, P = 0.0093). Experiment 1 stay also revealed a correlation between
the number of satellites present around the original nesting pair and the numbers
around the models (e.g.,rs = 0.472,P = 0.0066 for the many-satellites model at
10 min) and a correlation between the number of satellites remaining around the
model at the start of a trial and the numbers subsequently attracted to the models
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FIG. 2. A comparison of nesting locations of females over four consecutive tides (each
point represents one pair) at SHK, when many satellites were present (closed circles, many
satellites means≥ 1; N = 85) and with no satellites (open circles,N = 57) and at BWH,
with many satellites present (closed circles, many satellites means≥ 4; N = 130) and with
no satellites (open circles,N = 62).
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FIG. 3. Total number of satellite males approaching models that were placed over locations
where nesting pairs with many satellites had been removed (open bars), where nesting pairs
with no satellites had been removed (black bars), and a patch of sand where no pair had
been nesting (stippled bars). a) In experiment 1 stay, satellites were not removed, b) but in
experiment 1 remove, all satellites were removed when the many satellites pair was picked
up and all newly arriving satellites were also removed. The bars show standard errors across
all individuals that were tested.
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(e.g.,rs= 0.40,P = 0.07 for number of satellites at start and at 6 min for many-
satellites model;rs = 0.54, P = 0.0155 for no-satellites model;rs = 0.73, P =
0.0014 for no-pair model). When all satellites were removed from around the
nesting pairs and all newly arriving satellites were removed (experiment 1 remove),
a difference continued to exist in the number of unattached males attracted to the
three models (Friedman ANOVA:N = 18, d f = 2; P = 0.0183 at 1 min,P =
0.0105 at 4 min,P = 0.0047 at 6 min, andP = 0.0037 at 10 min; Figure 3b).
Satellite males were more likely to approach the many-satellites than the no-
satellites model at 6 min (Wilcoxon testN = 14, P = 0.0259) and 10 min (N =
16,P = 0.019) and were more likely to approach no-satellites than no-pair models
at 4 min (N = 10, P = 0.0122) and 6 min (N = 12, P = 0.0174).

More unattached males approached models with sponges containing sea-
water from a live nesting female with satellites (many-satellites sponge: mean
2.6, N= 50) than to models with sponges filled with seawater (seawater sponge:
mean 1.8,N= 50) (Wilcoxon signed-ranks test:W= 256.5,N= 41, P= 0.0226;
Figure 4). Satellites also remained longer with the model with the many-satellites
sponge than with the model that had the seawater sponge (Wilcoxon signed-ranks

FIG. 4. Satellite male responsiveness (average number of males approaching the two models
in 5 min; bars show standard error of the mean) to models with sponges placed underneath;
one model had a sponge containing water from underneath a female with many satellites
and the other model had a sponge containing seawater.
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test:W= 282.5,N= 43, P= 0.0216). Furthermore, there was a correlation be-
tween the number of satellites with the original pair (the pair from which the
many-satellites sponge water was collected) and the number of satellites that were
attracted to the model with the many-satellites sponge (rs = 0.379,P = 0.0412).

DISCUSSION

This study provides evidence that unattached males are using chemical cues
when choosing to join a nesting pair. Once attracted to a pair, the satellite engages
in sperm competition with the attached male and other satellites that have formed
a group around the nesting pair (Brockmann et al., 2000). Females with many
satellites and females with no satellites often nest side by side (Figures 1 and 2). We
took advantage of this behavior when we conducted experimental manipulations
in which we removed females from the beach and replaced them with a cement
cast (experiment conducted with a paired design). Models that were placed over
locations where females with many satellites had been removed were significantly
more likely to attract new unattached males than models placed over locations
where pairs with no satellites had been removed or where no pair had recently
nested (Figure 3). The effect remained whether or not all newly arriving satellites
were removed (Figure 3a,b). In a second experiment, we showed that the attractive
effect could be transferred to a model by filling a sponge with water taken from
underneath a female with many satellites (Figure 4). By replacing the live nesting
pair with standardized female models, we removed possible tactile and auditory
signals. Although we have clear evidence for chemical cues, visual cues were
also important: the cement-filled concrete casts of a female were necessary to
produce a consistent and well-oriented response by males. In the experiments that
we conducted, however, visual cues could not be responsible for the differences
in response among the three models. This study provides a nice example of an
increasingly apparent feature of many chemosensory systems (Dunham and Oh,
1996)—hierarchical or multimodal communication (Passaro and Marler, 1999) in
which different signals (e.g., visual and olfactory) may be used at different scales
(Atema, 1995).

The fact that lone males preferred the many-satellites model supports the
hypothesis that chemical cues are being used. However, in the initial model exper-
iment, we did not fully remove cues that may be emitted by the local environment
around the nesting pair. To do this we must remove the cues given off by a partic-
ular microlocation while trying to maintain cues that are given off by the nesting
female. The female model with sponge experiment does this: the sponge filled with
water taken from a female with satellites attracted significantly more males than a
sponge filled with seawater (Figure 4). In addition, satellites remained longer with
the many-satellites sponge model than with the seawater sponge model (Figure 4).
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This suggests that satellite males use chemical cues to choose among nesting pairs
and that those chemicals are coming primarily from the pair rather than the nesting
site. This chemical cue may be a pheromone from the nesting female, the nesting
pair and their satellites, or perhaps from the eggs or oviducal fluids.

The models we used were simply concrete-filled shells of females and did not
include the attached male that is nearly always present with a nesting female on the
beach. Despite this, the lone males treated the model female as though she were
an attached female: a newly arriving male moved to a position over the female’s
incurrent canal, just as he would do with a live, nesting female (Barlow et al., 1988;
Brockmann, 1990). This behavior is consistent with previous observations of lone
females that sometimes arrive on the beach, probably having lost their attached
male on the way to shore (Brockmann and Penn, 1992).

Individual females show a consistent pattern in the number of satellites they
attract when they return to the beach to nest over several tides. A female that had
more satellites than average on her first visit to the beach was likely to have more
satellites than average on subsequent visits. When a female returned to the beach
several times, she was likely to gain additional satellites on each subsequent visit
so that a female on her third visit had, on average, more satellites than on her
first visit. There are several possible explanations for the individual differences
among females in their attractiveness to males and for the increased attractiveness
of females to satellites over the breeding period (generally one week associated
with the new or full moon). In most cases, the first visit was the visit on which
the female was marked, measured, and separated from her original attached male.
Subsequently, males usually remain attached to the same female. This means that
as she returns repeatedly to breed (Brockmann and Penn, 1992), her attached male
may be less able to defend against satellite males. If the attached male becomes
depleted of sperm, this may mean that satellites are more attracted to the pair be-
cause of the reduced sperm competition. Alternatively, females may be increasing
their attractiveness by releasing more chemical cues over the week of breeding to
ensure that satellites are present to fertilize all their eggs. It is also possible that
females may be depositing the majority of their eggs on their third visit and are,
thus, more attractive to satellites by releasing more attractant or because more eggs
are present.

If chemical cues attract satellites, we must ask who is producing those cues.
It seems unlikely that the attached male produces cues that attract satellites since
the attached male competes for fertilizations with satellite males (Brockmann
et al., 1994). The data collected in this study are consistent with the hypothesis
that the satellite males produce a chemical cue that attracts other males or that in
combination with female odors attracts males. We think this is unlikely because
satellites lose fertilizations when other males are present (Brockmann et al., 2000)
and because this hypothesis does not explain consistent differences among females
in the numbers of males they attract. The most likely candidate for producing the



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP283-346660 October 13, 2001 13:41 Style file version Nov. 19th, 1999

HORSESHOE CRAB CHEMICAL CUES 2331

chemical signal is the female. It is possible that the female attracts more males
to ensure that her eggs are fertilized (Pennington, 1985; Levitan and Petersen,
1995), particularly if the attached male becomes depleted over the week of nesting.
Females may also gain from the intensely competitive interactions among males
(Brockmann, 1990) if the male that fertilizes her eggs is in some way superior
to the individuals he outcompetes. If females are gaining reproductive success,
however, why is it that some females apparently fail to produce the chemical
attractant (those with no satellites)? Perhaps the most striking result of this study
is the consistency of the response by unattached males: in both experiments, the
number of males attracted to a model (when only chemical cues were available) is
correlated with the numbers that were originally present around the nesting female
(from which water was taken or over which the model was placed). It could be that
some females are unable to produce the chemical, perhaps due to age or condition,
or perhaps some females produce more of the chemical. Brockmann (1996) found
that female condition is correlated with the number of satellites, but it is not a
strong effect. A far stronger correlation was found between female size and the
number of satellites. Perhaps larger females produce more of this chemical cue or
perhaps larger females lay more eggs (we have no evidence of this) or have more
oviducal fluid associated with their eggs that contains the chemical. Future studies
should assay the effects of chemicals produced by females, eggs, attached and
satellite males, and their sperm.

The chemical compound to which the satellites are attracted is not known, but
this study provides some evidence as to its properties. The chemical continues to
attract males for at least 10 min after the nesting pair has left the beach, despite re-
peated washing by the waves. Horseshoe crab receptors are particularly sensitive to
amino acids and steroids from their prey items (Barber, 1956), and many aquatic or-
ganisms have been shown to use amino acids and steroids for mate attraction (Liley,
1972). For example, fluid taken from the ovaries of gravid females in some species
of fish elicited mating responses in conspecific males (Tavolga, 1956; Partridge
et al., 1976; Little, 1983). It seems reasonable that female horseshoe crabs should
produce a chemical cue along with the eggs to stimulate spawning by males, as
occurs in other externally fertilizing species (Mackie and Grant, 1974), but no such
chemical is known from horseshoe crabs. Other chemicals, however, are known.
The flatwormBdelloura candida, a parasite that lives in the gills ofLimulus, is at-
tracted by a substance that is stable in seawater for at least five days and is destroyed
by boiling (Chevalier and Steinbach, 1969). Horseshoe crab eggs are known to pro-
duce a substance that attracts sperm, but this is known to work only at close range
(Shoger and Bishop, 1967). Female horseshoe crabs and their eggs are used as a
highly effective bait in the eel and conch fishery, and Ferrari and Targett (2000) have
identified a high-molecular-weight protein chemoattractant in the eggs and hemo-
lymph. Clearly, a chemical analysis of the seawater from beneath females with
and without satellites is needed to identify the nature of the chemicals involved.
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Satellite male horseshoe crabs form groups of highly variable size around
some nesting females while ignoring others (Figure 1). The formation of these
groups is puzzling since satellite males compete for fertilizations, and increasing
group size increases competition (Brockmann et al., 2000). This study demon-
strates that satellite males are using chemical signals to choose among nesting
pairs when they come ashore to mate. How the chemical is produced and the se-
lective advantages for producing and responding to the chemical are not yet known.
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Abstract—We compared the ability of urine and ovarian fluid from female
Atlantic salmon (Salmo salar) to stimulate increase in plasma concentrations
of sex steroid hormones in mature conspecific male parr (priming effect of the
stimuli). We also tested the hypothesis that prostaglandin F2α (PGF2α) may act
as a priming pheromone in the tested stimulants. Individual males of salmon parr
were exposed to female urine, ovarian fluid, urine–ovarian fluid mix, or PGF2α .
Plasma concentrations of the sex steroids of 17,20β-dihydroxy-4-pregnen-3-one
(17,20β-P) were higher in males exposed to urine, ovarian fluids, and PGF2α

compared to control males. PGF2α and a mixture of urine and ovarian fluid also
gave increased concentrations of 11-ketotestosterone (11-KT). Concentrations
of PGF2α were higher in ovarian fluids than in urine. A behavior test with mature
male parr in a fluviarium showed neither attraction to nor avoidance of 0.1 nM
PGF2α , but plasma levels of 17,20β-P were significantly higher in exposed males
compared to controls.

Key Words—Atlantic salmon, salmonids, priming odors, urine, ovarian fluid,
steroid hormones, prostaglandin F2α .
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INTRODUCTION

Previous studies in mature salmonid males have demonstrated both behavioral and
endocrine responses to water conditioned by urine and/or ovarian fluid from ma-
ture females (e.g., Honda, 1982; Olsen and Liley, 1993; Scott et al., 1994; Waring
et al., 1996; Vermeirssen et al., 1997; see also review by Liley, 1995). Scott et
al. (1994) showed that plasma sex steroid concentrations in male rainbow trout
(Oncorhynchus mykiss) were elevated following exposure to the urine of both ovu-
lated and nonovulated conspecific females, but not to ovarian fluid. Waring et al.
(1996) showed that sex steroid concentrations in male Atlantic salmon (Salmo
salar Linné) parr were elevated by exposure to the urine of ovulated females,
but they did not test ovarian fluid. Moore and Waring (1996) suggested that
F-series prostaglandins such as prostaglandin F2α (PGF2α) were acting as priming
pheromones. This substance has been reported to be inactive in rainbow trout
(Kitamura et al., 1994; Scott and Vermeissen, 1995). Electrophysiological studies
have shown that, in contrast to rainbow trout, the olfactory epithelium in salmon
detects PGF2α (Moore and Waring, 1995, 1996; Hara and Zhang, 1998).

It is known that prostaglandins are important for the process of ovulation in
fish (Goetz et al., 1989), and ovulated eggs and ovarian fluid are present in the
body cavity. If ovarian fluids contain high enough concentrations of PGF2α and the
prostaglandin has a priming effect, the ovarian fluids should be effective in increas-
ing plasma levels of sex hormone steroids. In a recent study, we have observed
that plasma sex steroid levels in male parr of both Atlantic salmon and brown trout
(Salmo truttaL.) were elevated by exposing them to a mixture of urine and ovarian
fluid derived from ovulated females of either species (Ols´en et al., 2000). The vol-
umes of strippable milt were also enhanced in Atlantic salmon parr. These results
led us to the present study, which compares the responses of Atlantic male parr to
urine and ovarian fluid. We wanted to test the hypothesis that the priming response
to ovarian fluid should be at least as strong as to urine. We also analyzed the content
of PGF2α in the urine and ovarian fluid and detected much higher levels in the ovar-
ian fluid. Furthermore, we tested whether PGF2α had a behavioral effect on male
Atlantic salmon parr, as some studies have shown behavioral effects in fish during
exposure to F prostaglandins (Stacey et al., 1994; Sveinsson and Hara, 1995, 2000).

METHODS AND MATERIALS

Fish. Experiments were performed during 1996 and 1997 with Atlantic salmon
obtained from the Swedish National Board of Fisheries hatchery at
Älvkarleby (60◦N). Male parr were raised from a wild brood stock, and the adult
females were from the same wild stock caught in the River Dal¨alven. The parr
were raised under standard hatchery conditions.
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Collection of Female Stimulants.Urine and ovarian fluids were collected by
catheters from anesthetized (2-phenoxy ethanol, 0.05%) ovulated Atlantic salmon
females (2.780–5.960 g,N = 8) at the hatchery on the River Dal¨alven. Both urine
and ovarian fluids were taken from each female. The urine and ovarian fluids were
collected in 20-ml polythene tubes on ice and subsequently stored at−80◦C. Care
was taken to prevent contamination between the two fluid types. It was easy to fill
the tubes with ovarian fluid, but the amounts of urine were often less than 10 ml.
Prior to freezing, 0.5–1.5 ml of both fluids were decanted into microfuge tubes for
analyses of prostaglandin F2α (PGF2α) and 15-keto-dihydro-PGF2α concentrations
in individual fish. The remainder of the ovarian fluid and urine samples were pooled
into an ovarian fluid mix and a urine mix, respectively, and then frozen in aliquots
suitable for the experiments. We also sampled a mixture of urine and ovarian
fluid in the same way as in Ols´en et al. (2000). The mixture of urine and ovarian
fluid was collected at the time (10.00–12.00 hr) when females were stripped of
their eggs for artificial fertilization. The fluids used were collected during the
process of stripping, up until the appearance of the first eggs in the ovipore. The
concentrations of PGF2α and 15-keto-dihydro-PGF2α were also analyzed in urine
and ovarian fluid that were collected in 1998 from another group of six ovulated
Atlantic salmon females.

Experimental Procedure.Three separate experiments were conducted during
1996–1997 to investigate the priming effects of various substances on mature male
parr. The first two were conducted at the Fisheries Research Station,Älvkarleby,
while the last was conducted at Uppsala University.

Experiment 1.The priming effect of urine from ovulated females, ovarian
fluid, or saline solution (control) was tested on mature male parr (22.9–52.7 g,
N = 23) during the period November 3–5, 1996. Males were not stripped of milt
before the experiment. In a previous study (Ols´en et al., 2000), nonstripped salmon
parr showed enhanced plasma levels of sex steroids and milt volumes after exposure
to from ovulated females. We wanted to keep the effects of handling stress to a
minimum.

Tests were done in direct connection to, and in the same way as, the experi-
ments described by Olsen et al. (2000) and are briefly described here: Test areas
(test volume: 60 cm long× 60 cm wide× 11 cm deep) were continuously supplied
with aerated groundwater at a rate of 300–400 ml/min. Temperature of the water
varied between 8 and 10◦C. Mature male parr were individually placed in the test
area ca. 18 hr before the first supply of 2 ml of stimulant at 10:00 hr. They were
exposed a second time at 12:00 hr by adding another 2 ml. Two hours later, the first
fish was sampled. Tanks were supplied with a continuous flow of ground water
and had their own inlet and outlet. A submersible pump circulated the water in
each tank and ensured that the stimulants were evenly mixed.

For each sampling, the male parr was first anesthetized (2-phenoxy ethanol,
0.05%), weighed, and the volume of milt determined by collecting in preweighed
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glass tubes following gentle abdominal pressure (Ols´en and Liley, 1993). Blood
was subsequently collected by severing the caudal peduncle and collecting the
blood in heparinized tubes. Fish were put to death after blood sampling. Fol-
lowing centrifugation, plasma was collected and stored at−80◦C for sex steroid
determination. Testes were weighed for the determination of gonadosomatic index
[GSI, (gonad weight/body weight)× 100].

Experiment 2.During the period October 20–24, 1996, the priming effect
of the following fluids was studied on mature male parr (45.9–120.2 g,N = 26):
ovarian fluid/urine mixture (87.5µl ethanol to 50 ml of mixture); PGF2α (87.5µl
of PGF2α stock solution, 1mg/ml of ethanol, added to 50 ml 0.9% NaCl); control
solution (87.5µl ethanol added to 50 ml 0.9% NaCl). The solution of prostaglandin
was added to the test area to give an acute nominal concentration of 0.1 nM. Ex-
periments were performed as in experiment 1, except that males were anesthetized
(2-phenoxy ethanol, 2%) and stripped of milt before they were placed in the test
area. As there was a lack of increase in milt volumes despite increased plasma con-
centrations of 17,20β-P in experiment 1, we stripped the fish to make it easier to
observe an increase in milt volume. We showed in a previous study that a mixture of
urine and ovarian fluid increased the volumes of strippable milt (Ols´en et al., 2000).

Fluviarium Test.In this experiment, the behavior and endocrine responses
to PGF2α were studied. On November 5, 1996, male parr with running milt were
transported to Uppsala University and placed in 400–liter rearing tanks continu-
ously supplied with aerated tap water.

Individual fishes (33.4–81.0 g,N = 20) were tested in a fluviarium (H¨oglund,
1961; Bjerselius et al., 1995) during the period November 14 to December 9,
1996. Males were stripped of milt before they were placed in the test area of
the fluviarium. One fish was tested at a time. Water, with or without PGF2α, was
supplied to opposite halves of the fluviarium and mixed into the main stream
of aerated tap water flowing to the test area (temperature 8.3–9.5◦C). The test
stimuli (ethanol or PGF2α in ethanol added to tap water) were released from 12-liter
stainless steel containers by two peristaltic pumps, at the rate of 30 ml/min through
two separate magnetic valves. Two magnetic valves automatically switched the
supply between the two halves of the test area at regular 90-min intervals. The
nominal concentration of PGF2α in the test area was 0.1 nM (stock solution: 7.4 mg
in 10 ml 95% ethanol).

A video camera was placed over the test area, and the position of the fish
was recorded by a videocomputer image analysis system in IR light (>750 nm)
between 18:00 and 06:00 hr the next morning. No stimulus was added during the
first four 90-min periods (18:00–24:00 hr), but were started at 24.00 hr and lasted
until 06.00 hr. The water going through the magnetic valves shifted sides of the
fluviarium every 90 min from the start to the end of the experiment. It was only
during the last four 90-min periods (24:00–06:00 hr) that the pumps added water
with ethanol or water containing PGF2α and ethanol.
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For each fluviarium test, we used data from the last 60 min in each of the
last four 90-min periods of a test to calculate a reaction value (Rv) according to
the equation:Rv = [(NL − N0)/(NL + N0)] × 100, in whichNL andN0 represent
the number of observations in each side of the test area with water supplied with
PGF2α and ethanol or ethanol alone, respectively. The arithmetic means of reaction
values from identical tests are designatedMRv. After each fluviarium test, blood
samples were taken from fish as described above.

Hormone Measurements.Plasma levels of 11-KT, T (experiment 3 only) and
17,20β-P were measured by specific radioimmunoassay (RIA) according to the
method of Mayer et al. (1990). The metabolite of prostaglandin F2α, 15-keto-
dihydro-PGF2α, was analyzed in unextracted media by RIA (Kindahl et al., 1976;
Granström and Kindahl, 1982). The antiserum cross-reacted 16% against 15-keto-
PGF2α, 4% against 13,14-dihydro-PGF2α, 0.4% against PGF2α, and 1.7% with
15-keto-dihydro-PGE2, a major metabolite of PGE2. For other prostaglandins, the
cross-reaction was<0.1%. Samples were diluted in a 0.25% bovineγ -globulin
buffer. In most cases, 50µl of media was diluted with 450µl of the buffer. The
practical detection limit of the assay was 300 pmol/liter. If necessary, samples were
diluted to allow accurate readings on the standard curve. The interassay coefficient
of variation was 14%. Samples were reanalyzed if the coefficient of variation ex-
ceeded 10% for duplicate determinations. The intraassay coefficient of variation
was evaluated by analyses of 10 different pooled plasma samples in five separate
radioimmunoassay tubes and was between 3.4 and 7.6% at different ranges of the
standard curve.

The primary prostaglandins F2α and E2 were analyzed in the media by a
modification of the method of Lindgren et al. (1974). Samples were diluted as for
the analysis of 15-keto-dihydro-PGF2α, described above. The antiserum against
PGF2α cross-reacted 75% against PGF1α, 2% against PGF2β , 1.5% against
PGF1β , and<0.1% for PGE2, PGE1, PGD2, TXB2, and 15-keto-dihydro-PGF2α.
Samples were analyzed directly for concentrations of PGF2α. Then after reduc-
tion with sodium borohydride (Lindgren et al., 1974), the samples were reana-
lyzed for concentrations of PGF2α. Reduction with sodium borohydride reduces
PGE2 to a mixture of PGF2β and PGF2α. With samples containing known amounts
of PGE2, the ratio between the two isomers was found to be 1:1. Therefore,
the following estimates, the increase in PGF2α concentrations after reduction
was multiplied by two to obtain the PGE2 content. The practical limits of de-
tection for PGE2 and PGF2α were 0.5 and 0.3 nmol/liter, respectively.
The interassay coefficient of variation was 15%, and the intraassay coefficients
of variation varied between 7.3 and 12.5% at different ranges of the standard
curve.

Statistical Analyses.Plasma hormone levels and milt volumes were com-
pared between treatments with Kruskal-Wallis nonparametric ANOVA, and in the
case of significance, followed by Dunn’s multiple-comparison test (Siegel and
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Castellan, 1988; Motulsky, 1999). Calculations were performed with GraphPad
Prism (Motulsky, 1999).

In the fluviarium tests, the Student’st test was used whenMRvs were compared
to the theoretically indifferent reaction, i.e., whenMRv = 0. MRv is zero when
the number of observations in each water quality is the same. The Mann-Whitney
U test was used to compare hormone levels, milt volumes, and GSI of control and
exposed fish.

RESULTS

Exposure to Female Odors in Tank.In experiment 1, Kruskal-Wallis (KW)
analysis of variance showed a significant effect of treatment on plasma levels of
17,20β-P when control solution (0.9% NaCl), ovarian fluid, or urine was added
to the tank (Figure 1). Dunn’s multiple-comparison test revealed higher plasma
17,20β-P levels after exposure to both female stimuli compared to the control. No
effects were observed in the plasma levels of 11-KT (KW= 0.71, P = 0.70) or
T (KW = 2.18,P = 0.34). No differences in volumes of strippable milt (mean±

FIG. 1. Blood plasma concentrations of 17,20β-dihydroxy-4-pregnen-3-one in mature
Atlantic salmon male parr after exposure to pure ovarian fluid, or urine from an ovulated
conspecific female. The control solution contained 0.9% NaCl.∗P < 0.05.
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SD; control: 66.3± 18.7 mg/g fish,N = 7; urine: 57.9± 14.0, N = 8; ovarian
fluid: 55.1± 13.3,N = 8; KW = 2.125,P > 0.05), and GSI [mean± SD, (g/g
fish)× 100; control: 11.9± 2.5, N = 7; urine: 10.8± 1.4, N = 8; ovarian fluid:
9.7± 1.7, N = 8; KW = 3.59,P > 0.05] were observed.

In experiment 2, Kruskal-Wallis analysis of variance showed an effect of
treatment on plasma levels of 17,20β-P and 11-KT when control solution (ethanol
added to 0.9% NaCl), ovarian fluid–urine mix (ethanol added to the mix), or PGF2α

(nominal conc. 0.1 nM in the tank) was added to the experimental tank (Figure 2A
and 2B). Dunn’s test showed a difference in 17,20β-P levels between the control
and the PGF2α -exposed fish. Plasma levels of 11-KT were increased both in the
female-odor-exposed fish and fish exposed to PGF2α (Figure 2B). There were
no differences in volumes of strippable milt (mean± SD, mg/g fish; control:
10.0± 6.7, N = 9; mix: 10.5± 4.6, N = 9; PGF2α: 11.0± 4.1, N = 8; KW =
0.13;P > 0.05) and GSI [mean±SD, (g/g fish)× 100; control: 6.8± 1.5,N = 9;
mix: 6.6± 1.7, N = 9; PGF2α: 6.5± 1.5, N = 8; KW = 0.26,P > 0.05].

Fluviarium Test.No behavioral responses were observed in parr exposed
to 0.1 nM PGF2α in the fluviarium (MRvs did not differ significantly from an
indifferent response whenMRv= 0) . The PGF2α was added to one half of the test
area (MRv±SD; control: period 1–4:−8.5±21.6, period 5–8:−4.9±9.5; PGF2α:
period 1–4:−3.7± 15.2, period 5–8 (PGF2α): 5.8± 13.3;t test gaveP > 0.05 for
all periods in both treatments). Plasma levels of 17,20β-P were, however, higher
in the exposed fish compared to control (Mann-Whitney U test,U = 11.0, P =
0.05). No differences were observed in 11-KT (Mann-WhitneyU = 15.50, P =
0.15) and T levels (U = 15.50, P = 0.15), respectively. No difference in volumes
of strippable milt (mean± SD, mg/g fish; control: 21.7± 18.2, N = 7; PGF2α:
25.8± 6.33, N = 8; U = 24.0, P = 0.69), and GSI (mean± SD, (g/g fish)×
100; control: 7.4± 2.8, N = 7; PGF2α: 7.1± 0.9, N = 8; U = 25, P = 0.78)
were observed.

Prostaglandin Concentrations.Concentrations of PGF2α and its metabo-
lite 15-keto-dihydro-PGF2α were measured in urine and in ovarian fluid. There
were high concentrations of PGF2α in ovarian fluid (range: 200–796 nmol/liter,
N = 6), and somewhat lower concentrations in the ovarian fluid–urine mixture
(69–166 nmol/liters−1, N = 6). Concentration of PGF2α was low in urine (<0.3–
1.1 nmol/liter, four samples<0.3,N=11). The concentrations of 15-keto-dihydro-
PGF2α were lower than PGF2α in ovarian fluid (5.4–29.4,N = 7, vs 200–796
nmol/liter), but in urine the reverse was found, with concentrations of the metabo-
lite being somewhat higher than the hormone (0.5–4.6 vs<0.3–1.1 nmol/liter;
N = 11 andN = 7, respectively). Levels of 15-keto-dihydro-PGF2α were lower
in urine (0.5–4.6 nmol/liter) compared to ovarian fluid (5.4–29.4 nmol/liter). Con-
centrations of 15-keto-dihydro-PGF2α in the ovarian fluid–urine mix varied be-
tween 3.5 and 15.0 nmol/liter (N = 7). The concentration of PGE2 varied in urine
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FIG. 2. Blood plasma concentrations of (A) 17,20β-dihydroxy-4-pregnen-3-one and (B)
11-ketotestosterone in mature Atlantic salmon male parr after exposure to conspecific female
odor (mix solution of urine and ovarian fluid), 0.1 nM prostaglandin F2α or control (ethanol
added to 0.9% NaCl).∗P < 0.05;∗∗P < 0.01;∗∗∗P < 0.001.
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between 1 and 6.8 nmol/liter (N = 6), but no PGE2 was detected in ovarian fluid
(detection threshold 0.5 nmol/liter).

DISCUSSION

The results of the present study show that both urine and ovarian fluid from
ovulated Atlantic salmon females increase plasma levels of 17,20β-P in male
parr. The mixture of urine and ovarian fluid and pure 0.1 nM PGF2α also gave
enhanced levels of 11-KT. In contrast to the previous study (Ols´en et al., 2000)
that was done with the same equipment and during the corresponding time of the
spawning period (c.f., Moore and Waring, 1996), no difference in volumes of
strippable milt was observed between control and exposed males. Previous studies
with ovulated female odors have mostly reported enhanced plasma concentrations
of the progestin 17,20β-P, which is involved in control of spermiation and sperm
performance (e.g., Scott and Baynes, 1982; Ueda et al., 1983; Sakai et al., 1989;
Miura et al., 1992), but the occurrence of increased milt volumes in these studies
has varied (Scott et al., 1994; Moore and Waring, 1996; Waring et al., 1996;
Vermeirssen et al., 1997; Ols´en et al., 2000). This could reflect that stimulation
of milt volumes is influenced by the season (Moore and Waring, 1996; Waring
et al., 1996) and that there are individual differences among males (Vermeissen
et al., 1997). The reason behind this lack of response in some males is not known.
17,20β-P is probably a good indicator of priming as it is directly connected to
spermiation.

Analyses of the ovarian fluid and urine revealed that PGF2α and its metabolite
15-keto-dihydro-PGF2α are present in both fluids. The concentrations of PGF2α

were, however, much higher in ovarian fluid than in urine, while the metabolite
was at about the same level. Previous studies have suggested PGF2α as a priming
pheromone in Atlantic salmon female urine (Moore and Waring, 1996). In some
teleost species, prostaglandins can act as releaser pheromones (e.g., Sorensen
et al., 1989; Sveinsson and Hara, 1995), and acute olfactory sensitivity has been
demonstrated in different species (e.g., Cardwell et al., 1992; Bjerselius and Ols´en,
1993; Kitamura et al., 1994; Essington and Sorensen, 1996; Sveinsson and Hara,
2000). In different species of Pacific salmon within the genusOncorhynchus,
priming and releasing sex pheromones are believed to be present, although the
chemical identities of these substances are still unknown (Emanuel and Dodson,
1979; Honda, 1980, 1982; Ols´en and Liley, 1993; Liley et al., 1993; Scott et al.,
1994; Vermeirssen et al., 1997; Yambe et al., 1999). Enhanced plasma levels of sex
steroids (but not milt volumes) were detected with mature rainbow trout female
urine, but exposure to ovarian fluid failed to elicit an endocrine response (Scott
et al., 1994), although the concentration of ovarian fluid in the experimental tanks
was probably much higher than in the present study. To date, few sex pheromones
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have been identified in fish, but the substances that have been identified are either
steroids or prostaglandins (review by Stacey et al., 1994).

Prostaglandin concentrations in ovarian fluid were higher than in female urine.
As prostaglandins are important for ovulation in fish, it is no surprise that they are
present in ovarian fluids (e.g., Goetz et al., 1989; Peter and Yu, 1997). Both PGF2α

and PGE2 have been detected in high concentrations in both blood plasma and
ovarian fluids of brook trout,Salvelinus fontinalis(Mitchill), females during or
immediately after ovulation (Cetta and Goetz, 1982). The question is whether the
prostaglandins are released from the ovary and coelomic fluids into the water and
detected by the males before spawning. Directly after spawning, the concentration
of PGF2α should be high in water close to the female and detected by males that
will subsequently receive a priming effect. Males will, thus, have the advantage
of increasing milt volumes until a spawning situation occurs a couple of hours
later and probably with another female. There is also a possibility that small
amounts of coelomic fluids are released into the water during nest digging when
the abdominal pressure increases. Salmonid fish urinate in pulses (Curtis and Wood
1991), which makes it possible for the female to control the priming stimulation
of the males. This should be an advantage for the courting males that will have
high milt volumes ready for the spawning. A morphological study has, however,
opened the possibility that ovarian fluids can also be released voluntarily. The
study demonstrated the presence of a sphincterlike musculature that surrounds
both the ureter and the oviduct of chum salmon (Oncorhynchus keta) (Uematsu
and Hibiya, 1983). The authors suggested that the musculature is used to contract
both the ureter and the reproductive duct, and, due to this arrangement, it may
enclose the latter more tightly. This opens the possibility that both ovarian fluid
and urine can be the source of priming chemicals.

Parr did not show any behavioral response to 0.1 nM PGF2α in the fluviarium
tests, but blood plasma levels of 17,20β-P were elevated. The same concentration
of PGF2α was used in the tank exposure tests that gave enhanced plasma levels of
17,20β-P and 11-KT. A recent study with male salmon parr supports the view that
PGF2α is not acting as an attractant (Ols´en et al., unpublished results).

If F prostaglandins are the active substances, ovarian fluid should be at least
as potent as urine as a priming agents. On the basis of the much greater con-
tent of PGF2α, it should be even more active than urine. The concentration of the
hormone in the test area with urine added should have been 1000 times lower
(0.1 pM) compared to the ovarian fluid exposure (experiment 1). One possibil-
ity is that in addition to PGF2α, other substances may be effective as priming
pheromones in the urine. One candidate would be 15-keto-PGF2α, which is also
detected by the olfactory senses of mature salmon male parr, but at much higher
concentrations (Moore and Waring, 1996). In our studies, we do not know the
concentrations of 15-keto-PGF2α. In addition to PGF2α, we measured its major
metabolite 15-keto-dihydro-PGF2α (the difference between the two metabolites is
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saturation of the 13,14 double bound in 15-keto-dihydro-PGF2α). No data are avail-
able concerning the olfactory sensitivity of Atlantic salmon and other salmonids
to 15-keto-dihydro-PGF2α, which means that its importance as a chemical signal
and priming pheromone is not known. If it had an effect as a priming substance,
ovarian fluid should have been more potent. We found PGE2 in the urine of adult
salmon females at about the same level as PGF2α, but in contrast to PGF2α, nothing
could be detected in ovarian fluid. This suggests that the effect of PGE2 is of little
or no significance.

In summary, the results indicate that both female urine and ovarian fluid
contain substances that enhance plasma sex steroid levels in Atlantic salmon male
parr. They confirm that PGF2α is one active priming substance. In addition, another
unknown substance may be of importance for the potency of female urine.
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HÖGLUND, L. B. 1961. The reaction of fish in concentration gradients.Rep. Inst. Freshwater Res.,
Drottningholm, Sweden43:1–147.

HONDA, H. 1980. Female sex pheromone of rainbow trout,Salmo gairdneri, involved in courtship
behavior.Bull. Jpn. Soc. Sci. Fish.46:1109–1112.

HONDA, H. 1982. On the female sex pheromones and courtship behaviour in the salmonids,On-
corhynchus masouandO. rhodurus. Bull. Jpn. Soc. Sci. Fish.48:47–49.
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Abstract—A microwave protocol to extract lipophilic substances from tissue
was modified to extract essential oils (EOs) from plant tissue and insect feculae.
The material, in a solvent transparent to microwave radiation, is exposed for a
short time to steam in a microwave oven. EO extracts are analyzed directly by
GC or GC-MS when plant material is fresh and terpenes contained in glandular
structures on leaf surfaces are readily released into the solvent. For dried material
or insect feculae, mechanical means are utilized first to break up tissue; however,
the complete procedure is carried out inside the same vial to reduce losses.
Statistical analysis shows that the reproducibility of the modified method is
high. Several samples can be run within an hour with this method.

Key Words—Microwave, essential oil,Cordia curassavica, Chrysomelidae,
Boraginaceae, lower terpenes, extraction method, chamomile.

INTRODUCTION

Terpenoids have been studied for different reasons. Leaf terpenoids have been
evaluated for chemosystematic and geographic variability (Salgueiro et al., 1997;
Fahlen et al., 1997; Souto et al., 1997), biosynthetic studies (Gershenzon, 1994;
Clark et al., 1997), herbivore–host-plant relationships (Steinbauer et al., 1998;
Gómez et al., 1999), bioassays (Lis et al., 1998), proof of authenticity (Casabianca
et al., 1998), and aroma chemistry (Pallado et al., 1997).

A number of methods for obtaining essential oils (EOs) from plant foliage
have been published (Ruberto et al., 1999; Simandi et al., 1999; Lis et al., 1998;
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Anitescu et al., 1997; Laenger et al., 1997; Muzika et al., 1990). However, many
of these techniques require gram amounts of samples and long extraction times. In
contrast, methods to extract EOs from insect wastes appear to have received little
attention.

A common problem encountered by chemical ecologists during their assess-
ments is the small amount of sample material available for chemical analysis,
especially when that material is insect physiological wastes and discharges, e.g.,
feculae and regurgitates. Similar situations are encountered with plant material, for
instance, when herbivory causes defoliation, especially of young leaves (G´omez,
1997; Coley and Kursar, 1996), or conversely, when considerable quantities of
plant tissue are needed for studies of geographical distributions of EOs.

We developed a method based on the work of Pare (1994, 1995) and modified
by Clark et al. (1997) to quantitatively extract EOs from plant tissue and insect
feculae. Here we present data on the reproducibility of that method by quantifying
EOs in plant material and insect feculae with known and unknown terpenoid levels
and EOs. We also compare our results with those obtained from steam distillation.

METHODS AND MATERIALS

Plant Material. We tested five samples (40 mg) fromMatricaria chamomilla
L. from the company Caolo (30.06.95, Ch. B. 53618395), with 0.63% EO to
assess the efficacy of the modified method (see below). Five (40-mg) samples
from Mentha piperitaL. and Salvia trilobaL., with unknown terpenoid levels,
were also examined. Foliage ofCordia curassavica(Jacq.) Roem. & Schult. (field
plants from Central Panama) also were examined. Branches ofC. curassavica
were collected in the field and transported to the laboratory in plastic bags. Young
leaves (newly expanded at nodes 1 and 2) were excised, pooled, dried at room
temperature, and then coarsely ground before weighing and extracting. Vouchers
of C. curassavicawere deposited in the Herbarium of the Smithsonian Tropical
Research Institute.

Insect Feculae.Larval feculae came fromEurypedus nigrosignataBoh.
(Coleoptera: Chrysomelidae), a beetle that feeds onCordia curassavicain Central
Panama. Feculae were collected from third instars that fed on plants with differing
compositional profiles of EOs (G´omez et al., 1999). Larvae ofE. nigrosignata
produce elaborate dorsal structures, by using feculae and cast skins, that can be
detached easily from their bodies with forceps. The size and weight of dorsal
structures vary with larval age, and their chemical composition varies depend-
ing on plant terpenoid content (G´omez et al., 1999). Three groups of feculae
(40 mg) were examined. Feculae for batch 1 (N = 5) and batch 2 (N = 4) came
from larvae feeding onC. curassavicashrubs carrying theα-pinene profile, and
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batch 3 (N = 5) came from larvae raised onC. curassavicacultivated in a green
house (G´omez, 1997) and carrying theβ-terpinene profile. Replicates in each
batch contained several dorsal structures. Only quantifiable monoterpenoids and
caryophyllene were considered for total concentration.

Steam Distillation.Distillation was performed in a steam-distillation appa-
ratus as described in the German Pharmacopoeia (DAB10, 1991). Samples (1 g,
N = 2) of dried material fromC. curassavica(see above) were placed in a flask,
200 ml distilled water was added, and the distillation carried out for 5 hr. The dis-
tillate was collected in 0.75-mln-hexane.n-Octadecane was added to the samples
to arrive at a final concentration of 20µg/mg. Only major terpenoids were used
for comparison among methods.

Microwave Method.A method to extract lipophilic substances from fresh
material as developed by Pare (1994, 1995) and modified by Clark et al. (1997)
was adjusted further to extract EOs from small amounts of fresh and dried samples.
The material was extracted with 0.75 mln-hexane (p.a.) containing 50µg/ml of
n-octadecane in a vial (2.0-ml, conical, polypropylene Twist Cap vials, with screw
caps with an O-ring seal). Two glass beads (4 mm diam.) were added to the sample
vial, and shaken in a Vortex at medium speed for approximately 120 sec (or until
tissue was crushed). A polypropylene lid with five to six radially symmetrical
holes served as a vial holder (Clark et al., 1997). The lid was placed on a 250-ml
glass beaker containing 50 ml water at room temperature. Sample vials were then
heated in a microwave oven at full power (800 W) for 60 sec. After the microwave
exposure, the vials with lids were cooled in a polypropylene jar of cold water and
centrifuged at 14,000 rpm for 3 min. The clear supernatant was transferred and kept
in 2.0-ml glass vials (screw cap with Teflon lining) at -18◦C until GC and GC-MS
were carried out (see below). When fresh plant material was used, a clear extract
was obtained without the need for maceration or centrifugation. The total EO
concentration, and the concentration of the major terpenoids was determined for
each sample (see below). Only major terpenoids were considered for comparison
of methods.

GC and GC-MS.Separation, quantification, and identification of terpenoids
were carried out as described in G´omez et al. (1999).

Scanning Electron Microscopy (SEM).The surface of youngC. curassavica
leaves was viewed directly before and after microwave extraction, by using back-
scattered electrons at low vacuum, and they were photographed in a Jeol model
5300LV scanning electron microscope.

Statistical Analysis.The reproducibility of the microwave method was tested
by comparing coefficients of variation (CV) (Muzika et al., 1990; SYSTAT, 1992),
and the intraclass correlation coefficient (ICC) within groups (Sokal and Rohlf,
1995; SYSTAT, 1992). Yields obtained by the microwave method and the distilla-
tion method were compared by linear regression (LR) analysis, and the adjusted
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squared multipleR was utilized to compensate for unequal sample sizes. In one
case, a LR was made by considering the mean values of the distillation method as
the independent variable. If the microwave method extracts a higher quantity of
terpenoids than the distillation method, then the slope of the LR equation should
be larger than unity. A second LR was made by considering the mean values of
the microwave method as the independent variable. Correlation coefficients were
used to compare the fit and the variance explained by the method.

RESULTS

Plant Material. The EO concentration of commercialM. chamomillasamples
determined by the microwave method was 0.65± 0.05% (Table 1), the same as the
reported one of 0.63%. Terpenoids detected in the yellowish extract of chamomile
wereβ-farnesene,α-bisabolol oxide B,α-bisabolone oxide,α-bisabolol, bisabolol
oxide A, and spiroether. Plant material (40 mg) ofM. piperita, S. triloba, andC.
curassavica(wild plants) with unknown levels of EO also were examined (Table 1).
The CV varied from 5% to 15% for the total concentration, and from 3% to 16%
for the amount of the major terpenoid.

The ICC was used to evaluate the reproducibility of the microwave method
and showed 9% variation for the total concentration within the groups, and 11%
for the main component.

Comparison of Extraction Methods.The first LR demonstrates that the mi-
crowave method was more efficient in obtaining higher concentrations of compo-
nents (slope= 1.729;p < 0.001). The microwave method produced less variable
yields (R2 = 0.900) than the distillation method (R2 = 0.787).

SEM. After exposure to hot hexane, glandular trichomes on the surface of
fresh leaves collapsed (Figure 1A, B).

Insect Material.Three different batches of insect feculae were utilized to
evaluate this method. CVs varied from 14% to 21% for the total concentration of
EOs and from 17% to 20% for the main component, depending on fecula origin

TABLE 1. EO CONCENTRATION OF DIFFERENT PLANT SPECIES SAMPLES WITH MICRO-
WAVE METHODa

Plant species Total concentration %CV Major terpenoid concentration %CV

Matricaria chamomilla 6.59± 0.43 7 3.66± 0.11a 3
Mentha piperita 5.30± 0.29 5 2.14± 0.19b 8
Salvia triloba 13.50± 2.20 15 6.89± 1.25c 16
Cordia curassavica 12.66± 0.90 7 3.74± 0.54d 16

aN = 5; concentration (mean± SD) in mg/g, dry weight; %CV, coefficient of variation in percentage;
a, bisabololoxide A; b, menthol; c, 1,8-cineol; d,β-terpinene.
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FIG. 1. Adaxial surface ofC. curassavicashowing glandular round trichomes (A) before
and (B) after exposure to hot hexane.
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TABLE 2. EO CONCENTRATION FORTHREEFECULA BATCHESCOLLECTED FROMTHIRD

INSTARS OFEurypedus nigrosignataa

Avg. weight Avg. number of Total Major terpenoid
(mg) dorsal structure per concentration concentration

Batch (±SD) replicate (±SD) (mean±SD) %CV (mean± SD) %CV

Wild larvae 40.9± 1.2 6.6± 0.5 2.88± 0.61 21 1.12± 0.22 20
(N = 5)b

Wild larvae 39.9± 2.6 7.3± 0.8 4.99± 0.92 18 2.57± 0.46 18
(N = 4)

Greenhouse larvae 37.8± 3.2 7.0± 1.4 2.67± 0.39 14 1.58± 0.26 17
(N = 5)c

aConcentration inµg/mg, dry weight; %CV, coefficient of variation in percentage.
bα-Pinene profile.
cβ-Terpinene profile.

(Table 2). Feculae from animals feeding on field plants registered higher CVs than
those from animals raised on greenhouse plants.

The ICC was calculated also to evaluate the microwave method for insect
samples. The ICC percentage variation within groups was 23% for the total con-
centration, and 17% for the major component.

DISCUSSION

For fresh plant material containing EOs in glands, the hot solvent was effi-
cient at collapsing glandular structures and extracting terpenes (Clark et al., 1997)
without need of maceration. Indeed, treatment of fresh plant material with glass
beads in these trials did not cause tissue destruction. Destruction of plant tissue
other than that containing EOs may lead to undesirable plant contaminants in the
extract. By extracting fresh plant material as described above, the clear extract
obtained can be analyzed directly by GC.

In the case of insect material, we found that the use of glass beads to macerate
both fresh and dried insect feculae before microwave exposure, in order to destroy
the matrix holding EOs, facilitates their release into the solvent. Maceration with
glass beads was a good alternative to pulverization with a mill or maceration with
a mortar and pestle, because these procedures lead to significant sample loss,
particularly when dealing with small samples containing volatile substances. This
step usually produced fine particles that were separated by centrifugation. Losses
of volatiles can be reduced further by carrying the procedure to completion in the
same extraction vial and by avoiding rotary evaporation to eliminate the solvent,
because it may lead to the losses of volatile compounds.

The coefficient of variation (CV) has been used as an index of reproducibility
of five techniques for extracting volatile compounds from needles of two conifer
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species (Muzika et al., 1990). The CV was developed to compare the relative
amounts of variation in populations having different means (Sokal and Rohlf, 1995,
p. 58). CV analysis indicates that the modified microwave method is reproducible
both for total terpenoid concentration and for individual terpenoids. The intraclass
correlation coefficient (ICC) measures the similarity of individuals within a group,
relative to the degree of difference found among the groups (Sokal and Rohlf,
1995, p. 213). A low value for ICC indicates that there is little or no variance
within groups. The ICC showed low variation within groups for both plant and
insect materials, supporting the reproducibility of the modified method.

Higher EO yields were attained with the microwave method compared to
yields obtained by steam distillation. In addition, this method yields less vari-
able results. Several authors have reported that steam distillation produces lower
extraction yields (Simandi et al., 1999; Tuan and Ilangantileke, 1997; Stashenko
et al., 1997), contributes to thermolysis of sensitive terpenes (Ruberto et al., 1999;
Ammann et al., 1999; Eikani et al., 1999), and takes longer than other techniques
(Muzika et al., 1990). With the modified method, we can not rule out the possibility
that some thermal degradation may occur. However, we were not able to detect this
in our samples. On the other hand, comparison of various methods that have been
used to extract EOs from conifer needles has shown that circular steam distillation
of 10-g samples for 8 hr yielded higher quantities (Muzika et al., 1990) than did
solvent extraction, liquid carbon dioxide extraction, or rapid steam distillation.

The tremendous natural variation in leaf terpenoids (Langenheim, 1994;
Gershenzon, 1994) may also influence the composition of physiological discharges
from phytophagous insects, e.g., many insects prefer to eat young leaves (Coley
and Kursar, 1996). We suggest collecting and extracting newly expanded leaves
(assuming that they are small enough to fit inside a vial) and/or removing a pre-
determined leaf area from more mature leaves. Analysis of fresh material results
in higher yields of secondary metabolites (G´omez et al., 1999; Coley and Kursar,
1996) and prevents the loss of volatiles due to drying (Ross and ElSohly, 1996;
Yen and McGaw, 1996).

When analyzing insect material with the microwave method, one should con-
sider that variation due to the nature of the sample rather than the method itself may
occur. Our particular plant–insect system is under the strong chemical influence
of a particular host plant as well as the larval age (G´omez et al., 1999).

Specific Considerations.Because hexane is transparent to microwave radi-
ation, water steam is the heating source. A solvent not transparent to microwave
radiation would itself boil, making water steam unnecessary. However, solvent
polarity may be important, depending on the chromatographic analysis chosen.
Additionally, an explosion-proof oven should be used, in case extraction vials
have leaks or if open containers are used. It is advisable to use high-quality,
seal-proven extraction vials to assure that solvent fumes (and volatile substances)
are not released into the oven chamber. The watt output of the microwave oven
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may vary depending on brand, country of manufacture, and local electrical char-
acteristics, so that the exposure time may need adjustment. We found that dried
leaflets longer than half of the vial height were difficult to grind with two glass
beads. In such a case, smaller beads especially designed for tissue analysis may
be needed. Alternatively, the leaf can be broken manually.

Chemical ecologists usually are confronted with a limited sample of insect
waste material for analysis. Factors such as insect age and insect preferences for
specific plant organs at specific developmental stages are important considerations
during the analysis of EOs.

In summary, the microwave method is reproducible, easy to run, allows simul-
taneous analysis of many samples, and offers an excellent alternative to methods
that utilize gram amounts of material, i.e., steam distillation and solvent extraction.
Researchers engaged in evaluating the role of EOs in plant–insect interactions, ter-
penoid differences in individual plants, and biogeographical studies of EOs, may
profit greatly from using this modified method.
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Abstract—Plant allelopathy offers hope as an additional means of weed control
in modern agriculture. Its mechanisms and molecular basis are not yet well un-
derstood. Research on the chemical basis for allelopathy has often been hindered
by the complexity of plant and soil matrices, making it difficult to track active
compounds. Recent improvements in the cost and capabilities of bench-top
chromatography–mass spectrometry instruments make these tools more pow-
erful and more widely available to assist with molecular studies conducted in
today’s expanding field. Such instrumental techniques are herein recommended
as economically efficient means of advancing the rigor of allelopathy research
and assisting the development of a better understanding of the chemical basis
for the allelopathy phenomenon.

Key Words—Allelopathy, phytotoxicity, sustainable agriculture, weed man-
agement, allelochemicals, chromatography, mass spectrometry, hyphenation,
GC-MS, LC-MS, MS-MS.

INTRODUCTION

Within the broader field of chemical ecology, the expanding science of plant al-
lelopathy (biochemical interactions between plants) possesses potential to con-
tribute to the development of sustainable agriculture, especially in the area of
weed management, as currently, weed science possesses few alternatives to tillage
and to artificial herbicides as means for economically and environmentally sound
weed control.
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However, for an adequate understanding of allelopathic effects and mecha-
nisms, a knowledge of specific allelochemicals is required (among other things);
yet it is only in comparatively recent times that this sort of information has be-
come readily available. This lag in chemical information is due first to the fact
that the compounds from a given plant, microorganism, or soil source usually
occur within complex metabolic mixtures and in tiny quantities, thus creating a
formidable problem in analysis. Second, the most powerful tool for dealing with
such complex organic mixtures, gas chromatography coupled with mass spec-
trometry, (GC-MS), has only been readily available in commercial economic form
since about 1975, while the useful (but presently less powerful) companion tool
liquid chromatography-mass spectrometry (LC-MS), has been available for even
less time. It is the physical on-line coupling, software-controlled, separate systems
unitization, and computerized output data handling (collectively known as “hy-
phenation”) between the physical mixture separation process of chromatography
and the structure identifying (and quantifying) ability of mass spectrometry that
allows such analytical power to bypass the need for the elaborate and expensive
isolation of individual compounds. The key idea behind hyphenation is the signifi-
cant gain in analyte-signal to background-noise ratio. While with hyphenation the
signal decreases with each additional hyphenated analysis stage, the background
chemical noise decreases even faster, owing to the higher selectivity of the coupled
system. Although the individual compounds within complex mixtures in GC- or
LC-MS work may not be actually isolated, the identifying data so obtained can
enable the researcher to carry out bioassays and chemical assays with authentic
compounds from other sources available in larger quantity.

The major purposes of this review are to assist with the advancement and rigor
of plant allelopathy research, in accordance with journal editors’ calls (Romeo,
2000) by promoting the use of hyphenated chromatography–mass spectrometry
techniques to provide confirming and defining chemical data and also to provide
sufficient examples of these techniques to allow the evaluation of their efficacy
for the solution of new allelopathic problems that may involve the identification
and/or quantification of numerous organic components from complex mixtures. In
this respect, the review is meant to be indicative and not exhaustive.

For those newly moving into allelopathy studies, its more recent historical
development can be conveniently traced through such works as Rice (1984, 1995),
Thompson (1985), Putnam (1985), Putnam and Tang (1986), Waller (1987), Rizvi
and Rizvi (1992), Narwal and Tauro (1994), Inderjit et al. (1995, 1999), Olofsdotter
(1998), Macias et al. (1999), Narwal (1999a,b), Cutler and Cutler (1999), and Blum
et al. (1999), although the phenomenon of allelopathy has a much longer history
than this. Chromatography–mass spectrometry has been given little prominence in
these works until the late 1990s, and although its analytical power has been widely
recognized for some time, the cost of instruments until now has been a hindrance
to widespread use, particularly in developing countries. Thus, as late as 1986,
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Putnam and Tang (1986) commented that “chemistry has been the Achilles heel of
allelopathy.” Today, however, most researchers would agree with Weidenhamer’s
(1996) comment that the Putnam-Tang assertion is no longer true. More specifi-
cally, with respect to LC-MS and GC-MS, the 1990s have seen the development
of small, relatively inexpensive, bench-top versions of these instruments, with so-
phisticated software on dedicated personal computers, which require much less
operator expertise, and display great reliability and robustness—most notably in
the more difficult interface between LC and MS.

For those readers not necessarily intimate with general high-resolution (HR)
chromatographic separations, there are numerous descriptive works available to
give a sound introduction to each type. For HRLC, examples include: Meyer
(1988) and Gooding and Regnier (1990); while for LC-MS, such works as Brown
(1990), Lin and Voyksner (1995), Kleintop et al. (1995), and Niessen (1999) serve
well. For HRGC, examples include Jennings et al. (1997), Grob (1998), and Heath
and Dueben (1998); while for GC-MS the works of Karasek and Clement (1988)
and McMaster and McMaster (1998) are helpful. Closer to the theme of this re-
view are the edited publications of Millar and Haynes (1998) (providing a current
summary of a range of useful analytical methods in chemical ecology, including
mass spectrometry), Linskens and Jackson (1986) (use of GC-MS in plant anal-
ysis), Newton and Walton (1996) (plant GC-MS), Alborn and Stenhagen (1987)
(LC-MS in allelopathy), and Waller et al. (1999) (allelopathic compounds).

While both hyphenated techniques of LC-MS and GC-MS combine the re-
solving power of chromatography with the detection specificity of mass spec-
trometry and possess about the same sensitivity in analysis, together with simi-
lar fingerprint-identifying power for unknown compounds (where pure reference
compound spectra can be run to build small user-created libraries, or where EI par-
ticle beam LC-MS is available), the LC-MS technique has a great advantage over
GC-MS in being able to handle effectively the separation of labile, heat-sensitive,
involatile, and high-molecular-weight samples, and can, therefore, cover an esti-
mated 80% of all known compounds. The remaining 20% of lighter, more stable,
and volatile compounds are best handled by capillary GC-MS (HRGC-MS), which
has a much higher chromatographic resolving power than LC-MS because of the
long and narrow GC separation columns that help to overcome a large part of the
tendency for analyte coelution that occurs with complex mixture analysis. Another
significant advantage of GC-MS [whose volatile analyte range may be further ex-
tended by chemical derivatization, Halket (1993)] is the availability, for the sake of
identification, of quite large (approx. 320,000 Wiley/NIST) commercial libraries
of computer-searchable standard electron-impact mass spectra accumulated over
many years of research by using magnetic sector and transmission quadrupole
spectrometers (classical mass spectra). Such library spectra have been run and
collected under physical conditions similar to that occur in the mass spectral de-
tector used in most hyphenated GC-MS instruments, and can, therefore, be directly
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compared with analytical spectra by a software computer algorithm for compound
matching. For a library-to-analyte computer match number in excess of 800 (1000
is a perfect match), a tentative identification is accepted and will become defini-
tive if the pure reference compound can be found (perhaps by synthesis or from
commercial sources) and determined to have the same chromatographic retention
time under the same instrumental conditions. For most LC-MS, there is at present
no large spectral library equivalent to the GC-MS fingerprint technique (unless
an EI particle beam instrument is available) because optimal LC-MS instrument
operating conditions and methods of ionization are so variable.

ALLELOPATHY STUDIES ASSISTED BY CHROMATOGRAPHY
AND MASS SPECTROMETRY

Studies Using Nonhyphenated Techniques

The allelopathy literature has, of course, many fine examples of chemi-
cal identifications (and a few quantifications) carried out by various means that
use combinations of separate chromatographic and spectroscopic analyses per-
formed upon the isolated individual compounds. Such papers as Chou and Waller
(1980), Phillips and Hedin (1990), Yamane et al. (1992b), Inoue et al. (1992),
Li et al. (1993), Waller et al. (1993a,b), Ohwaki et al. (1993), Korhammer and
Haslinger (1994), Nakahisa et al. (1994), Macias et al. (1996, 1997), Bah and
Pereda-Miranda (1996), Pereda-Miranda (1997), Gumnicka and Oleszek (1998),
and Huang et al. (1999) are typical of these types of studies. Provided the investiga-
tor is prepared to meet the higher costs involved in time, manpower, instrumenta-
tion, and consumables for the isolation and purification of individual compounds
from a complex matrix, then the advantages of other powerful analytical tools
such as FTIR, PMR, CMR, and MS-MS, can also be brought to bear upon struc-
tural elucidation and chemical identifications. In this review, however, the concern
is with cheaper, faster, hyphenated chromatography–mass spectrometry methods
that rely more upon fast computer spectral library matching for identifications.
Hyphenation of GC with FTIR plus MS, and recently between LC and NMR,
offers additional analytic power within the range of hyphenated techniques, but
again, present instrument cost is a considerable barrier to their widespread use.

Allelochemical Identifications Using Hyphenated
Chromatography–Mass Spectrometry

Table 1 lists a comparison of research papers in summary form published
between 1979 and 2000 that establish the identity of plant allelochemicals by
using chromatography–mass spectrometry. As might be expected for the more
mature GC-MS techniques, the number of examples of their use is considerably
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higher than that of the presently developing LC-MS techniques, of which only some
five qualitative analysis examples in allelopathy could be found. Data extracted
from these papers include: purpose of the study; bioassay used; chromatography–
MS conditions; types of compounds identified and if GC-MS, whether volatiles
or derivatization; as well as literature reference and comment.

Allelochemical Quantifications Using Hyphenated
Chromatography–Mass Spectrometry

Although quantitative studies on plant allelopathic substances yield more
useful information per compound than qualitative studies, the literature, as yet,
contains few quantitative investigations. This is despite the fact that because of the
great selectivity of the MS detector to perform extracted ion, selected ion (SIM),
and product ion (MS-MS) analyses, analysis problems of chromatographic coelu-
tion in complex mixtures can mostly be avoided. It appears that the greater time,
effort, and expense associated with the more demanding quantitative requirements,
together with the nonavailability of pure reference compounds for calibration pur-
poses, has often prevented allelochemical analyses from proceeding beyond the
qualitative level. Nevertheless, a number of quantitative studies have been pub-
lished, thereby stimulating deeper levels of scientific enquiry into the molecular
mechanisms associated with plant allelopathy.

One such study performed in the early period of GC-MS is that by Lovett
and Potts (1987) who investigated the levels of the alkaloids scopolamine and
hyoscyamine in thorn apple (Datura stramonium) seeds. They wished to test the
hypothesis that the early seedling growth of crop plants such as barley and wheat
was affected by alkaloid interference with the gibberellin-stimulated food reserve
metabolism of germinating seeds. Their GC-MS equipment consisted of a Pye
204 GC using a 25-m× 0.33-mm-ID FSOT HP-1 column operated isothermally
at 220◦C interfaced at 220◦C to a VG MM70-70F mass spectrometer and VG 2235
Data System, which performed their qualitative work. Quantitative analysis was
then carried out by GC-FID with the same column on a HP 5880A instrument.
Allelochemical samples were obtained by aqueous leaching of thorn apple seeds
over seven days, with both alkaloids being quantitatively determined each day. The
aqueous seed leachates were made alkaline and extracted with ether–chloroform.
After evaporation of the solvent, the residue was taken up in ethyl acetate and
derivatized with pentafluoropropionic anhydride (PFP). The alkaloid scopolamine
varied in leached amounts from 0.577 mg/g seed on day1 to 0.14 mg/g seed on
day 7, with a total of 2.507 mg/g seed over seven days. Hyoscyamine varied from
0.377 mg/g seed on day 2 to 0.098 mg/g seed on day 7, with a total of 1.825 mg/g
over seven days. The authors believed that these seed alkaloids could be leached
for up to two weeks into the soil, thereby maintaining a continual supply for
allelopathic effects upon the surrounds.
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More recent studies by researchers at the University of Bonn (Schulz et al.,
1994; Friebe et al., 1995), have been carried out on the allelopathins of quack-
grass, a widespread Northern Hemisphere weed. This group’s 1994 objective was
to identify and quantify constituents in the exudate from quackgrass (Agropyron
repensL.) rhizome-borne roots. Water flowing at 1 liter/hr through a root exudate
recirculation system (RERS) over a period of 10 days was acidified and extracted
with ethyl acetate. The organic solvent was removed by evaporation and the residue
taken up in a little methanol, followed by transfer to microreaction vials, further
solvent evaporation, and then silylation of the residue with BSTFA to volatile TMS
derivatives. GC-MS analysis was performed on an Automass 100 (Delsi Nermag,
Unicam) instrument using a HP Ultra-2 5% phenylmethylpolysilane, 25-m×
0.2-mm ID column, 2-µl injections, and a temperature program from 100◦C to
280◦C in stages. The injector port and detector temperature were both 280◦C,
while the He carrier gas head pressure was 1 bar. Mass spectra were collected at
70 eV using EI. A cress seedling bioassay based upon biomass and shoot length was
used to monitor the phytotoxic effects of quackgrass from variously aged plants,
up to 92 days. Exuded compounds were identified by comparison of their mass
spectra with those in standard reference data, thereby establishing the presence
of 3-hydroxybutyric, vanillic, ferulic, 4-hydroxycinnamic, protocatechuic, and sy-
ringic acids, plus vanillin and 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA). For
vanillic, ferulic, and syringic acids, the concentrations in the aqueous recirculated
exudate ranged from 0.1 to 0.2µM, with other phenolics only in traces. The most
active aqueous exudate constituent, DIBOA, was present in 0.01–0.03µM con-
centrations from older plants (54 days), while for younger plants it was present at
0.24µM (0.52µmol/kg fresh weight quackgrass). The authors carried out a sys-
tematic bioassay study using up to six different defined concentrations of the two
allelochemicals DIBOA and ferulic acid against eight different test plant species
and made the important finding that plant response was species related and dose
dependent.

In a second study by the same Bonn group, Friebe et al. (1995) set out
to identify and quantify the allelopathic constituents of the roots and shoots of
quackgrass seedlings. Aqueous shoot extracts of 10-day-old quackgrass plants
were acidified and extracted with ethyl acetate. Rather more importantly, root ex-
udates were obtained from 10-day-old quackgrass seedlings that had been trans-
ferred to freshwater alone for a further three days of growth. The water from
these plants was extracted with ethyl acetate, and after removal of the organic
solvent, the residue was silylated with BSTFA to form TMS derivatives. The GC-
MS work was carried out on the same instrument and conditions as for the 1994
study above. Compounds were identified by their retention times and mass spec-
tra as compared with published and authentic reference samples. The significant
compounds identified were vanillic, ferulic, and 3-hydroxybutyric acids, together
with the benzoxazinoids DIMBOA, DIBOA, HBOA, and DIM2BOA. Reference
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compound calibrations and chromatographic peak areas led to quantitative values
in quackgrass root exudates of 0.4µM for DIMBOA and 0.2µM for DIBOA.
In terms of the allelopathic phenomenon, knowledge of the constituents and the
composition of plant root exudate are vital to understanding the plant’s allelopathic
potential. The authors suggest that the allelopathic effectiveness of quackgrass is
due to the result of synergistic interactions among the different allelochemicals
exuded.

Another study of the same period is by Yamamoto (1995), who investigated
the chemical basis for allelopathy in the pasture plantAnthoxanum odoratumto-
wards the native grassZoysia japonica. Yamamoto employed a Petri dish bioassay
based upon the hypocotyl length of germinated lettuce seedlings. These seedlings
had been treated with chemical and/or solvent fractionated and thin-layer-
chromatographedA. odoratumextracts, in order to direct his search for allelo-
chemicals. One neutral fraction atRf 0.6–0.7 on TLC was identified by GC-MS
as coumarin, which had the greatest inhibitory activity. The instrument used for
identification was a Shimadzu GCMS-QP1000S using an FSOT CBP1-M25-0.25
25-m× 0.25-mm-ID column with He as carrier gas at 40 ml/min, injector 250◦C,
and oven temperature programed from 50◦C to 250◦C at 5◦C/min. Quantitative
work was done with a Shimadzu GC-15A chromatograph. Coumarin content within
the roots, stubble, leaf, stem, and dead litter ofA. odoratumwas measured for var-
ious times of the year and was found to vary significantly. Thus, June contents
yielded 461± 62 µg/g dry sample for roots and 26,577± 4,531µg/g for leaf,
while November contents were 47± 13µg/g for roots and 2,773± 956µg/g dry
sample for leaf.

Biofumigation (Angus et al., 1994) was the possible effect being explored in
the thorough study conducted by Brown and Morra (1995) on both the volatiles
and water-soluble allelochemicals ofBrassica napusL. These researchers used a
GC-MS identification and quantification system from Hewlett-Packard (HP 5890II
GC with HP 5972 MSD) operating with a 30-m× 0.25-mm ID× 0.25-µm
HP-5MS column, injector at 260◦C, interface at 320◦C, He carrier at 1.14 ml/min,
splitless injection, and oven temperature program from 130◦C to 320◦C at
15◦C/min. The mass detector scanned fromm/z25 to 470 using 70 eV EI. Glu-
cosinolates (sulfur-containing organic anions with aβ-D-thioglucose moiety and
variously structured side groups) were identified as the hydrolyzable precursors
to a range of allelopathic volatiles fromBrassica napusseed meal. The volatiles
consisted of a range of nitriles and isothiocyanates. Bioassay was conducted by
allowing only the volatile compounds released from hydrolyzed glucosinolates to
impact lettuce seed germination through vapor-phase contact alone, inside a closed
1.45-liter germination chamber. Glucosinolates were quantified from 0.2 g plant
samples, which were first desulfated on Sephadex columns, and the dried prod-
ucts then silylated with BSTFA–TMCS–methylimidazole before GC-FID analy-
sis on a HP 5890II 15-m× 0.32-mm-ID× 1.0-µm DB-1 column. TheBrassica
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volatiles were trapped by dynamic headspace sweep onto 100 mg of Super Q
porous polymer contained in 16-cm× 0.4-mm-ID glass tubes, which were then
stripped with dichloromethane before GC-MS injection. Six nitriles and nine isoth-
iocyanates were identified. Of the volatiles analyzed from a 16-h collection pe-
riod of headspace sweeping, quantitative results ranged from 0.2 nmol/g meal for
phenylethylcyanide and 5-methylhexylisothiocyanate, up to 260.2 nmol/g meal for
3-butenylisothiocyanate. The authors believed their experimental evidence sug-
gested that the volatile glucosinolate degradation products are the causative agents
responsible for the observed lettuce seedling inhibition.

Heavy losses in cereal and pasture production southern Australia through
the allelochemical effects of residues from the weed silvergrass (Vulpia myuros)
prompted An et al. (1996) to investigate the chemical constituents of aqueous
extracts ofV. myurosresidues. A bioassay based upon radicle and coleoptile elon-
gation of germinated wheat seeds directed solvent fractionation of aqueousVulpia
extracts to an active ether fraction that was evaporated to dryness and silylated
with PowerSil-prep mixture to give TMS derivatives. These derivatives were in-
jected onto a GC-MS system consisting of a HP 5890II GC fitted with an FSOT
DB-5 30-m× 0.32-mm-ID× 1.0-µm column with He carrier at 38 cm/s, in-
jector port 290◦C, 3 µl split injection (1:100), oven temperature programed in
stages from 80◦C to 280◦C, and a VG Trio-2 quadrupole MS using 70 eV EI. The
GC-MS interface was kept at 295◦C, the MS ion source at 250◦C, and the mass
scan coveredm/z60–460 in 0.8 sec. Twenty-one phytotoxins consisting mainly of
shikimic acid metabolites, such as vanillic, ferulic, and 4-hydroxybenzoic acids,
were identified and quantified using an internal standard technique and multipoint
calibration curves. The quantities of the 21 individual compounds ranged from
1.36 to 81.0µg/g dry plant residue, and in total accounted for 0.0502% per dry
weight ofVulpia residue. The authors noted that those allelochemicals present in
large amounts possessed low biological activities, while those present in small
amounts possessed strong inhibition. Their bioassay studies on artificial solutions
of the pure individual allelochemicals and also of mixtures composed of 20 of
these compounds demonstrated that a modest level of synergism was exerted by
the multicompound mixtures. The synergism of allelochemical mixtures is a di-
mension of the allelopathic phenomenon that is deserving of further research, as
little is presently known of the mechanisms by which allelopathic substances bring
about their inhibitory affects.

Developing an analytical method to quantify the allelopathin batatasin-III
(3,3′-dihydroxy-5-methoxydihydrostilbene) in the leaves of the dwarf shrubEm-
petrum hermaphroditumwas the task undertaken by Wallstedt et al. (1997). They
extracted leaf material with either ethyl acetate or water, cleaned up the samples
by SPE (Isolute or C-18), and eluted the batatasin-III off the SPE columns with
EtOAc–HOAc or EtOAc–MeOH–HOAc. The respective fractions containing the
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target compound were each lyophilized and redissolved in 1000µl of organic
solvent, ready for subsample volumes of 20µl (EtOAc) or 50µl (water extracts)
to be lyophilized before treatment with BSTFA–pyridine for silylation. A stan-
dard calibration curve (using 1,6-dihydroxynaphthalene as internal standard) was
prepared by plotting area ratios of analyte to internal standard across 14 different
concentrations of batatasin-III from 5 to 300 ng/µl. The derivatized analyte was
identified by GC-MS using a VG Trio-3 tandem quadrupole MS scanningm/z
50–450, using EI at 70 eV, and ion source at 250◦C. Silylated batatasin-III gave
characteristic ions atm/z388 (M+), 209, and 179. The GC was a HP 5890 contain-
ing a DB-5 30-m× 0.25-mm-ID× 0.25-µm column with He carrier at 1.0 ml/min,
injection volume 1µl, and initial oven temperature rising from 150◦C to 290◦C at
7◦C/min. Quantifications were performed under the same chromatographic condi-
tions using GC-FID, with detection levels of analyte down to 1 ng. The contents of
batatasin-III inE. hermaphroditumvaried with plant age, and ranged from 0.027
to 0.062-mg/g leaf dry weight across three years of growth.

The power to deal with the analytical complexity of allelochemicals immersed
in a matrix of aqueous wheat shoots extract by using GC-MS-MS on a Varian
3400 CX/Saturn 2000 ion-trap spectrometer system was demonstrated by Wu
et al. (1999), who focused their attention upon the quantification of DIMBOA and
five phenolic acids of recognized phytotoxicity obtained from 17-day-old wheat
seedlings. Their tandem (in time) mass spectrometric detector used the chromato-
graphic helium carrier gas (flow rate 34 cm/sec) inside the ion trap as the collision
gas for collision-induced dissociation (CID) of selected, single, characteristic, an-
alyte, precursor ions arising from the normal electron impact spectra obtained at
the first MS stage of molecular ion fragmentations. The selection again of single,
characteristic, quantitation ions from these second-stage product-ion spectra pro-
duced at characteristic retention times allowed for great analytical selectivity and
significant improvement in the analyte signal-to-noise ratios. Chromatographic
conditions consisted of a DB-5 MSITD 30-m× 0.25-mm-ID× 0.25-µm column
with temperature program from 80◦C to 280◦C in stages, and run time 29.9 min,
divided into nine separate MS-MS acquisition time segments. Injector tempera-
ture was 280◦C with a splitless 1-µl injection of silylated derivatives. The transfer
line was held at 250◦C and the ion trap detector at 200◦C, while the mass scan
coveredm/z 50–450 in 1 sec (3 microscans). Nonresonant CID was used for
MS-MS with an excitation time of 20 msec. Compound identifications were
achieved by comparison of both normal fragment ion and product-ion spectra
for the TMS derivatives used against user libraries of the TMS derivatives of au-
thentic reference compounds, as well as by comparison of retention times. Using
this approach, both thecis and trans geometrical isomers of coumaric and fer-
ulic acids could easily be recognized and quantified. Characteristic product-ion
chromatographic peak area ratios, with 4-chlorobenzoic acid as internal standard,
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were used as the analytical parameter. Results for allelochemicals present in wheat
shoots ranged from 2.9± 0.1 mg/kg forcis-4-coumaric acid to 110± 4.8 mg/kg
dry shoot mass for DIMBOA.

Gardiner et al. (1999) used GC-MS to confront the problem of measuring
glucosinolate breakdown products in field soil following incorporation of winter
rapeseed (Brassica napus) green manure. Soil samples at 0.0- to 7.5-cm and at
7.5- to 15.0-cm depths were taken from field soils over three weeks in plots that
had hadBrassica napusplants plowed under. Their analytical equipment con-
sisted of a HP 5890II+ GC using a DB-5 30-m× 0.25-mm-ID× 0.25-µm col-
umn, He carrier gas, oven temperature program from 40◦C to 285◦C at 15◦C/min,
and a HP 5972 quadrupole mass selective detector. Nine phytotoxic glucosinolate
degradation products were identified in dichloromethane soil extracts, including
five isothiocyanates, three nitriles, and one oxazolidinethione (goitrin). Maximum
concentrations were observed 30 h after plowdown, but for all compounds, soil
concentrations were quite low, seldom exceeding 1 nmol/g dry weight soil. The
plant parts of twoBrassica napuscultivars (Dwarf Essex and Humus) were also
analyzed for precursor glucosinolate contents. This analysis, based upon a 0.2-g
sample of plant tissue, took place after desulfation on a Sephadex column treated
with imidazole and formic acid, followed by silylation. The GC-MS conditions for
this part of the analytical work were similar to those of the breakdown products
but used a HP-5MS 30-m× 0.25-mm-ID× 0.25-µm column running He carrier
at 1.14 ml/min, with splitless injection at 260◦C and interface 320◦C. The oven
temperature program covered 130◦C–320◦C at 15◦C/min, while mass scanning
ranged overm/z 25–470 on the MSD 5972. Glucosinolates were identified by
comparison with previously reported mass spectra, and their quantification was
assisted by the use of previously published response coefficients and benzyl glu-
cosinolate as an internal standard. The glucosinolate content of tops and roots
from cultivar Dwarf Essex at the time of incorporation into the soil ranged from
0.01µmol/g tops for 4-methoxyindole-3-methylglucosinolate to 12.86µmol/g
roots for 2-phenylethylglucosinolate, causing the authors to comment that the
roots ofB. napuswere a more important source of toxic fumigants arising from
glucosinolate degradation in the soil than were the shoots.

LC-MS-MS was the analysis technique chosen by Lee et al. (1999) in their
development of a quantitative method for the estimation of momilactones A and
B in rice straw across a range of different growth stages. Dried rice straw samples
were extracted with aqueous methanol, the solutions evaporated to dryness, and
the residue taken up in ethyl acetate, washed with NaHCO3 solution, and then
concentrated by evaporation. The resulting residue was dissolved in methanol, and
the solution was passed through a Sep-Pak Light C-18 cartridge. Five-microliter
injections of the eluate were made on the LC-MS-MS system , which was composed
of a HP 1100 LC using an Inertsil ODS-2 150-mm× 4.6-mm- ID× 5-µm particle
column, 80% aqueous CH3CN containing 0.1% formic acid at a flow rate of
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0.6 ml/min. The detector was a Sciex API-300 (Perkin-Elmer) with atmospheric
pressure chemical ionization (APCI) inlet that used the positive ion mode and
nitrogen as collision gas for CID. Momilactone A gave a precursor ion (M+1)+

at m/z 315 with corresponding product ion atm/z 271. For momilactone B, a
(M+Na)+ ion was observed atm/z353, and a useful precursor ion atm/z331 that
afforded two product ions atm/z 313 (−18, H2O) andm/z 269 (313− 44). For
MS-MS quantifications, them/z315/271 pair was used for momilactone A and the
m/z331/269 pair for momilactone B under metastable reaction monitoring (MRM)
conditions. Calibration curves for both compounds were obtained by using two
reference standard concentrations for each at 0.5 and 2.5 ng on the same instrument.
Detection limits of the method were established at 0.5–1.0 ng. On the basis of 180
days of growth and a water-only extraction of rice straw, the concentrations of
momilactone A were determined as 1.01µg/g dry weight straw and those of
momilactone B as 0.81µg/g dry weight straw. Using an 80% methanol extraction
of straw of 180-day-old rice, momilactone A rose to 3.80µg/g and momilactone
B to 2.01µg/g dry weight straw.

DISCUSSION

The foregoing material constitutes a cross-section of the types of LC/GC-
MS-aided plant allelopathy studies described in the literature and illustrates the
capacity of the mass spectrometric detector to cope selectively with complex plant
mixtures. The older (photodiode array) (PDA) and UV-V detectors for HPLC,
and the older FID-type detectors for HRGC, all with their limited selectivity
and capacity to deal with chromatographic coelution in complex matrices, are
gradually being replaced by highly selective, chemical noise-reducing mass spec-
trometric detectors. The high level of integration found in the modern, inexpen-
sive, bench-top, hyphenated, chromatography–mass spectrometric systems with
their fast, sophisticated, software-driven control from dedicated system comput-
ers, makes it possible for technicians of only modest training to achieve remarkable
results.

One important point not to overlook, when involved in pioneering work on
new allelopathy investigations, concerns the need for a means of recognizing those
individual compounds within a complex plant-related sample that actually carry
the biological activity. If the sample were a simple mix of several components,
then the task of tracking compound-related bioactivity and identifying each sepa-
rate substance would be comparatively easy (although not trivial), but in the more
typical complex sample cases, with so many different compounds present, the in-
vestigator is faced with the difficult problem of knowing which substances to focus
upon. The usual means of addressing this problem is to perform bioassay-directed
fractionations (Rimando et al., 2001), whereby the original mixture is gradually
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separated in stages (using such means as differential chemical solubility, sequen-
tial solvent partitioning, preparative column chromatography, TLC, HPLC, etc.)
into fractions that demonstrate no activity or are determined to be active under the
bioassay. The process of fractionation and bioassay is repeated until pure active
compounds are isolated. It is at the last fractionation stage that chromatography–
mass spectrometry has its most valuable input because of the usually small amount
of active fraction remaining and the probable need for still further resolution and
identification of compounds. Even with the availability of large mass spectral li-
braries, it will still often be necessary to isolate sufficient quantities of the pure
active components in order to perform structure analysis with spectrometric tech-
niques such as HRMS, PMR, CMR, FTIR, and UV-V. Once qualitative analysis is
complete, the now identified allelochemicals can be quantified if a sample of the
pure reference compound is available.

As mentioned earlier, hyphenation between chromatographic and mass spec-
trometric components is not the only type available. Such systems as GC-FTIR-MS
(Auger and Ferary, 1994; Ferary et al., 1996), and LC-NMR also offer high analytic
power, but like the magnetic sector, high mass-resolution spectrometer systems,
such instruments are costly and, therefore, are not likely to be in widespread use.
Indeed, the high analyte selectivity afforded by the magnetic sector HRMS (and its
various hybrid configurations) brought about by its capacity to separate original
ions on the basis of their slight differences in precise mass, is nowadays being
replaced by the inexpensive tabletop MS-MS system that uses an ion-trap detec-
tor. The prior MS-MS systems (in space) that use a series of beam-quadrupole
mass filters (QqQ, or triple quads) are again much more expensive and are losing
ground to the simpler and more economical ion-trap spectrometers that conduct
time-based tandem MS analyses. The latter do not exhibit the spectral skewing
caused by variable analyte concentration across the duration of a chromatographic
peak, which often affects the output of a transmission quadrupole. The more ex-
pensive triple quad instrument retains a superior (approx. 10-fold) sensitivity to
the ion-trap detector in comparable product ion monitoring modes and a superi-
ority in the ability to perform precursor ion scans and neutral loss scans (useful
in metabolite searches). However, the cheaper ion-trap excels the triple quad sen-
sitivity (approx. 100-fold) once a full mass scan in product-ion mode (valuable
for fingerprinting) is required. In addition, an ion-trap detector can deliver both
EI and CI (chemical ionization) spectra in a single chromatographic run. This is
achievable automatically through software switching alone, thus easily generating
both molecular weight and structural information without hardware reconfigura-
tion of the instrument. With respect to the polarity of ion analysis, however, if
one desires to be able to analyze in both positive and negative ion modes like
the switchable transmission quadrupole, then the instrument design must include
external source ionization, as the simpler internal ion source delivers only positive
ions.
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The popular tandem MS mode for chromatographic detection has been es-
pecially advantageous to LC-MS studies. This is not just because the additional
capability of MS-MS can often eliminate the need for extra sample clean-up steps,
and provide for more rapid analytical method development and limits of detection,
but also because it brings to bear more structural analysis power supplementing
the usual molecular weight data on unknown compounds. The ion-trap’s abil-
ity to perform multistage (in time) MS-MS (MS2), MS3, . . . , MSn spectra, has
opened up a wide range of structure determining experiments upon the initial
ions formed by electrospray ionization (ESI), APCI, or EI in today’s LC-MS
systems, which significantly outstrip the capacity of the earlier, bench-top, sin-
gle transmission quadrupole. There is a whole new range of opportunities for
the use of these powerful techniques in application to plant allelopathy studies
where molecular information is required. Apart from the rarer particle beam EI
systems, LC-MS is now mostly run by using APCI or ESI methods to cover
most compound masses and polarities. Such instruments may possess quater-
nary solvent gradient delivery, HPLC columns from<1 mm ID up to 4.6 mm
ID, with mobile phase flow rates from 50µl/min to 2 ml/min, and run in ei-
ther positive or negative ion mode, or even, for some instruments, in both polar-
ities during the same run time. Both LC-MS and GC-MS instruments frequently
come with dual detectors built in. LC systems often possess a PDA that can op-
erate simultaneously with MS and that is still useful for determining chromato-
graphic peak homogeneity, generating UV-V chromatograms, and comparing re-
sults against the earlier literature. For the GC-MS types, simultaneous detection
may also take place using FID or NPD. For bench-top LC- and GC-MS systems,
depending upon the type of MS, the mass scan range can presently cover up to
3000 m/z, with scan rates around 6000 Da/sec, and with sensitivities down to
the femtogram range. Within GC-MS instruments, electronic pneumatic control
(EPC) is now standard and provides constant carrier gas flow rates, automati-
cally compensating for the vacuum environment of the MS detector. This max-
imizes retention time and spectrum reproducibilities between chromatographic
runs. Under EPC, the MS sensitivity and column resolution are nearly unaffected
by oven temperature programing. At least one manufacturer offers a special reten-
tion time locking capability that helps to ensure reproducibility of retention times
for the same compounds under the same instrument conditions, between different
laboratories.

In conclusion, the use of the modern, economical, bench-top, chromato-
graphy–mass spectrometry system is commended to those researchers interested
in the chemical basis for plant allelopathy. The use of these systems is expected
to increase rapidly in the near future, especially among the developing coun-
tries. Such relatively cheap instruments offer considerable analytic power and are
ideally suited to investigate the lighter mass range of secondary plant metabolites
typically responsible for plant allelopathy.
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Abstract—It was previously reported that males of the crucifer flea beetle,
Phyllotreta cruciferae, feeding on host foliage are attractive to both males and
females in the field. Based on this evidence for an aggregation pheromone,
volatiles were collected from male and femaleP. cruciferaefeeding on cab-
bage (Brassica oleracea) and analyzed. For comparison, volatiles were also
collected from males and females of three other flea beetle species,Aphthona
flava, A. czwalinae, andA. cyparissiae, all feeding on their host, leafy spurge
foliage (Euphorbia esula). Six male-specific compounds were isolated from
P. cruciferae, and the same compounds plus two additional ones were isolated
from males ofAphthona flava, A. czwalinae, andA. cyparissiae. The blends
of compounds were relatively consistent within species, but there were char-
acteristic differences between species. Compound structures were studied by
mass spectrometry, NMR spectroscopy, UV spectroscopy, polarimetry, chiral
and achiral gas chromatography, molecular modeling, and microchemical tests.
Three of the compounds were identified as (+)-ar-himachalene; (+)-trans-α-
himachalene; (+)-γ -cadinene. Two others were new enantiomers of himacha-
lene hydrocarbons that were previously identified from the fir trees,Abies alba
andAbies nordmanniana. Finally, there were two himachalene alcohols and one
norsesquiterpene ketone that is a himachalene analog. Only (+)-ar-himachalene
and (+)-γ -cadinene are previously known natural products. Electrophysiolog-
ical activity was demonstrated for five of the compounds. The chemical and
electrophysiological patterns are consistent with, but do not prove, a pheromonal
function.

∗ To whom correspondence should be addressed. E-mail: BartelRJ@NCAUR.USDA.gov
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specific information and does not imply recommendation or endorsement by the US Department of
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Key Words—Sesquiterpene,himachalene, cadinene, flea beetle,Aphthona,Phyl-
lotreta, Chrysomelidae, Alticinae.

INTRODUCTION

Flea beetles constitute the largest subfamily (Alticinae) of the leaf beetle family,
Chrysomelidae (Arnett, 1993). The beetles are known for their jumping ability
and have greatly enlarged hind femora. Adults feed on host plant foliage, and the
larvae typically feed on the roots of the same plant (Borror and DeLong, 1964).
The group includes both agricultural pests and beneficial species. One of the four
species used in this study, the crucifer flea beetle,Phyllotreta cruciferaeGoeze, is
a significant pest of canola and rapeseed in the northern prairie areas of the United
States and Canada, and it also attacks cabbage, horseradish, and other crucifers in
many regions (Lamb, 1989). The other three species,Aphthona flavaGuillebeau,
A. czwalinae(Weise), andA. cyparissiae(Koch), are effective biocontrol agents
of the introduced rangeland weed, leafy spurge (Euphorbia esulaL.) (Gassmann
et al., 1996). TheseAphthonaspecies are native to Europe but have been established
in the United States and Canada.

Little is known about pheromones and mating systems of flea beetles. The re-
sults of Zhang and McEvoy (1994) suggested that a female-produced sex
pheromone exists in the ragwort flea beetle,Longitarsus jacobaeae(Waterhouse),
and that only males respond to it. The chemical cue persists for hours in areas
formerly occupied by females, but its chemical nature is not known. It was not
clear from the report whether the pheromone is volatile enough to be attractive
at a distance. Conclusions forP. cruciferaewere quite different. Peng and Weiss
(1992) demonstrated that unsexedP. cruciferaefeeding on canola plants were
clearly more attractive to both males and females than were damaged plants, bee-
tles alone, or other controls, both in the field and in the laboratory. Then, Peng et al.
(1999) compared maleP. cruciferaeto females in the field bioassay and concluded
that only the males are demonstrably attractive, again to both sexes. Thus, in this
species there was evidence for a male-produced aggregation pheromone.

The first objective of the present study was to discover possible pheromone
component(s) inP. cruciferaeby chemically comparing males and females. These
comparisons employed collections of volatiles from beetles feeding on host plant
material, to reflect the conditions of the previous, successful bioassays as closely
as possible. Male-specific compounds were revealed, but they were clearly com-
plicated in structure and the amounts collected were small. Chemical identifi-
cation required key spectral techniques such as NMR, but a modest-scale pro-
gram to collect volatiles fromP. cruciferaecould not provide enough material for
this. During a preliminary examination of other flea beetle species, male-specific
compounds were also found fromA. flava, and coincidentally, by GC retention
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times and mass spectra, these included all of the male-specific compounds from
P. cruciferae. Although the A. flava compound ratios were different from
P. cruciferae, the total amounts were considerably larger. Thus, by concentrat-
ing efforts onA. flava, identifying the male-specific chemicals of both species
became feasible.A. czwalinaeandA. cyparissiaewere included in the study to
further explore differences in chemical patterns among species, and these also
shared the same chemical structures.

Eight male-specific compounds were chromatographically isolated, spectro-
scopically analyzed, and identified. Microchemical conversions among the com-
pounds were vital to identification. Chemical standards derived from selected
botanical sources aided in the characterization of the ring systems and stereo-
chemistry. Preliminary analysis by GC-EAD indicated that identified compounds
could be sensed well by beetle antennae, which would be expected for pheromone
components. However, final conclusions about function must await field testing
with synthetic compounds.

METHODS AND MATERIALS

Source and Care of Beetles. P. cruciferaefor this work were field collected
at various locations: canola fields in North Dakota, USA (from C. Peng), canola
fields in Saskatchewan, Canada (from J. Soroka), and cabbage plots in Peoria,
Illinois, USA. In the laboratory, the beetles were kept in cages and fed on seedlings
of canola or cabbage, or later, on the core tissue of mature heads of cabbage.Aph-
thonaspecies were field collected in eastern Montana and western North Dakota
(from A. Caesar) or from western Montana (from R. Nowierski) from spurge-
infested rangeland whereAphthonaintroductions were established. Beetles were
kept in cages containing shoots of leafy spurge with cut ends in bottles of water.
Spurge cuttings were from plants maintained in our greenhouse.Aphthonaspecies
identifications were based on LeSage and Paquin (1996) and McDaniel et al.
(1992).A. cyparissiaeis difficult to separate from another species in the United
States,A. nigriscutis(Foidras), by external morphology. Males ofA. cyparissiae
were explicitly linked to one of the species-specific GC profiles of volatiles (pre-
sented below in the Results section) by genitalic dissection (McDaniel et al., 1992)
of all individuals of a group that had produced the typical pattern.

Collection of Volatiles.Beetles were sexed by inspection of the ventral side
of the abdominal tip under the microscope (LeSage and Paquin, 1996); insects
were immobilized by gently guiding each one into the tapered end of a small glass
tube and keeping it there with a narrow wooden rod. Beetles (usually 10–12 males
or females) were introduced into volatiles collectors, which consisted of vertical
glass tubes (5 cm diam.× 20 cm long) containing host plant material (chunks of
mature cabbage head forP. cruciferaeor spurge shoots with ends in water vials
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for Aphthonaspecies). The tube ends were closed with corks, each of which held
a volatiles trap. Traps were made from 5-mm-diam. glass tubing and contained a
5 to 8-mm plug of Super-Q porous polymer (Allech Associates, Deerfield, Illinois).
The Super-Q was held in place by fine stainless steel screen (which was fused into
the trap wall) and glass wool. A gentle vacuum was drawn on the upper trap so that
air flowed through the tubes at about 100 ml/min. The lower trap served to clean
the incoming air, and the upper trap collected the emitted volatiles. The volatiles
collectors were kept in an incubator at 27◦C with a relative humidity of about
50%. Light was provided by three 40-W fluorescent tubes set about 0.5 m above
the apparatus. The daily light cycle was 14L:10D.

The usual procedure was to service the collectors every two or three days.
This included rinsing of volatiles from the filters into vials using 300µl hexane,
replacement of host plant material as needed, and analysis of each collection by
GC (1µl of the undiluted collection). There were some modifications of the above
scheme: Initially, collections were processed daily, but longer periods did not lead
to noticeable changes or degradation of collected chemicals, and the longer periods
were adopted for convenience. Late in the study, 8–10 collections fromA. flava
were routinely combined for GC monitoring, after the consistency of GC patterns
for this species had been established. Finally, occasional collections were made
from host material without beetles, for comparison, but the major need was to use
the equipment to accumulate the male-specific compounds.

For P. cruciferae, about 350 beetle-days of volatiles were accumulated for
males, and about 120 for females. (One beetle-day is the amount of volatiles emit-
ted by one feeding beetle in one day.) For theAphthonaspecies, totals for male
A. cyparissiae, A. flava, andA. czwalinaewere about 300, 7200, and 750 beetle-
days, respectively. Totals for females were 35, 44, and 70 beetle-days, respectively.
The total numbers of GC analyses made to monitor the collections were 38 for
P. cruciferae, 15 for A. cyparissiae, 74 for A. flava, and 32 forA. czwallinae.
Eleven GC analyses were made for uninfested cabbage, and seven were made
for uninfested spurge. Samples from all groups were scrutinized by GC-MS, es-
pecially those for which GC comparisons indicated the presence of sex-specific
peaks. Quantitation of GC peaks was by the external standard method, relative to
heptadecane.

Instrumentation.Gas chromatography (GC) was conducted on a Hewlett
Packard 5890 Series II instrument equipped with a split/splitless inlet, flame ioniza-
tion detector, and autosampler and interfaced to an HP ChemStation data system.
Columns were DB-5MS (30 m× 0.25 mm ID with 0.25µm film, J&W Scientific,
Folsom, California) or DB-1 (15 m× 0.25 mm ID with 0.10µm film, J&W Sci-
entific). A typical oven program began at 50◦C for 1 min, increased at 10◦C/min
to 250◦C, and remained at 250◦C for 5 min. Inlet temperature was usually 200◦C,
and the detector temperature was 250◦C. The carrier gas was helium, with a col-
umn head pressure of 140 kPa. The GC inlet temperature was normally cooler
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than the maximum oven temperature because two of the analyzed compounds
were somewhat heat-labile (see Results section below). The 200◦C temperature
provided acceptable compound stability while retaining injection efficiency.

High-performance liquid chromatography (HPLC) was done using a Waters
6000A pump and Waters R401 differential refractometer detector. Columns in-
cluded a 25-cm× 4.6-mm-ID silica column (Adsorbosphere Silica 5µ, Alltech),
treated with silver nitrate (Heath and Sonnet, 1980) for separation of unsaturated
hydrocarbons, and a 25-cm× 4.6-mm-ID silica column (Econosphere Silica 5µ,
Alltech) for separations by polarity. Elution solvents are given with the results for
specific compounds. The flow rate was 1 ml/min.

Coupled GC–mass spectrometry (GC-MS) was conducted on a Hewlett
Packard 5973 instrument, interfaced to an HP 6890 GC and HP ChemStation data
system. The spectra were acquired in EI mode, with an ionization energy of 70 eV.
The Wiley MS library with 275,821 spectra (Wiley, 1995) was installed on the data
system. For achiral analyses, an EC-1 capillary column (30 m× 0.25 mm ID with
0.25µm film, Alltech) or the columns described above were used, and the oven
program was as for GC. The carrier gas was helium, with an inlet head pressure
of 41 kPa. The temperatures for the inlet and transfer line were usually 200◦C.

For chiral analysis, a Cyclodex-B column (J&W Scientific, 30 m× 0.25 mm
ID × 0.25µm film) was installed in the GC-MS system. To separate the enan-
tiomers of compoundC, the oven temperature was initially 50◦C for 1 min, in-
creased at 30◦C/min to 140◦C, and held at 140◦C for 20 min; the oven was heated
to 230◦C between samples. Other programs were tried for other compounds. (All
of the lettered compounds mentioned in the methods section are defined in the
Results section.)

Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker
Avance 400 instrument. Proton spectra were acquired at 400 MHz and carbon
spectra, at 100 MHz. Many samples were small (e.g., less than 100µg) and were
run in a Bruker Microprobe Tube (product 520-1A, Wilmad, Buena, New Jersey).
The solvent was either benzene-d6 or CDCl3. Some samples were stable only in
benzene, but comparing to literature spectra required acquisition in chloroform.
Reported shifts are relative to TMS. Proton spectra were acquired for all samples.
Carbon, DEPT, proton COSY, proton decoupling, HMQC, and nuclear Overhauser
difference experiments were also run for some samples, depending on amount of
available material and specific research needs. To prepare samples for NMR (al-
ways after purification by HPLC), the solvent was carefully removed by evapora-
tion under a stream of nitrogen, followed by introduction of the NMR solvent and
transfer to the NMR tube using a micropipette. If the NMR spectrum revealed the
presence of nondeuterated solvent, the evaporation process was repeated.

Ultraviolet (UV) spectra were acquired on a Perkin Elmer Lambda 4B UV/Vis
spectrophotometer relative to solvent blank; cuvettes had a 1-cm light path. Optical
rotations were measured with a Perkin Elmer 341 Polarimeter, using a microcell
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1-dm long and of 1 ml volume. Analyses of both types were run in hexane. Sample
concentrations were measured by GC. An uncertainty of 15% in optical rotations
and UV extinction coefficients was not unlikely.

Column Chromatography.Open columns of silica in Pasteur pipets (about
6 cm× 0.5 cm ID) were used to fractionate volatile collections and other samples
by polarity. The series of elution solvents included hexane, increasing percentages
of ethyl ether in hexane (5, 10, 25), and pure ether (about 5 ml, or three column
volumes per solvent). Larger columns were used for some samples, depending on
the amount of material to be separated.

Botanical Sources of Chemicals for Comparative Analysis.Anise seed
(Pimpinella anisumL.) was used as a source of the sesquiterpene,α-himachalene
(Burkhardt et al., 1986). Seed was purchased from a local grocery store, crushed,
and extracted with hexane. The hexane extract was applied to an open column of
silica and eluted with hexane to separate the sesquiterpenes from anisaldehyde and
other polar constituents.α-Himachalene was purified from the other hydrocarbons
by HPLC on the silver nitrate column (elution solvent 1% 1-hexene in hexane, re-
tention volume 4.4–4.8 ml). It was recognized by mass spectral comparison to the
Wiley library.

Fir tree foliage was used as the source of two rare himachalene sesquiter-
penes (Khan et al., 1989), which a literature search suggested were identical to
two of the beetle-derived compounds (see Results). Four small living specimens
of European silver fir (Abies albaMiller) and one of Nordmann fir [Abies nord-
manniana(Steven) Spach] were obtained from a nursery company (Forest Farm,
Williams, Oregon). Subsequently, about 10 kg of freshly cut foliage ofA. nordman-
nianawas obtained from a Christmas tree plantation (Harold Miller Landscapes,
Jefferson, Oregon). The fir needles were finely chopped and extracted with hexane
in small vials for initial samples and in percolators for larger batches. Purification
of sesquiterpenes generally followed the scheme forAphthonacompounds.

“Citronella oil” from Cymbopogonspp., obtained from (Nucara, Coralville,
Iowa) was used as the source of natural (+)-γ -cadinene (Vig et al., 1970). The oil
was diluted with hexane and applied to an open column of silica. The fraction eluted
with hexane was then handled further as described for theAphthonahydrocarbon
compounds.

Microchemical Reactions. Catalytic hydrogenation followed by GC-MS was
used to determine the numbers of double bonds in the male-specific hydrocar-
bons and also in the comparison of ring systems between three insect-derived
compounds (A, B, andC) and a selected plant-derived standard (α-himachalene).
Hydrogen was gently bubbled from a fine needle for about 5 min at room tempera-
ture into 100µl of methylene chloride in a conical vial, which contained 10–100 ng
of sample and a trace (<1 mg) of platinum oxide (Adam’s catalyst). Samples were
analyzed by GC-MS. Hydrogenation has often been applied in sesquiterpene anal-
ysis (e.g., Andersen et al., 1977).
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A microscale Wittig reaction was used to prove the structure of the beetle-
derived ketone (compoundH) by converting it into a hydrocarbon that had been
previously characterized. A 0.4 M solution of methylenetriphenylphosphorane
in tetrahydrofuran was prepared (Sonnet, 1974), and 20µl of this reagent was
transferred by syringe to a solution of compoundH in a conical vial (about 1µg in
10µl hexane). The sample was mixed by vortexing, then allowed to stand at room
temperature for 15 min. The solution was diluted with about 50µl hexane and
20µl water, and the layers were separated. The organic layer was passed through
a small silica column with hexane, concentrated under a stream of N2, and then
analyzed by GC-MS.

Determination of the absolute configuration of compoundA involved con-
verting it to a product (ar-himachalene) for which the stereochemistry had been
established. Aromatization of compoundA (5 mg) from Nordmann fir was con-
ducted with chloranil (2,3,5,6-tetrachlorohydroquinone) as described by Mehta
and Singh (1977). After purification on silica, the product in hexane solution
was concentrated to 1.1 ml under nitrogen, quantitated by GC, and submitted to
polarimetry.

Partial isomerization ofA to C by double-bond migration in acid solution
was a step in one method for the chiral analysis ofA. The isomerization was done
by placing about 10 mg of Dowex 50W-X4 (strong cation exchange resin, acid
form) into 0.5 ml of hexane solution ofA and heating to 50◦C for 16 hr. Analysis
was by GC-MS on the chiral column. Isomerization also occurred whenA was
stored in CDCl3.

Molecular Modeling. Assignment of the relative stereochemistry for the two
asymmetric centers in compoundA was aided by molecular modeling. The energy-
minimized, three-dimensional structures for the two possible diastereomers of
compoundA were calculated using the semiempirical AM1 method available in
the MOPAC computational package distributed by QCPE (Program Number 506)
(Dewar et al., 1985).

Electrophysiology. Coupled GC electroantennographic detection (GC-EAD)
was conducted on a Hewlett Packard 6890 GC, interfaced to antennal preparations
with equipment and methods generally described by Coss´e and Bartelt (2000).
Volatiles collections fromA. flavawere analyzed by GC-EAD. Any compounds
with actual pheromonal activity would be expected to be readily sensed by the bee-
tle antennae (although GC-EAD activity would not necessarily imply behavioral
activity).

RESULTS AND DISCUSSION

Male-Specific Compounds, Polarity, and Mass Spectra. By GC comparison
of volatiles collections, males ofP. cruciferaeemitted six compounds,A–E and
H, that were never detected from females (example chromatograms in Figure 1).
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FIG. 1. Typical gas chromatograms of volatiles collected from flea beetles feeding on
host material (cabbage chunks forP. cruciferaeand spurge foliage forAphthonaspecies).
Chromatograms for males consistently contained peaks (labeledA–H) that females lacked.
They were similarly lacking from femaleA. cyparissiaeandA. flava(chromatograms not
shown). CompoundsF andG were never detected fromP. cruciferae. CompoundH was
detectable in many of the collections fromA. cyparissiaemales but not in the example
shown here. In the chromatograms for males, the largest peak in the 12- to 17-min retention
time window was scaled to 100%; chromatograms for females were scaled the same as for
the corresponding males. PeakA in the chromatogram for maleP. cruciferaerepresented
6 ng; peakA for maleA. cyparissiae, 65 ng; peakA for maleA. flava, 200 ng; and peakC
for maleA. czwalinae, 27 ng.

2404



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP304-361099 November 8, 2001 15:18 Style file version Nov. 19th, 1999

FLEA BEETLE SESQUITERPENES 2405

Similarly, volatiles collections fromA. flava, A. czwalinae, andA. cyparissiae
revealed eight male-specific compounds (A–H, Figure 1). (Only one example
chromatogram forAphthonafemales, forA. czwalinae, is shown in Figure 1, but
those forA. cyparissiaeandA. flavawere similar.) Samples from females of all
species were scrutinized by GC-MS for possible trace amounts of compounds
A–H, but none were revealed. (Amounts from females as small as 1% of the major
sex-specific peak from males would have been easily detectable.) The unlabeled
peaks in Figure 1 were primarily host volatiles, based on GC-MS comparisons to
uninfested plant material.

For all species, the usual pattern was for the male-specific compounds to ap-
pear within days of placing new beetles into the collection apparatus, but emission
then continued as long as the beetles lived. All groups of male beetles eventually
produced male-specific compounds. There were several consistent trends in the
compound ratios (Table 1) by which the species could be recognized:P. cruciferae
differed from theAphthonaspecies by lackingF andG. Among theAphthona
species,A. cyparissiaeconsistently had moreF thanG, but the opposite was true
for A. flavaandA. czwalinae. In A. flava, A was far more abundant thanC, but the
pattern inA. czwalinaewas the reverse.

The total amount of compound emitted per male per day was greatest for
A. flava (Table 1).A. flava was also long-lived, easily handled, and relatively
available; therefore,A. flavabecame the major source of the material to be used
for structural analysis. Most field-collectedA. flavamales emitted volatiles as
long as they survived in the laboratory (usually about two months); volatiles were
collected from one individual male for six months.

TABLE 1. MALE-SPECIFICCOMPOUNDS INFOUR FLEA BEETLE SPECIESa

Production of male-specific compounds

Compound P. cruciferae A. cyparissiae A. flava A. czwalinae

Relative abundance (% of the total forA–H ± SD)
A 66.3± 6.1 68.2± 2.9 50.4± 5.4 20.1± 1.9
B 6.6± 0.5 2.8± 0.1 4.5± 0.4 5.0± 0.6
C 2.9± 0.3 10.9± 2.3 16.9± 2.3 38.7± 4.3
D 17.6± 1.6 7.8± 0.1 10.9± 0.6 14.7± 1.9
E 4.0± 1.9 2.4± 0.3 1.9± 0.5 0.8± 0.4
F 0.0 6.7± 1.3 3.3± 0.9 7.8± 2.3
G 0.0 1.0± 0.3 11.6± 3.9 12.3± 5.2
H 2.6± 3.7 0.2± 0.1 0.4± 0.3 0.5± 0.3

Rate of production (totalµg of A–H per male per day± SD)
A–H 0.19± 0.11 0.50± 0.12 2.9± 0.90 0.67± 0.31

aFor each species, the data were compiled from ten chromatograms representing 10
different volatiles collections. The collections were randomly selected from among
those for which emission of male-specific volatiles had commenced.
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FIG. 2. EI mass spectra of the male-specific flea beetle compounds.
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CompoundsA–E from P. cruciferaeeluted from the open column of silica
with hexane, suggesting they were hydrocarbons. Mass spectra (Figure 2) indicated
molecular weights of 204 forA–D (probably C15H24, with four double-bond equiv-
alents) and 202 for E (C15H22, with five double-bond equivalents). CompoundH
eluted from the silica column with 25% ether in hexane. Its polarity indicated that
at least one oxygen was present; thus, a molecular ion ofm/z206 could represent
a molecular formula of C14H22O, with four double-bond equivalents. A fragment
ion atm/z 188 (M− H2O) supported the presence of oxygen.

By GC, MS, and column chromatography, six of the compounds from all
threeAphthonaspecies were identical toA–E andH from P. cruciferae. The two
additional compounds (F andG) were relatively polar and eluted from silica with
25% ether in hexane. Mass spectra of these are shown in Figure 2. Molecular ions
were observed atm/z222 for bothF andG, which suggested a molecular formula
of C15H26O, with three double-bond equivalents. The base peak wasm/z 207
(M-methyl) for both compounds, but a peak was also present atm/z 204 (M –
H2O). Credible matches to the mass spectral library were not found for any of the
compounds exceptD, as discussed below.

HPLC Purification. It was clear that NMR spectroscopy and other methods
requiring pure compounds would be needed for identification. HydrocarbonsA–E
could be purified on the silver nitrate HPLC column with 0.5% 1-hexene in hexane
as solvent. The retention volumes (ml after injection) were:A, 3.7–4.0;E, 4.7–4.9;
B, 11.4–13.0;C,14.8–16.4; andD, 33.0–35.0; (hold-up volume of the column was
3.0 ml). The silica HPLC column was used for the polar compounds. With 15%
ether in hexane as solvent, baseline separation ofF andG was achieved (retention
volumes were 15–17 and 17–22 ml, respectively); however,H eluted in the tail of
theG peak (20–22 ml after injection). A second run using 3% acetone in hexane
separatedH from G (retention volumes were 11–12 and 17–18 ml after injection,
respectively).

Carbon Skeleton and Double-Bond Positions in CompoundA from A. flava.
The molecular formula ofA suggested a sesquiterpene hydrocarbon. Hydrogena-
tion of A increased the molecular weight from 204 to 208, indicating that A had
two double-bonds and, therefore, two rings. The UV spectrum ofA had a max-
imum at 265 nm (hexane,ε = 7700), which was consistent with a homoannular
conjugated diene system. The observed specific rotation was [α]D = +82◦ (c =
0.09%, hexane).

The proton NMR spectrum ofA (CDCl3) is shown in Figure 3. Key res-
onances were:δ 0.85 (3 H, d,J = 6.5 Hz), 1.06 (3H, s), 1.11 (3H, s), 1.72
(3H, br s), 5.24 (1H, m), and 5.57 (1H, s), which corresponded to four methyl
groups (three aliphatic and one olefinic) and two olefinic protons. (The corre-
sponding shifts in deuterobenzene were:δ 0.91, 1.11, 1.17, 1.80, 5.35, and 5.74,
respectively). The aliphatic protons were better separated when deuterochloro-
form was the solvent, and subsequent analysis and comparisons to the literature
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FIG. 3. Proton NMR spectra of compoundA obtained fromAphthona flavaand from
Nordmann fir in CDCl3. Stereochemistry of structures was determined by additional in-
formation (see text). Peaks due to water, an unidentified impurity, or isomerization are
indicated on spectra.
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TABLE 2. OBSERVEDCARBON AND PROTONNMR RESONANCESCOUPLING DATA FOR

A FROM A. flava, AND COMPARISONS TOLITERATURE

Proton resonances
Carbon resonances

Literature

Pos.
Assigned

shifta Literatureb Pos.
Assigned

shifta 1b 2c

Proton–proton
coupling constants

(Hz)

1 153.57 153.45 (0) J2,4 < 1
2 119.75 119.69 (1) 2 5.57 5.54 5.73 J4,15∼ 3
3 132.69 132.59 (0) J4,5a= 6.3
4 116.06 115.96 (1) 4 5.25 5.23 5.17 J4,5b∼ 3
5 28.05 27.99 (2) 5a 2.27 J5b,15∼ 3

5b 2.09 J5a,5b= 16.8
6 37.61 37.57 (1) 6 1.78 J5a,6 = 1.5
7 34.33 34.21 (1) 7 ∼1.53 J5b,6 = 5.8
8 39.92 39.76 (2) 8a 1.70 J6,7 = 9.9

8b 0.97 J6,14 < 1
9 23.14 23.04 (2) 9a ∼1.45 J7,14= 6.6

9b ∼1.45 J8a,8b∼ 13
10 40.96 40.91 (2) 10a ∼1.45 J10a,10b∼ 13

10b 1.12
11 38.57 38.47 (0)
12 26.70 26.60 (3) 12 1.11 1.09 1.15
13 32.64 32.55 (3) 13 1.06 1.03 1.05
14 22.47 22.30 (3) 14 0.85 0.83 0.90
15 21.22 21.10 (3) 15 1.74 1.72 1.67

aAssignments based on COSY, decoupling, DEPT, and HMQC experiments.
bThe numbers of attached protons reported by Khan et al. (1989) are shown in parentheses; the authors
did not assign the shifts to specific structure carbons, but they are listed here matched up with the
A. flavaA data.

cMehta and Singh (1977).

were for samples in CDCl3. The observed proton and13C shifts are summarized in
Table 2.

The NMR proton and COSY data led to tentative assignment of the himacha-
lene structure shown in Figure 3 (ignoring stereochemistry, for now), and this
allowed a specific search of the literature. Two instances of the proposed gross
structure were found. In one (Mehta and Singh, 1977), the structure resulted from
acid-induced double-bond migration in a known sesquiterpene,α-himachalene.
Their proton NMR data were similar to ours in general features but not in shifts
(Table 2). In the other instance, Khan and Pentegova (1988) and Khan et al. (1989)
described the structure as a new natural product from European silver fir and
Nordmann fir. Their NMR, UV, and mass spectral data matched the beetle-derived
compound very closely, and the reported specific rotation ([α]D =+42.5◦) had the
same sign as that observed forA. flavaA. Khan et al. (1989) attributed the NMR
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differences between the tree-derived compound and that of Mehta and Singh (1977)
to different relative stereochemistry at the two asymmetric centers, and our results
supported this conclusion.

Repeating the conversion ofα-himachalene (Mehta and Singh, 1977) yielded
a compound with a mass spectrum similar to that ofA (Figure 2), but the GC
retention time was slightly later (by 0.2 min). However, repeating the extractions
of both European silver fir and Nordmann fir foliage (Khan and Pentegova, 1988;
Khan et al., 1989) afforded a compound that was identical toA. flavaA by proton
NMR (Figure 3), carbon NMR, GC retention time, and mass spectrum. Curiously,
the observed optical rotation for both tree species was negative ([α]D = −106◦,
c = 0.016%, hexane, for European silver fir and [α]D = −107◦, c = 0.014%,
hexane, for Nordmann fir), in contrast to the literature report. Thus, the isolates of
A fromA. flavaand fir foliage in this study had an enantiomeric relationship to each
other. Neither the absolute nor relative stereochemistry could be unambiguously
assigned from the literature, as discussed below. Nevertheless, the fact thatA
from A. flavaandA from fir were enantiomers (and must, therefore, share the
same relative stereochemistry and NMR properties) was used to advantage: The
abundance ofA from fir allowed the heteronuclear correlation (HMQC) and other
key NMR experiments to be run and all proton and carbon assignments to be made
(summarized in Table 2). Accurate assignment of shifts was a prerequisite for
further investigation of relative stereochemistry and three-dimensional structure.

Independent evidence for the himachalane carbon skeleton ofA. flavaA was
obtained by comparing its hydrogenation products with those fromα-himachalene,
a natural product in which the himachalane carbon skeleton had been securely es-
tablished (Joseph and Dev, 1968a,b) (Figure 4). With four asymmetric centers, sat-
urated “himachalane” has 16 possible stereoisomers (eight pairs of enantiomers),
which can be represented by up to eight discrete peaks on an achiral GC column.
Hydrogenation ofα-himachalene gave four GC peaks (Figure 4) because two new
asymmetric centers, denoted by∗, were created nonselectively, but the other two
centers remained unchanged. Two of the products (at 8.24 and 8.44 min) exactly
matched two products from the hydrogenation ofA. flavaA by GC retention times
and mass spectra, which established thatα-himachalene andA. flavaA have the
same carbon skeleton. (In fact, exactly two matching peaks were expected because
only two products fromA can have thecis ring junction that is present in all the
products fromα-himachalene). Just three hydrogenation products were observed
from A, instead of the possible four. Either two of these have the same retention
time, or one of the possible products does not form because of steric hindrance.
All hydrogenation products of these compounds had nearly identical mass spec-
tra, and only one example is shown in Figure 4. Additional minor GC peaks were
seen among the hydrogenation products and were probably due to double-bond
migration during the reaction.
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FIG. 4. Hydrogenation products fromA. flavacompounds and standardα-himachalene.
Total ion chromatograms (TIC) are shown at right, and an example mass spectrum of
the saturated products is shown for each carbon skeleton. Asymmetric centers created
nonselectively by hydrogenation are indicated by asterisks.
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FIG. 5. Relative and absolute stereochemistry of compoundA. Top: calculated energy-
minimized structures for the possible diastereomers ofA, along with observed NMR data
and corresponding dihedral angles and distances (see text). For NOE experiments, the signal
listed first was irradiated; calculated distances to methyl protons represent the minimum for
the three possibilities. Bottom: Chemical conversion ofA from Nordmann fir to compound
with known absolute configuration.
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Stereochemistry of CompoundA from A. flava.The relative stereochemistry
of A (whether the hydrogens at positions 6 and 7 werecis or trans to each other)
was ambiguous from the literature. Mehta and Singh (1977) tentatively assigned
thecis-H configuration to the isomer that does not matchA fromA. flava, based on
“mechanistic considerations.” Khan et al. (1989) argued that their fir compound
must have the opposite relative configuration because of NMR differences, but
for unknown reasons their final structure was again presented as thecis-H con-
figuration (according to both their nomenclature and drawn structure). Ambiguity
about the sign of rotation for the fir compound made the absolute stereochemistry
uncertain also, and the entire stereochemical issue was revisited.

The three-dimensional structures for thecis-H and trans-H isomers ofA
calculated by molecular modeling are shown in Figure 5. These conformations
represent the global energy minima found by the AM1 method (Dewar et al., 1985).
The ring structures have remarkably similar shapes; the essential difference is that
methyl group 14 is in an axial orientation in thecis-H isomer but in an equatorial
orientation in thetrans-H isomer. Thetrans-H structure was energetically favored
by about 1 kcal/mol. The calculated dihedral angle involving H-6 and H-7 was
78.9◦ for thecis-H isomer and 162.0◦ for thetrans-H isomer. From the Karplus rule
(Williams and Fleming, 1980), these values would correspond to NMR coupling
constants of aboutJ6,7= 0 Hz for thecis-H isomer andJ6,7= 9 Hz for thetrans-H
isomer. The observedJ6,7 for A fromA. flavawas 9.9 Hz, from which we conclude
that A from A. flavaand Nordmann fir has thetrans-H configuration. (With the
cis-H configuration, the large observedJ6,7 would have implied a dihedral angle
close to 0◦; while this conformation might occur within some seven-membered
rings, the modeling calculations showed it to be energetically unfavorable inA.)

To further test whether the modeledtrans-H conformation was realistic, cer-
tain calculated interatomic distances (especially those that would be strongly
affected by conformation of the rings) were considered relative to the nuclear
Overhauser enhancements (NOEs) observed forA. The NMR data supported the
computed three-dimensional structure well; NOEs were detected as expected when
the calculated interatomic distances were small (e.g., 2–3Å) (Figure 5). A small
NOE (<2%) was observed for H-7 when H-6 was irradiated; if these hydrogens had
beencisto each other with a dihedral angle of∼0◦, a much larger NOE would have
been expected, and this further supports the assignedtrans-H relative configuration.

The absolute stereochemistry ofA was determined by aromatizing it to
ar-himachalene with chloranil (Mehta and Singh, 1977) (Figure 5). The proce-
dure preserved the configuration at carbon 7 but eliminated the asymmetric center
at carbon 6; the absolute configuration ofar-himachalene was determined previ-
ously (Pandy and Dev, 1968), with the (+) optical rotation corresponding to the
S configuration. CompoundA from Nordmann fir (which was more abundantly
available than that fromA. flava) gavear-himachalene (by MS, MW= 202;
by GC,>99% pure) with a specific rotation of [α]D =−2.2◦ (c= 0.4%, hexane).
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FIG. 6. Proton NMR spectra in benzene-d6 for hydrocarbonsB–E and final structures
(stereochemistry determined by other considerations; see text).
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ThusA from the fir samples had the 7Rconfiguration, and that fromA. flavamust be
7S. Combining this result with the conclusion for relative stereochemistry, (+)-A
from A. flavamust have the 6R,7Sconfiguration, and (−)-A from both fir species,
6S,7R. An attempt was made to check enantiomeric purity by chiral GC (Cyclodex-
B column), but no separation of enantiomers was achieved. It is unknown whether
other fir cultivars have different enantiomeric compositions forA or whether the
sign of rotation reported by Khan et al. (1989) was in error.

CompoundC from A. flava.As shown in Figure 4, hydrogenation ofC
gave the same products asA, by both GC and MS; thus, compoundC also had
the himachalane carbon skeleton. The specific rotation ofC was [α]D = +1.6◦

(c= 0.023%, hexane). The UV spectrum indicated an exocyclic conjugated diene
system (maximum at 242 nm, hexane,ε = 15,600). The NMR spectrum (Figure 6)
had these key resonances (benzene-d6): δ 0.87 (3H, d,J= 6.5), 0.99 (3H, s), 1.16
(3H, s), 4.89 (1H, br s), 4.98 (1H, br s), 6.20 (1H, s). The NMR data were con-
sistent with a secondary methyl group, two geminal methyl groups, an exocyclic
methylene, and one trisubstituted olefin in the ring system. (In CDCl3, the corre-
sponding shifts were:δ 0.95, 0.96, 1.14, 4.69, 4.74, and 5.99, respectively). These
data suggested the gross structure shown in Figure 6, and Khan et al. (1989) again
reported a compound from the fir species with remarkably similar NMR, UV, and
mass spectra. As withA, analysis of Nordmann fir foliage confirmed the results
of Khan et al. (1989), except with respect to enantiomeric composition.

The enantiomers ofC were separable by GC on the chiral column. Compound
C from A. flavaeluted at 16.49 min and that from Nordmann fir and European
silver fir eluted at 16.62 min (with nearly baseline separation). Thus, the isolates
of C from the two sources were enantiomers, and each source appeared to be
enantiomerically pure. (As little as 10% of the opposite enantiomer would have
been detectable). This result was inconsistent with the optical rotation reported by
Khan et al. (1989), [α]D = +2.7◦, which had the same sign as we observed for
A. flava. Thus, for bothA andC, the polarimetry data of Khan et al. (1989) are
incompatible with the fir samples analyzed in this study, and their sign of rotation
for C is discounted.

Two lines of evidence indicated thatC andA had the same relative stere-
ochemistry at the asymmetric centers. First, their hydrogenation products were
exactly the same (Figure 4);noneof the GC peaks could coincide ifC andA
had a diastereomeric relationship at these carbons. Second,C slowly isomerized
into A in CDCl3 (about 85% complete after several days at room temperature, by
NMR and GC analysis); this probably was catalyzed by a trace of acid in the NMR
solvent and proceeded through a cation intermediate (with the charge at C-3). This
conversion would not affect asymmetric centers C-6 and C-7. The conversion did
not occur in benzene. The reverse isomerization, ofA into C, also occurred to a
minor extent in CDCl3, as shown in the Nordmann fir sample in Figure 3; by GC,
the percentage ofC in the sample before NMR was 0.3%, but this increased to
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9.5% in CDCl3. Khan et al. (1989) also noted the isomerization and gave a proce-
dure for convertingC intoA, by heating in formic acid solution; the acid-catalyzed
equilibration strongly favorsA.

CompoundC from Nordmann fir was shown to have the same absolute config-
uration at carbons 6 and 7 asA from Nordmann fir. The partially isomerized NMR
sample ofA from Nordmann fir (Figure 3) was analyzed on the chiral column, and
theC derived fromA had the same GC retention as theC isolated directly from
the foliage (16.62 min). Both (−)-A and (−)-C from Nordmann fir have the 6S,7R
configuration, and therefore, (+)-C from A. flavamust be 6R,7S.

CompoundE from A. flava.By GC retention time and MS,A. flavaE was
identical toar-himachalene, the aromatization product ofA. ar-Himachalene was
first described from Himalayan cedar (Joseph and Dev, 1968a). The proton NMR
spectrum (Figure 6) had the following shifts in benzene-d6: δ 1.31 (3H, d,J= 6.5),
1.33 (3H, s), 1.42 (3H, s), 2.27 (3H, s), 3.24 (1H, m), 7.04 (1H, dd,J=7.9, 1.6), 7.21
(1H, d, J = 7.9), and 7.31 (1H, d,J = 1.6). Two geminal methyls, a secondary
methyl adjacent to a benzene ring, an aromatic methyl, and three aromatic pro-
tons were indicated, supporting thear-himachalene structure. The corresponding
shifts in CDCl3 were 1.33, 1.33, 1.42, 2.31, 3.26, 6.98, 7.11, and 7.18, which
were very similar to those reported by Pandy and Dev (1968) in CCl4. The
specific rotation was positive in sign but small in magnitude; thus it could not
be measured accurately due to the small amount of isolated material ([α]D <

+10◦, c = 0.001%, hexane). As noted above, the (+) rotation corresponds to
the 7S configuration, andE from A. flava is identical toE isolated from Hi-
malayan cedar.E was also found in the Nordmann fir extract, but its config-
uration there was not established. The optical rotation was not measured, and
separation of the enantiomers ofE was not achieved on the chiral GC
column.

CompoundB from A. flava.Hydrogenation ofB afforded a product that was
identical in GC retention time (8.37 min) and mass spectrum to one of those from
A (Figure 4), establishing thatB also has the himachalane carbon skeleton. The
proton NMR spectrum (Figure 6) had key resonances in benzene-d6 at:δ 0.84 (3H,
s), 1.02 (3H, s), 1.70 (3H, br s), 4.88 (1H, br s), 4.95 (1H, br s), and 5.45 (1H, br
s). LikeC, compoundB had three methyl groups and an exocyclic methylene, but
unlikeC, one of the methyls (1.70 ppm) was olefinic. From the COSY experiment,
the single olefinic ring proton (5.45 ppm) was coupled to the olefinic methyl group
but not to any ring protons. An olefinic proton adjacent in the ring to a methylene
group would be coupled to at least one of the methylene protons, but it would not
necessarily be coupled to an adjacent methine proton. Therefore, only the double-
bond locations shown forB in Figure 6 can be consistent with the NMR data. The
corresponding proton shifts in CDCl3 were 0.71, 0.96, 1.68, 4.72, 4.79, and 5.31,
and there was no evidence of degradation. The specific rotation was [α]D =+50◦

(c= 0.008%, hexane).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP304-361099 November 8, 2001 15:18 Style file version Nov. 19th, 1999

FLEA BEETLE SESQUITERPENES 2417

Like α-himachalene (Figure 4), the asymmetric centers ofB are at carbons
1 and 6; however, none of the products of hydrogenation ofB matched those
from α-himachalene (the slightly different GC retention times in the last two
products from each source were real and were corroborated by subtly different
mass spectra). Thus, all of the hydrogenation products fromB, andB itself, must
have thetransring junction. The NMR spectrum ofB does not match that reported
for α-himachalene, but it agrees well with that fortrans-α-himachalene (Joseph
and Dev, 1968c). These authors established that the 1S,6S configuration has a
specific rotation of [α]D = −39.5◦. Because of the opposite optical rotation,B
from A. flavamust have the 1R,6Rconfiguration.

CompoundD from A. flava.As with A, C, andB, hydrogenation indicated
the presence of two rings, but GC retention times and mass spectra of the products
established that the ring system ofD was very different (Figure 4). The mass
spectrum ofD (Figure 2) was much like the library spectra forγ -cadinene andα-
amorphene, both of which have the cadinane carbon skeleton. The specific rotation
was [α]D = +110◦ (c = 0.016%, hexane). In benzene-d6, the proton spectrum
(Figure 6) had these resonances:δ 0.76 (3H, d,J = 6.5), 0.91 (3H, d,J = 6.5),
1.68 (3H, br s), 4.74 (1H, br s), 4.86 (1H, br s), and 5.68 (1H, br s). The spectrum
was consistent with three methyl groups and one exocyclic methylene, and the
COSY experiment confirmed that the aliphatic methyls were part of an isopropyl
group.α-Amorphene was eliminated as a possibility because it has four methyl
groups. The corresponding proton shifts in CDCl3 were 0.74, 0.93, 1.69, 4.55,
4.66, and 5.56, and the compound was stable in this solvent.

The NMR data in CDCl3 were consistent with literature data forγ -cadinene
(Andersen et al., 1977; Cane et al., 1987). Citronella oil is a good source of this
compound, and the compound isolated from the commercial oil matched that from
A. flavaD exactly by NMR, GC, and MS and agreed fairly well in optical rotation
([α]D = +136◦, c = 0.011%, hexane). Carbon and DEPT data were obtained
for the more abundant, botanical sample (CDCl3): δ 134.76, 153.39 (0 attached
hydrogens); 26.20, 44.18, 45.11, 46.89, 122.42 (1 H); 25.71, 26.52, 30.48, 36.30,
103.15 (2 H); 15.10, 21.55, 23.89 (3 H). The carbon data closely matched those of
Cane et al. (1987). Cane et al. (1987) assigned the 1S,6S,10Rconfiguration to the
(−) form they encountered; therefore, the (+)-D from A. flavahas the 1R,6R,10S
configuration.

CompoundsF andG from A. flava.The key to identification of polar com-
poundsF and G was that both decomposed significantly (up to 50%) when
the GC inlet was set to 250◦C. HPLC-purifiedF and G both producedA and
C (in similar amounts, recognized by mass spectrum and GC retention time).
Dehydration of an alcohol was the likely mechanism of decomposition, which
would not affect the ring system. ThusF and G must also have the himacha-
lane carbon skeleton. The specific rotation ofF was [α]D = +72◦ (c= 0.028%,
hexane), and that forG was [α]D = +83◦ (c = 0.030%, hexane). The proton
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NMR spectrum ofF (in benzene-d6) had these features:δ 0.89 (3H,d, J= 6.7),
0.96 (3H, s), 1.12 (3H, s), 1.34 (3H, s), and 5.45 (1H, s) (Figure 7). The cor-
responding NMR data forG were: δ 0.91 (3H, d,J = 6.7), 0.94 (3H, s), 1.15
(3H, s), 1.26 (3H, s), and 5.41 (1H, s). The data for both compounds support
the presence of a hydroxyl group on carbon 3, both with respect to the shift
for methyl group 15 (1.34 or 1.26 forF and G, respectively) and the appear-
ance of this signal (a singlet). An epimeric relationship betweenF andG could
account for their slightly different spectral and chromatographic properties.F
andG decomposed within hours toA andC when placed in CDCl3, but there
was enough time to obtain the proton shifts (signals in the same order as for

FIG. 7. Proton NMR spectra in benzene-d6 for polar compoundsF–H and final structures
(stereochemistry determined by other considerations; see text).
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benzene-d6): 0.95, 0.93, 1.10, 1.27, and 5.41 forF and 0.97, 0.91, 1.10, 1.23, and
5.33 forG.

As tertiary allylic alcohols,F and G are especially prone to dehydration,
but this reaction would not affect the stereochemistry at carbons 6 and 7. When
pureF or pureG was injected onto the chiral GC column, the resultingC was
only the earlier eluting enantiomer. Thus, (+)-F and (+)-G both have the same
absolute configuration at these two centers as (+)-A and (+)-C from A. flava
(6R,7S). Tentative assignment of configuration at carbon 3 was based on molecular
modeling and the NMR shift of methyl group 15. By molecular modeling, methyl
group 15 has an axial orientation in one of the epimers and equatorial in the other,
and in the axial epimer, methyl group 15 and hydrogen 6 are on the same side of the
six-membered ring (i.e., configuration at carbon 3 isR). In G, the relatively upfield
methyl shift (1.26 ppm) would correspond to the axial orientation (3R,6R,7S),
while the shift of 1.34 ppm observed forF would correspond to the equatorial
orientation (3S,6R,7S). The consequent, relatively equatorial orientation of the
hydroxyl group inG would make it more accessible to adsorbants during liquid
chromatography and could explain its longer retention thanF on the silica HPLC
column.

CompoundH from A. flava.EnoughH was isolated (17µg) so that a proton
NMR spectrum could be acquired (Figure 7). The key resonances (in benzene-d6)
were:δ 0.71 (3H, d,J = 6.6), 0.81 (3H, s), 0.93 (3H, s), 6.06 (1H, s), suggest-
ing two geminal methyl groups, a secondary methyl group, and a single olefinic
proton. The spectrum ofH looked much like those ofC, F, andG, except that
carbon 15 was lacking. A keto group on carbon 3 could account for the num-
ber of observed signals, their splittings, and the relatively downfield shifts in the
six-membered ring. The UV spectrum had a maximum at 233 nm, which was
consistent with a conjugated enone (ε = 27,500). The micro-Wittig methylenation
convertedH into C, by GC retention time and mass spectrum, which established
the overall ring structure and the relative stereochemistry at carbons 6 and 7. In-
jection of this sample onto the chiral GC column gave just one peak forC, at
the earlier of the possible retention times (16.49 min). Therefore,H has the same
6R,7S configuration asA, C, F, andG from A. flava.Optical rotation was not
measured.

Compound Configurations in Other Beetle Species. By GC on the chiral
column, compoundC from P. cruciferae, A. cyparissiae, A. czwalinae, and
A. flava all have the same absolute configuration. The same is true forF and
G from all Aphthonaspecies, by chiral GC analysis of theC produced in the hot
inlet. Furthermore,A from these species has the same configuration asA from
A. flavabecause purification (AgNO3 HPLC), partial isomerization toC, then
chiral GC analysis gave only the earlier GC peak forC. CompoundsB andD
from these species have the same chiral GC retention times asB andD from A.
flava(15.50 and 17.92 min, respectively). However, authentic (−) enantiomers of
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these compounds were not available for comparison; thus it is unknown whether
the enantiomers ofB andD are separable on this column. Differences among the
species were not demonstrated with respect to absolute configuration ofB andD,
but they cannot be ruled out; there was insufficient material for optical rotation
measurements. Configurations ofE andH in the other species remain unstudied.

Electrophysiological Activity. In GC-EAD analyses of volatiles from male
A. flava, both male and femaleA. flavaantennae were stimulated by five of the
male-specific compounds (Figure 8). CompoundsA, C, F, G, andH consistently
showed EAD activity, whereas compoundsB, D, andE showed no EAD activity on
at least 10 antennal preparations. Responses did not occur at any of these retention
times to volatiles collected from females. In addition to male-specific material,
several spurge-specific compounds activated male and female antennae. Initial
GC-EAD analyses of compoundA from A. flavawith antennae ofA. czwalinae,
A. cyparissiae, andP. cruciferaeindicated that the biological activity of compound
A is a common feature among the tested flea beetle species. A comprehensive
comparative electrophysiological study on male-specific flea beetle compounds is
anticipated in the future.

Conclusions and Further Research. Peng et al. (1999) concluded that males
of P. cruciferaeemit an aggregation pheromone that attracts both sexes when the
males are feeding on host material, based on behavioral data. The present study
demonstrated chemical and electrophysiological patterns that are consistent with
this model. First, blends of relatively abundant, male-specific compounds were
detected and identified inP. cruciferaeand also in three other flea beetle species.
(Curiously,P. cruciferaeand the threeAphthonaspecies shared many of the same
compounds, and ultimately, it was the abundance of the compounds inA. flava
that made identification of the fairly complicated structures feasible.) Second, the
blends had species-specific proportions, which could serve to allow individuals
to locate others of their own species even in mixed populations. Third, male-
specific compounds were readily sensed by the antennae of both sexes, as would
be expected for a pheromone. Clearly, these patterns do not prove a pheromonal
function, but the present identification and the anticipated synthesis of these male-
specific compounds will allow definitive biological experiments to be run. The
function of these compounds in nature may or may not involve attraction, but the
existence of such blends is intriguing in any case and invites explanation.

The compounds themselves include several new himachalene sesquiterpenes
and new enantiomers of previously identified ones. Only one of the compounds,
(+)-γ -cadinene, is known to occur rather widely in nature (in plants). One would
not expect compounds used as pheromone components to be abundant in the envi-
ronment, and those from the flea beetles are generally not. The use of compounds
such as himachalenes as pheromone components would not be unprecedented; a
homosequiterpene with the himachalene ring system has been previously identified
as a pheromone in the sandflyLutzomyia longipalpis(Hamilton et al., 1996).
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Abstract—Responses of the European spruce bark beetle,I. typographus
(Coleoptera: Scolytidae), to low release-rate pheromones were investigated in
two experiments in a spruce forest at Wellin, southern Belgium. Dose–response
of the beetle was first examined in a trapping experiment in August 1999. The
major pheromone components ofI. typographus, (S)-cis-verbenol (cV) and
2-methyl-3-buten-2-ol (MB) were released from window traps. Five treatments
were replicated five times: (1) blank trap, (2) 0.03 and 1.2, (3) 0.11 and 4.5,
(4) 0.34 and 15.2 mg/day of cV and MB, respectively, and (5) Pheroprax. Trap
catches increased linearly as a function of increasing release rates of cV and
MB. A second study aimed at making preliminary observations on the attraction
range of the pheromones as compared to Pheroprax. A release–recapture exper-
iment was carried out in May 2000: four trap-trees located 50 m away from a
central release platform were equipped with window traps baited with increasing
release rates, tested in separate releases: 0.03 and 1.2; 0.11 and 4.5; 0.34 and
15.2 mg/day of cV and MB, respectively, and Pheroprax. Recaptures increased
with the release rate. Trap catches were different at lower release rates, but not
between the release rate of 15.2 mg/day of MB and Pheroprax. Variations in
captures in relation to wind parameters showed persistently random flight at the
lower release rates. Significant upwind flight was observed for Pheroprax only.
These results imply that trap interference existed for Pheroprax and suggest that
its attraction range may be greater than 50 m.
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INTRODUCTION

Since the development of commercial attractants, pheromone trapping is regularly
used to monitor populations ofIps typographus, one of the most aggressive and
damaging pests of Norway spruce in Europe (Bakke, 1985; Weslien, 1992). This
technique is also frequently used in mark–recapture experiments to assess the
beetle’s dispersal capacities (e.g., Botterweg, 1982; Weslien and Lindel¨ow, 1990;
Zumr, 1992; Duelli et al., 1997; Byers, 1999).

Most dispersal studies have relied on commercial pheromones originally de-
veloped for mass trapping, such as Pheroprax, that have high release rates to ensure
an efficient attraction of the beetles. However, one of the primary goals of recap-
turing marked animals is to obtain a good estimate of their flight ability. If traps
close to the release point exhibit a strong attraction, most beetles primed to respond
to pheromones will end up in these traps and it will not be possible to conclude
much about dispersal (Turchin, 1998). Even for species requiring flight exercise,
as might be the case forI. typographus (Duelli et al., 1997), some individuals
might respond to the attractive source when they would have flown further under
different conditions.

Our approach to studyI. typographusdispersal was to recreate a flight en-
vironment as natural as possible, using live, standing trap-trees in place of traps,
and low release-rate pheromones lures instead of commercial attractants (Franklin
et al., 2000). In this paper, we present the design of the lures and an evaluation of
their effectiveness in the field.

We first investigated the response ofI. typographusto several release rates and
compared it to Pheroprax. We then studied trap interference for these release rates,
in order to make a preliminary evaluation of their attraction range as compared
to that of Pheroprax. The range of attraction of pheromone lures is the maximum
distance over which insects can be shown to direct their movement to the source
(Wall and Perry, 1987). Most studies have been done on Lepidoptera (Wall and
Perry, 1987; Elkinton and Card´e, 1988) and some on bark beetles (Schlyter, 1992)
or diprionids (Wedding et al., 1995). Probably the most elaborate study on bark
beetles was carried out by Turchin and Odendaal (1996), who investigated the
effective sampling area of traps capturing newly emerged southern pine beetles
(Dendroctonus frontalis).

This knowledge is crucial for the development of reliable mark–recapture
experiments, but existing information forI. typographusis scarce and estimates
vary greatly due to the few data available.
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METHODS AND MATERIALS

Dispensers and Release Rates.Releases of methyl-3-buten-2-ol (MB) and
(S)-cis-verbenol (cV) were obtained with semipermeable polyethylene (PE) bags
containing the semiochemicals. Each dispenser consisted of two bags, one for
MB and one for cV. Ipsdienol was not used, as it did not prove essential for
I. typographuscapture (Schlyter et al., 1987 a,b). The dispensers were built using
PE sheets of different thickness sealed into 4× 4 cm2 bags, containing either
200µl of MB impregnated on 1× 1-cm2 absorbent tissue paper protected from
direct sun light by aluminum foil, or 5 mg of cV crystals. Chemicals, sources, PE
thickness, and release rates are listed in Table 1. Release rates were determined
from weight loss in a wind tunnel, at 0.05 m/sec and 20± 2◦C and calculated as
the slope (± its 95% confidence limits) of the regression of weight loss versus time
for the time period when this relation was linear (i.e., when the release rates were
constant) (Table 1).

Dose-Dependent Responses.Experiments with varying release rates were car-
ried out in spruce and beech stands at Wellin, southern Belgium, in August 1999.
No trees attacked byI. typographuswere detected before, during, or after the ex-
periments. There were five treatments, each replicated five times: (1) blank trap,
(2) 0.03 and 1.2, (3) 0.11 and 4.5, (4) 0.34 and 15.2 mg/day of cV and MB, respec-
tively, (5) Pheroprax dispenser (35.8 mg/day of the blend). The 15.2 mg/day release

TABLE 1. DISPENSERSTESTED FOR2-METHYL-3-BUTEN-2-OL (MB) AND

(S)-cis-VERBENOL(CV) AND ESTIMATED RELEASERATES DURINGTHEIR CONSTANT

RELEASEPHASE AT 20± 2◦C; 200µL OF MB OR 5 MG OF CV PERDISPENSERa

Chemical Days with constant Release rate
purity PE weight release rate ± 95% CI

Compound Source (%) (g/cm2) (N) (mg/day)

2-Methyl- Aldrich 98 2.2 7 11.2± 1.0
3-buten-2-ol 4.4 7 8.4± 0.7

7.8 18+ 7.6± 0.4
15.6 18+ 4.5± 1.6
23.4 18+ 3.2± 0.9
31.2 18+ 1.2± 0.2

(S)-cis-Verbenol Aldrich 95 2.2 5 0.43± 0.07
4.4 5 0.34± 0.05
7.8 18+ 0.29± 0.07

15.6 18+ 0.11± 0.03
23.4 18+ 0.04± 0.01
31.2 18+ 0.03± 0.003

Pheroprax Cyanamid Agrar 18+ 35.8± 3.6

aN = 10 replicates, except for 2.2 and 4.4 g/cm2 whereN = 20 and for Pheroprax whereN = 5.
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rate for MB was obtained by using two dispensers each releasing 7.6 mg/day. Ratios
of about 40:1 in the release rates of MB and cV were used in order to approach
the ideal ratio of 50:1 mentioned by Schlyter et al. (1987c).

Each replication consisted of a line of five live, standing trap-trees spaced
75 m apart, equipped with small transparent PVC barrier traps (13 cm wide×
24 cm high, ending in a funnel connected to a collecting jar) attached to the tree
trunks at breast height. MB and cV dispensers were fixed on the traps 10 cm above
the collecting funnel. The trees had previously been sprayed with a pyrethroid
insecticide (Ripcord 40: 400 g cypermethrin/liter, S.A. Belgian Shell, 25 ml/10
liters water) up to a height of 6 m (Franklin et al., 2000). Each replication was at
least 100 m from all others. Traps were emptied, and treatments were rerandomized
within each replication on seven occasions between July 24, and September 10,
1999.

Attraction Range.A simple way to establish the attraction range is to study
trap interference, i.e., a lowering of catch per trap when traps baited with syn-
thetic pheromones are placed close to each other compared to widely spaced traps
(Schlyter, 1992). Another method is to compare catches with high and low release
rates in a given trapping grid. We chose this latter approach for a preliminary trial,
which could give insight on the range of distances to be tested subsequently in an
experimental design involving several trap spacings. A release–recapture experi-
ment was performed at Wellin in May 2000. The setup consisted of four trap-trees
located in the four cardinal directions, 50 m away from a central release platform.
The distance between two adjacent trap-trees was 71 m. The trapping method was
identical to the one described for the dose–response experiment.

Four release rates were tested, each replicated five times, except for the lower
release rate, which was replicated four times only due to adverse weather conditions
(0.03 and 1.2; 0.11 and 4.5; 0.34 and 15.2 mg/day of cV and MB, respectively, and
Pheroprax). Each replicate was carried out as follows: freshly emerging beetles
were collected from emergence tents (Lindel¨ow and Weslien, 1986), counted,
marked with fluorescent powder, and allowed to fly off from the release platform.
After 45 min, releases were stopped and nonflyers were counted. Fifteen minutes
later, traps were emptied and the number of beetles caught was recorded. Short
release–recapture periods were chosen in order to maximize the number of beetles
caught on their outward dispersing flight and to minimize captures of beetles
returning after a long flight as can be expected from simulation models (Byers,
2000). Such release–recapture experiments, in which insects are recovered quickly,
were found to provide better attraction range estimates (Wall and Perry, 1987).
Short periods were also used in order to have weather conditions as constant as
possible during a given replicate.

Several releases were performed during one afternoon (12:00–17:30 PM). A
period of 30 min was allowed to elapse between each replicate, and the
barrier traps were changed for each treatment in order to prevent the accumulation
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of pheromones on the traps and in the vicinity of the trap-trees. Different colors of
fluorescent powder were used to differentiate between release rates. Release rates
were randomized during the afternoon so as to test the different rates at different
times of the day.

Wind direction was assessed with a compass and a thread allowed to flut-
ter freely in the wind. Wind speed was measured with a hand-held anemometer
(Testovent 4200, Testoterm S.A.). Both parameters were measured at the start and
end of the 60-min flight period; we took five recordings during an interval of
5 min, and an average was then calculated.

Statistical analysis of circular data was carried out with Oriana v. 1.06 software
(Kovach Computing Services, Pentraeth, UK). The Rayleigh test (Zar, 1996) was
used to determine whether wind direction and catches of marked beetles in the
four traps were random or directed. Watson’sF-test (Zar, 1996) was then used to
compare the beetle’s flight direction to the wind direction, to determine if their
mean angles differed significantly.

RESULTS

Dispensers and Release Rates.Within the range studied, release rates of our
PE bag dispensers decreased exponentially as a function of PE thickness (Table 1):
for MB, y= 12.9e−0.07x (R2= 0.97,P< 0.001) and for cV,y= 0.54e−0.10x (R2=
0.97,P< 0.001) withycorresponding to the release rate in milligrams per day and
x to the PE thickness in grams per square centimeter. This decrease differed for
the two components, as shown by the comparison of the slopes of the regressions
on log transformed data (t obs8d f = 2.86; P = 0.02).

During our tests, the release rate of Pheroprax averaged 35.8 mg/day for the
blend after the 18-day test period (Table 1). This is comparable to results of Jakus
and Simko (2000), who estimated the release rate of the same Pheroprax dispenser
at about 27 mg/day after leaving dispensers in the field for seven weeks.

Dose-Dependent Responses.A total of 582 I. typographuswere caught
throughout the season—about 64% with Pheroprax. Trap catches increased with
increasing release rates (Figure 1) from an average of 0.2 captures for blank traps
to an average of 93 captures for traps baited with Pheroprax.

Analysis of variance on log-transformed counts showed differences between
catches at different release rates (F4,16d f = 63.6, P < 0.001); post hoc analy-
ses indicated that Pheroprax caught more beetle’s than the other release rates
(P< 0.01, Figure 1). When regression analysis was used to compareI. typographus
catches for our PE bag dispensers, excluding Pheroprax as it had different for-
mulation and conditioning, it showed a linear response with increasing release
rates (beetle catches as a function of MB release, slope= 1.69, R2= 0.39, P=
0.003).
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FIG. 1. Mean number ofIps typographuscaught at different release rates of MB and cV,
expressed as MB release rates (±SE). N= 35 replications. Pheroprax has a release rate
of 35.8 mg/day. Means followed by the same letter are not significantly different, Student
Newman-Keuls multiple-range test,P = 0.01.

Attraction Range.Results of the release–recapture experiment are shown in
Table 2. Recapture of marked beetles increased with the release rate, from an
average of 0.2% with the lowest release rate to 4.4% with Pheroprax. Increases in
catches tended to stabilize at the two higher release rates. An analysis of variance
on arcsine square-root-transformed data (F3,15d f = 24.4, P < 0.001) followed
by post hoc tests indicated differences between the release rates, except between
15.2 mg/day of MB and Pheroprax (Student-Neuman-Keuls multiple range test,
P = 0.01).

Capture patterns of unmarked beetles increased in a similar fashion (Table 2).
Differences among average captures rates were significant (F3,15d f = 11.6, P <

0.001) and post hoc tests showed that captures at the two lower release rates
differed, while differences were not significant between release rates of 4.5 mg/day
and 15.2 mg/day of MB, and between 15.2 mg/day of MB and Pheroprax (Student-
Neuman-Keuls test,P = 0.01).

Variations in captures in relation to wind parameters are shown in Table 3.
Wind speeds and directions were averaged from measures at the start and end of
the 60-min flight period. There was no correlation between wind speeds and the
occurrence of wind directions (r = 0.4,P = 0.07). The beetles showed undirected
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TABLE 2. I. typographusRELEASE–RECAPTUREDATA FOR

ATTRACTION RANGE EXPERIMENTa

Captured (N)MB release
rate

(mg/day)

No.
Marked

N

No.
f lying

N Marked Unmarked
Recaptured

%

1.2 700 423 0 1 0.0
1.2 700 648 1 8 0.2
1.2 450 443 2 3 0.5
1.2 450 345 1 6 0.3
Total 2300 1859 4 18a 0.2a
4.5 800 702 10 42 1.4
4.5 700 683 18 22 2.6
4.5 400 367 6 8 1.6
4.5 450 410 4 11 1.0
4.5 450 420 5 24 1.2
Total 2800 2582 43 107b 1.6b
15.2 800 763 33 34 4.3
15.2 600 533 13 15 2.4
15.2 400 374 11 34 2.9
15.2 500 453 7 18 1.5
15.2 320 255 11 39 4.3
Total 2620 2378 75 140bc 3.2c
Pheroprax 900 796 46 44 5.8
Pheroprax 900 661 19 35 2.9
Pheroprax 400 377 19 38 5.0
Pheroprax 450 395 18 40 4.6
Pheroprax 400 358 11 44 3.1
Total 3050 2587 113 201c 4.4c

aTotals followed by the same letter indicate that mean catches are not significantly
different (ANOVA, followed by a Student-Newman-Keuls multiple-range test,
P= 0.01).

flight during most replicates, whereas the wind direction was significant on 15 of
19 occasions. At the lower pheromone release rates,I. typographusflights were
always random, even when the wind direction was significant. Upwind flights were
observed for Pheroprax replicates only (Table 3), but significant downwind flights
were not observed.

DISCUSSION

The making of our own pheromone dispensers provided us with low-release-
rate lures, for which we could control the release rates of each component indi-
vidually. However, there were two shortcomings. First, release rates over several
orders of magnitude proved impractical due to the limitation of the dispenser size
and to the available PE thickness. Second, for higher release rates, the release of
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TABLE 3. FLIGHT DIRECTION OFI. typographusIN RELATION TO WIND PARAMETERS

DURING RELEASE–RECAPTUREEXPERIMENT AT WELLIN

(MAY 2000)a

MB Number of catches
release rate in cardinal directions Flight direction Wind direction Upwind flight?
(mg/day) (N, E, S, W) θb± 95% CIb θw± 95% CIb θb vs.θwc

1.2 0, 0, 0, 0 None 283◦ ± 33◦ —
1.2 1, 0, 0, 0 Random 331◦ ± 11◦ —
1.2 0, 1, 0, 1 Random 057◦ ± 38◦ —
1.2 0, 0, 0, 1 Random 027◦ ± 33◦ —
4.5 2, 2, 3, 3 Random Random —
4.5 5, 1, 5, 7 Random 261◦ ± 30◦ —
4.5 1, 2, 3, 0 Random 050◦ ± 35◦ —
4.5 2, 0, 1, 1 Random Random —
4.5 2, 2, 0, 1 Random 085◦ ± 37◦ —

15.2 11, 8, 3, 11 Random 232◦ ± 13◦ —
15.2 6, 2, 1, 4 Random Random —
15.2 4, 0, 1, 6 297◦ ± 36◦ 214◦ ± 19◦ No
15.2 3, 0, 0, 4 307◦ ± 44◦ Random —
15.2 6, 1, 2, 2 Random 249◦ ± 26◦ —
Pheroprax 9, 10, 18, 9 Random 268◦ ± 26◦ —
Pheroprax 6, 2, 2, 9 300◦ ± 41◦ 247◦ ± 18◦ Yes
Pheroprax 7, 8, 2, 2 050◦ ± 42◦ 349◦ ± 39◦ Yes
Pheroprax 9, 0, 1, 8 315◦ ± 26◦ 004◦ ± 36◦ Yes
Pheroprax 5, 2, 2, 2 Random 043◦ ± 35◦ —

aAverage wind speeds ranged from 0 to 0.3 m/sec.
bRandom= random distribution as determined by the Rayleigh test (P> 0.05).
cComparisons made using Watson’sF test. Null hypothesis: mean flight directions are
similar. No= no upwind flight (P≤ 0.05), Yes= upwind flight (P> 0.05).

the semiochemicals was constant over short time periods only five and seven days
for cV and MB, respectively). This might not prove too restrictive for release–
recapture studies for which daily trap collections are made, as dispensers can then
be renewed regularly.

Results of our dose–response experiment follow those of Schlyter (1987c),
who observed a linear increase in catches as a function of increasing release rates
of cV and MB. If we considerI. typographuscatches for the PE bag dispensers, we
also obtain such a linear response with increasing release rates. This linear increase
in beetle response—as opposed to the logarithmic relationship commonly found
in pheromone studies—appears to be due to MB, which has an unusually steep
dose–response curve in EAGs and field tests and which is the most critical
pheromone component in determining the total number of beetles caught (Dickens,
1981; Schlyter, 1987b,c).
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Experiments and observations providing reasonable evidence of the range
of attraction of insect species to pheromones are not common. The best and most
accurate estimates of the attraction range are found to require either direct observa-
tion of insects in flight or carefully timed release–recapture experiments in which
insects are recovered very quickly (Wall and Perry, 1987). Such experiments for
I. typographuswere performed by Helland et al. (1984). Data were analyzed in
terms of attraction radius by Schlyter (1992). In two separate trials, Helland et al.
(1984) releasedI. typographus12 and 20 m away from a central pheromone trap
equipped with Ipslure, a commercial attractant similar to Pheroprax (50 mg/day
of MB and 1 mg/day of cV) (Schlyter, 1987a,c). They recaptured 60.1% of the
beetles within the first 10 min for the 12-m release distance but only 19.1% of those
released 20 m away. From these results, Schlyter (1992) estimated the attraction
range of the pheromone trap to be between 12 and 20 m, probably closer to 12 m,
because the majority of the responding population was caught from this distance.

Our preliminary observations suggest that this attraction range might have
been underestimated. In our second experiment, trap catches were not significantly
different between the release rate of 15.2 mg/day and Pheroprax (35.8 mg/day of the
blend), a fact that was observed both for marked and unmarked beetles. Moreover,
if traps are interacting and result in overlapping pheromone plumes, it would be
expected that most beetles would be caught in the upwind traps as a consequence
of “overshooting” (Wedding et al., 1995). This was indeed observed for Pheroprax,
as three of the five replicates showed significant captures upwind. At lower release
rates, flight was mostly random (11 of 13 replicates), with no upwind flight for the
two significant flight directions.

These results imply that traps interfered for Pheroprax at the distance studied,
i.e., 50 m between the trap-trees and the release point. They also suggest that the
attraction range of Pheroprax probably extended to 50 m, at least in direction of
the wind. Further experiments are needed to confirm our results, but these are
in line with data from Schlyter (1992). Estimations of the attraction range of
I. typographusfrom regression analyses of trap interactions showed ranges of
17–67 m for lures releasing 0.24–240 mg/day of MB. Variability was extremely
high, however, and confidence intervals overlapped for all estimates due to the few
data points available.

This variation in experimental results shows that, in order to achieve even a
crude estimate of the range of attraction of pheromones, it will be necessary to
carry out many observations or experiments. Even so, our preliminary data sug-
gest that the attraction range of commercial pheromones might be higher than is
generally thought. If proved correct, this challenges the validity of earlier release–
recapture studies in terms of their interpretation ofI. typographusdispersal ca-
pacities. In most experiments, the first trap ring was close to the release plat-
form: traps equipped either with Pheroprax or Ipslure were placed as close as 5 m
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(Duelli et al., 1997), 30 m (Zolubas and Byers, 1995) and 50 m (Botterweg, 1982;
Zumr 1992). Under these conditions, migrating beetles necessarily had to cross
pheromone plumes and might have been primed to respond to the pheromones,
while they would have dispersed further in the absence of such pheromones. Ab-
solute dispersal distances might, therefore, need to be reinterpreted, as well as
dispersal models, which assumed an exponential or power decrease in recaptures
as a function of distance (e.g., Weslien and Lindel¨ow, 1990; Zolubas and Byers,
1995; Duelli et al., 1997). Ideally, a compromise should be found between the
need to recapture enough marked beetles for statistical analysis and the study of
the beetles’ flight ability and variability in response to pheromones.
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ELKINTON, J. S. and CARDÉ, R.T. 1988. Effects of intertrap distance and wind direction on the interaction
of gypsy moth (Lepidoptera: Lymantriidae) pheromone-baited traps.Environ. Entomol. 17:764–
769.
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LEOPOLDO CRUZ-ĹOPEZ,1,* JULIO C. ROJAS,1

RICARDO DE LA CRUZ-CORDERO,1 and E. DAVID MORGAN2

1El Colegio de la Frontera Sur
Carretera Antiguo Aeropuerto Km. 2.5
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Abstract—Bioassays in a Y-tube olfactometer showed that workers ofSolenop-
sis geminata(Hymenoptera: Formicidae) were attracted to venom gland extracts
of queens. Gas chromatography coupled mass spectrometry analysis of individ-
ual glands of queens ofS. geminatashowed that the secretion is composed mainly
of a large amount of 2-alkyl-6-methylpiperidine alkaloids and a tiny amount of
a δ-lactone and aα-pyrone, which have been earlier identified as components
of the queen attractant pheromone ofSolenopsis invictaBuren. However, ad-
ditional small amounts of a mixture of sesquiterpenes and pentadecene were
found. The possible function of the sesquiterpenoid compounds is discussed.

Key Words—Solenopsis geminata, fire ants, venom secretion, sesquiterpenes,
queen pheromone recognition.

INTRODUCTION

Solenopsis geminata(F.) (Hymenoptera: Formicidae) is a species that was origi-
nally distributed from the southern United States to northern South America, but
due to commerce has been introduced into both Asia and Africa (Trager, 1991).
In Central America,S. geminatais considered a sorghum and maize seed pest
(Bhatkap, 1983; del Rio and Casares, 1990). On the other hand, Mackay et al.
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(1990) suggested that this ant species could act as an important agent of biological
control of pests. For exampleS. geminatais able to decrease the population of
Spodoptera frugiperda(Smith) larvae,Agrotis sp., andListronotussp. (Lastres,
1990) in corn plantations. Workers of this myrmicine also feed on eggs, nymphs,
and adults of the blood sucking bug,Triatoma gerstaeckeri(Stål) (Camacho and
Garcia, 1981). In spite of its apparent importance, relatively few studies have been
carried out on the biology and ecology of these ants. In this contribution we con-
sider one aspect of their biology: the chemical communication between the queen
and workers.

Chemical communication between ant queens and their workers has been
recognized in several species of ants includingFormica consocians(Wheeler,
1910),Lasius alienus(Foerster),Pheidole pallidula(Nylander) (Stumper, 1956),
Neivamyrmexspp.,Labidusspp. (Watkins and Cole, 1966), andMyrmica rubra
Latreille (Brian, 1973), but the most studied species has beenSolenopsis invicta
Buren. Jouvenaz et al. (1974) observed that workers ofS. invictaandS. gemi-
nata were attracted to areas of blotting paper to which queens of their species
had been confined. Further, Glancey (1980) showed that volatiles released by the
queens and extracts of queens were highly attractive to workers. Vander Meer
et al. (1980) reported the venom gland ofS. invictawas the storage site for the
attractive pheromone. Later, Rocca et al. (1983a,b) identified the chemical struc-
tures of the compounds responsible for activity inS. invictaas (E)-6-(1-pentenyl)-
2H-pyran- 2-one and tetrahydro-3,5-dimethyl-6-(1-methylbutyl)-2H-pyran-2-one
(invictolide). Dihydroactinidiolide was also identified, but no biological activity
has been yet described for this compound.

It was previously demonstrated that queens ofS. geminatabehave like those of
S. invictain strongly attracting their workers (Jouvenaz et al., 1974; Fierro-Santos,
1995). However, the chemical composition of the pheromone inS. geminatare-
mains unknown. This work was undertaken to evaluate the response of
S. geminataworkers to venom gland extract of queens, dealated virgin queens,
alate queens captured in nuptial flights, alate virgin queens, and workers and to
identify the compounds present in the venom gland secretion ofS. geminataqueens.
Additionally, the essential oil ofMelaleuca cajuputi, which contains two related
compounds identified in the venom gland secretions of the queen ofS. geminata,
was tested for attraction to workers.

METHODS AND MATERIALS

Insects. Colonies of S. geminatawere excavated around Tapachula,
Chiapas, Mexico, and transported to El Colegio de la Frontera Sur. The queens,
dealated virgin queens, alate virgin queens, and alate queens captured in nup-
tial flight were placed individually in small plastic bottles (10× 6 cm); the
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rest of the colony was maintained in plastic bowls (30× 50 cm), and which were
used as nests. The colonies were maintained in the laboratory at 25± 3◦C and
70± 5% reletive humidity, under 8–10 hr of light/day, and fed on dead insects and
honey-water.

Gland Dissection. Individual queens, dealated virgin queens, alate virgin
queens, alate queens captured in nuptial flights, and workers were cooled in a
refrigerator, following which the venom gland together with the sting was dissected
under distilled water. The Dufour’s gland and sting were removed. Individual
venom glands were either solvent extracted in a small tissue grinder with hexane
(100µl) or carefully dropped into thin-walled soda-glass tubes (1.8 mm ID, 20 mm
long), previously sealed at one end, and the open end was then sealed in a micro
flame (Morgan, 1990).

Chemical Analysis. Gas chromatography–mass spectrometry was performed
with a Varian Star 3400 CX gas chromatograph linked to a Varian Saturn 4D mass
spectrometer. The samples were analyzed by using a fused silica column (30 m×
0.25 mm ID) coated with poly (5% diphenyl–95% dimethylsiloxane). The over
temperature was programmed from 50◦C to 250◦C at 15◦C/min. Helium was used
as carrier gas. The injector port temperature was held at 200◦C, and the sample
was heated in the injector for 4 min before crushing the capillary, as described by
Morgan and Wadhams (1972).

Olfactometer Bioassay.Venom gland extracts of queens, dealate virgin queen,
alate virgins, alate queens captured in nuptial flight, and workers were tested for
worker attraction in a Y-tube olfactometer as described by Vander Meer et al.
(1988). The olfactometer consisted of two 24/40 ground glass joints sealed to one
of the arms of a 5-cm Y tube so that 1 cm of each Y tube arm extended through half
the ground joints. Extracts were placed in one of the choice chambers. All extracts
were applied to filter paper strips (3 cm× 1 cm) and evaluated at a concentration
of one gland equivalent. The other choice chamber was left blank. Pure hexane
was used as blank. Compressed air was split into two streams, each stream being
independently controlled by flowmeters. Airflow was regulated at 0.2 liters/min
into each choice chamber. Approximately 50–70 ants from laboratory colonies
were confined in a 2.5-cm piece of 0.9-cm-ID Tygon tubing sealed at one end
with wire gauze. The open end of the tubing was attached to the entrance stem.
The initial choice of the first 20 ants that walked down the entrance tube and
into one of the arms of the Y tube was recorded. Ants that were not trapped in
a choice chamber and came back to the entrance stem were not counted if they
made another choice. Test samples were retested with worker ants from the same
colony, but the choice chamber in which the sample control were placed was
reversed. This procedure eliminated any bias that was inherent in the individual
choice chambers. A complete replicate was the sum of the results from the two tests.
The worker response to the extract and control was compared by using at test.
The level of probability considered significant wasP< 0.05. The response of
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28 individual workers to the queen gland secretion extracts was bioassayed as
described above.

RESULTS

Results of the Y-tube olfactometer bioassays are shown in Table 1. Venom
gland extract of queens, dealated virgin queens, alate queens captured in nuptial
flights, and alate virgin queens elicited a signficant response forS. geminatawork-
ers. The response of workers to extract of worker gland secretion was not different
from the response to control. When the response of individual workers to the queen
venom extract was tested, a significant response was observed. Of the 28 workers
tested, only four did not respond.

Analysis by GC-MS of individual samples of excised venom glands of
S. geminataqueens revealed that the secretion is composed mainly of 2-methyl-6-
alkylpiperidines. The secretion is largely dominated bycis-2-methyl-6-undecyl-
piperidine, which comprises 55% of the secretion (Figure 1). The alkaloid compo-
nents were identified from the mass spectra provided by Brand et al. (1972). The
secretion of the queens also contained a small amount of 11 terpenoid compounds
with apparent molecular ions atm/z 204 andm/z 218, suggesting molecular for-
mulas of C15H24 and C15H22O. Pentadecene was also found in small amounts
(Figure 1). The first terpenoid eluting, present in the smallest quantity, had a mass
spectrum close to that of elemene (Adams, 1989). The other two, more abun-
dant and in a concentration ratio of 1:2, had mass spectra close toβ-selinene and
α-selinene, respectively, as given in Adams (1989). We compared the spectra and

TABLE 1. RESPONSE OFSolenopsis geminataWORKERS TOVENOM

GLAND EXTRACT OF QUEENS AND TOESSENTIAL OIL OF

Melaleuca cajuputia

Workers attracted
to [N meana (±SD)]

Extract source Extract Control

Queen (1 QE) 20.2± 5.8 5.2± 2.8∗∗∗
Dealated virgin queen (1 QE) 18.4± 2.19 5.6± 2.9∗∗∗
Queen captured in nuptial flight (1 QE) 20.4± 5.4 5.8± 3.9∗∗∗
Alated virgin queen (1 QE) 17.4± 6.1 5.4± 4.0∗∗∗
Queen (1 QE) 16.4± 5.3 4.4± 6.2∗∗∗b
Worker (1 WE) 9.6± 7.5 7.0± 4.0 NS
Melaleuca cajuputiessential oil 14.8± 5.1 11± 2.9 NS

aAverage of five tests. QE=Queen equivalent, WE=worker equivalent.
NS= no significant difference;∗∗∗P< 0.001 (t test).

bPure hexane as blank.
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FIG. 1. Gas chromatogram of the venom gland secretion ofSolenopsis geminataqueen. The
inset is an expansion for the region of 10–13 minutes. Numbers above the peaks correspond
to the following substances: 1, elemene; 2, pentadecene; 3 and 4, unidentified sesquiterpenes;
5, tetrahydro-3,5-dimethyl-6-(1-methylbutyl)-2H -pyran-2-one (isomer); 6, tetrahydro-
3,5-dimethyl-6-(1-methylbutyl)-2H -pyran-2-one (isomer); 7,β-selinene (isomer); 8,α-
selinene (isomer); 9, (E)-6-(1-pentenyl)-2H -pyran-2-one; 10–15, unidentified sesquiter-
penes; 16 and 17, 2-methyl-6-alkylpiperidines; 18,cis-2-methyl-6-undecylpiperidine;
19 and 20, 2-methyl-6-alkylpiperidines.

retention times of these with authenticα- andβ-selinene contained in the essential
oil of M. cajuputi (provided by J. Brophy). There were small differences in the
intensities of some ions between the spectra of theM. cajupiti essential oil and
the venom compounds, and we concluded there must be small differences in their
structures. In testing the workers responses, the essential oil showed no activity
(Table 1).

The two remaining compounds (peaks 6 and 9 in Figure 1) had mass spectra
identical to two of the three components of the queen recognition pheromone of
S. invicta(Rocca et al., 1983a,b): (E)-6-(1-pentenyl)-2H-pyran-2-one and tetra-
hydro-3,5-dimethyl-6-(1-methylbutyl)-2H-pyran-2-one (invictolide). One queen’s
venom gland contained approximately 1–5 ng of both of these compounds, but the
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proportions varied considerably from one individual to another. The identifications
were confirmed by injecting pure samples of the two compounds (supplied by
R. K. Vander Meer). Dihydroactinidiolide, the inactive compound ofS. invicta,
was not detected inS. geminata. The same compounds were found in the venom
gland contents of dealated virgin queens, alated queens captured in nuptial flights,
and alated virgin queens, but not in workers.

DISCUSSION

Fierro-Santos (1995) demonstrated that workers ofS. geminatawere attracted
to venom glands extracts of their queens. By using an Y-tube olfactometer, we
confirmed those results. We also found that the venom gland extract of virgin
alate queens was attractive to the workers. The suspected effect of trail laying
by the first exploring ant was eliminated in assays considering the first ants,
since individual workers showed a positive response to the queen venom gland
extract.

In S. invicta, it was found previously that virgin alate queens did not attract
workers (Glancey et al., 1981). The difference between species may be due to the
fact that the process of production of the pheromone is faster inS. geminatathan
in S. invicta. However, other factors may be involved. For example, the degree
of maturity of queens before leaving the nests may vary during the year and so
may the onset of pheromone production. InS. invicta, it has been found that if
queens are reared in the spring or summer, there seems to be a high probability
that they will leave the nest for a mating flight before fully mature oocytes are
present in their ovarioles, but if they overwinter in the parental nest, their ovaries
continue to develop slowly and they begin to oviposit before they leave in early
spring (Fletcher and Blum, 1983). The fundamental processes of dealation and
oogenesis are usually prevented from occurring while virgin queens are still in the
parental nest by the presence of one or more primer pheromones secreted by the
mother queen (Willer and Fletcher, 1986). InS. invicta, it has been shown that
immediately after the nuptial flight, queens are weakly attractive (Glancey et al.,
1981).

We found that the venom gland extract of virgin delated queens ofS. geminata
was attractive to the workers. A similar phenomenon had been reported inS. invicta
(Glancey et al., 1981). These authors found that alate queens ofS. invictabegin to
produce pheromone between six and nine days after removal of the wings, reaching
their maximum activity 12 days later. A correlation between attractiveness and
histolysis of wing muscles, and the presence of large number of eggs was found in
this species (Glancey et al., 1981). The production of pheromone may, therefore,
be linked to the biochemical, physiological, or hormonal changes associated with
histolysis of wing muscles and production of eggs (Glancey et al., 1981). In other
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ant species, it has been shown that virgin queens are not attractive to the workers,
independent of the presence or absence of wings. For example, Carr (1962) found
that virgin queens of the genusMyrmicawere unattractive to workers whether they
were alates or dealates.

By analyzing individual venom gland ofS. geminatawith the solid sam-
pling technique (Morgan, 1990), we were able to identify (E)-6-(1-pentenyl)-
2H-pyran-2-one and tetrahydro-3,5-dimethyl-6-(1-methylbutyl)-2H-pyran-2-one
(invictolide), which have been identified as components of the queen recognition
pheromone ofS. invicta. However, we did not find dihydroactinidiolide, which is
the third component of theS. invictaqueen pheromone. Additionally, we report
here for first time a mixture of 11 sesquiterpene compounds as components of
the venom secretion of the queenS. geminata. The two more abundant sesquiter-
pene components had similar mass spectra ofα- andβ-selinene, respectively, but
when they were compared with the mass spectra of the authentic selinenes from
the oil ofM. cajuputi, they showed small differences in the intensities some ions.
Thus, we considered them as isomers ofα- andβ-selinene. In order to know
whether these tentatively identified selinene isomers had any biological activity,
the essential oil was tested with workers in the same way the extracts of venom
glands were tested, but the ants did not exhibit any behavioral response. Sesquiter-
penes have been identified from otherSolenopsisspecies and their pheromonal
activities documented (Vander Meer et al., 1988). The same mixture of com-
pounds was found in the venom gland contents of dealated virgin queen and alated
queen captured in nuptial flight and alated virgin queens. These results might
explain why workers were attracted to the venom gland extract of virgin alated
queens.

On the other hand, Jouvenaz et al. (1974) reported thatS. invicta and
S. geminataworkers aggregated within squares on absorbent paper on which their
queens had been confined. Bioassays showed thatS. invictaworkers were more
attracted to squares that had held conspecific queens, but species specificity was
also noted asS. invictaworkers were attracted to areas previously occupied either
by their own orS. geminataqueens, butS. geminataworkers were attracted only to
areas occupied by queens of their own species. In field tests, Glancey et al. (1984)
observed thatS. geminata, S. xyloni, andS. richteridid not respond either to live
queen extracts or synthetic compounds ofS. invicta. Our results, and the observa-
tions obtained by Jouvenaz et al. (1974) and Glancey et al. (1984), suggest several
possible explanations. The compounds responsible for attraction ofS. geminata
worker ants to their queens may be the same as those ofS. invicta, but they are
present in different proportions. The venom ofS. invictamay contain a repellent
compound (e.g., dihydroactinidiolide) forS. geminataworkers andS. invictamay
not detect the absence of that compound inS. geminata.

We know now the reason that workers ofS. invictaare attracted to the queens
of S. geminatais because the queen ofS. geminatacontains two components
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of their queen pheromone. We suggest that a mixture of the two components of
the queen pheromone ofS. invictaplus a mixture of sesquiterpenes may act as
queen pheromone ofS. geminata. We also conclude that this mixture of volatiles
is produced exclusively in the queen’s venom gland, since no evidence was found of
these compounds in the venom gland of workers. Further experiments are needed
to explain to function of the sesquiterpene compounds.
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Abstract—The female sex pheromone of the rice leaf bug,Trigonotylus
caelestialium, was analyzed by GC-EAD and GC-MS. Ten EAD active
compounds—n-hexyl n-hexanoate, (E)-2-hexenyln-hexanoate,n-hexyl (E)-2-
hexenoate,n-octyl n-butyrate,n-octyl n-hexanoate, (E)-2-octenyln-hexanoate,
n-pentyln-hexanoate,n-hexyln-butyrate, (E)-2-hexenyln-butyrate, andn-hexyl
(E)-2-butenoate—were detected in the ratio of 1000:414–491:trace–5:5–11:55–
71:50–63:trace–3:225:90:32 from female body extracts, and in the ratio
of 1000:271–342:10–43:1–3:58–78:14–19:trace:178:36:26 from male body
extracts. Field trapping tests with these synthetic compounds indicated that
n-hexyl n-hexanoate, (E)-2-hexenyln-hexanoate, andn-octyl n-butyrate are
pheromone components, and mixtures in ratios of 1000:400–500:10–100 were
more attractive to males. Doses ranging from 4.29µg to 14.3µg of the three-
component mixture in the ratio of 1000:400:30 loaded into glass capillary tubes
were most attractive to males.

Key Words—Female sex pheromone, Miridae, rice leaf bug,Trigonotylus cae-
lestialium, n-hexyln-hexanoate, (E)-2-hexenyln-hexanoate,n-octyl n-butyrate.

INTRODUCTION

Males of the true bug (Heteroptera) families Pentatomidae, Alydidae, Rhopal-
idae, Reduviidae, and Coreidae often secrete aggregation pheromones or sex
pheromones (Aldrich, 1988). Some of these pheromones have been chemically
identified (aggregation pheromone: Kochansky et al., 1989; Aldrich et al., 1991,

∗To whom correspondence should be addressed. Present address: Hokkaido Ornamental Plants and
Vegetables Research Center, Higashi-Takikawa 735, Takikawa, Hokkaido 073-0026, Japan.
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1997; Leal et al., 1995, 1996, 1998; Sugie et al., 1996; sex pheromone: Br´ezot
et al., 1994). On the other hand, in 12 species of Miridae, females attract males of
the same species (Scales, 1968; Boivin and Stewart, 1982; Thistlewood et al., 1989;
McBrien and Millar, 1999), and female sex attractant pheromones have been iden-
tified for Campylomma verbasci(Smith et al., 1991),Phytocoris relativus(Millar
et al., 1997), andP. californicus(Millar and Rice, 1998).

The rice leaf bug,Trigonotylus caelestialium(Kirkaldy) (Miridae), is a major
pest causing pecky rice, and also injuring wheat, maize, and gramineous forage
grasses in the northern part of Japan. Males are attracted and sexually stimulated
by virgin females, indicating that females posses a sex pheromone (Kakizaki and
Sugie, 1997). Identification of the female sex pheromone ofT. caelestialiumis
reported in this paper.

METHODS AND MATERIALS

Insects and Pheromone Extraction. Adult bugs of the second generation of
T. caelestialiumwere collected in an insect collecting tube (3 cm diam., 8 cm long)
near a light from 20:00 hr to 24:00 hr at Hokkaido Central Agricultural Experiment
Station (HCAES), Naganuma, in mid-August 1992, 1993, and 1994. Females and
males were placed in separate tubes. Whole bodies of about 100–200 bugs were
dipped into 30 ml of hexane and extracted for one to two days at room temperature.

Column Chromatography. After evaporation of the solvent, extracts were
placed on a column packed with the Florisil containing 7% H2O (Carroll, 1961),
and successively eluted with hexane, 5%, 15%, 25%, and 50% ether in hexane.

Bioassay by Coupled Gas Chromatography–Electroantennographic Detector
(GC-EAD). The responses of antennae ofT. caelestialiummales to each fraction
from the Florisil column chromatography were recorded with a GC-EAD system
(Struble and Arn, 1984), and the compounds in the extracts were monitored by a
gas chromatograph (Hewlett-Packard HP5890) equipped with an HP-INNOWAX
capillary column (Hewlett-Packard: 30 m×0.53 mm ID×0.25-µm film thickness)
and coupled to a thermal conductivity detector (TCD). The oven temperature was
programmed at 5◦C/min from 60◦C (1.5 min) to 220◦C (30 min).

Chemical Analysis. Each EAD active compound in the fraction from Florisil
column chromatography of female and male body extracts was collected from a
vent of the TCD by a glass capillary tube. EAD activities were confirmed by GC-
EAD, and the compounds were analyzed by gas chromatography–mass spectrom-
etry (GC-MS). GC-MS analysis (EI mode) was performed on a Hewlett-Packard
HP5971A with an HP-INNOWAX capillary column (60 m× 0.33 mm ID×
0.25-µm film thickness). The oven temperature was programmed as above. The
interface temperature was 250◦C. Structures of ester compounds were estimated
by the characteristic fragment ions, corresponding to the Cm carboxylic moiety
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(e.g., Cm−1H2m−1COOH2
+ and Cm−1H2m−1CO+), and the Cn alcohol moiety

(e.g., CnH2n
+), and the molecular ion (M+). Double-bond positions in unsaturated

compounds were determined by adduction of dimethyl disulfide (DMDS) (Buser
et al., 1983). Geometric isomerism was determined by comparing GC retention
times for synthetic compounds with the polar column noted above.

Chemical Synthesis. Esters were synthesized by using dicyclohexylcarbodi-
imide (DCC) and aminopyridine catalyst (Hassner and Alexanian, 1978) and the
same equivalent of the corresponding carboxylic acids and the alcohols. The com-
pounds were purified by silica gel (Wakogel C-200) column chromatography with
a solvent system of hexane–ethyl acetate (10–20:1). Geometric isomers were sep-
arated by silica gel–silver nitrate (16.7%) column chromatography. The purity
of each compound was greater than 99.8%, and the isomeric purity greater than
99.9% by GC.

Baits. Solutions containing test samples in 1µl hexane were loaded in the
center of glass capillary tubes (Duran ringcaps 5µl, 0.021 mm ID, 125 mm
long, bent into a V shape at the center by heating with a gas burner) (Kozai and
Wakamura, 1982). The hexane was evaporated at room temperature overnight, and
they were used as lure in all experiments. Two virgin females in a steel net cage
(soup basket; 6 cm diam.× 6.5 cm high and 1.0 mm mesh) also were used in the
test for comparison to the synthetic sex pheromone.

Field Experiments. Field experiments were carried out during the second
(August–September) and third (October) adult generations ofT. caelestialiumin
fields of Italian rye grass at HCAES (22,500 m2, in 1995–1997), and at Hokkaido
Ornamental Plants and Vegetables Research Center (6000 m2, Takikawa, in 1998).
Water-pan traps (white, 35 cm diam.× 6 cm deep) were used. The baits were hung
20 cm above the pans with wire. Blank traps without baits were used as controls.
Three to six replicates were conducted for each experiment. The traps were placed
in a line 20–25 m apart on the ground in fields. The number of bugs captured by
each trap was counted at intervals of one to three days, and the location of traps
was rotated at the same time.

In test I, attraction activity of each of the 10 EAD active compounds, a six-
component mixture ofn-hexyl n-hexanoate (5µg), (E)-2-hexenyln-hexanoate
(2.5 µg), n-hexyl (E)-2-hexenoate (5 ng),n-octyl n-butyrate (150 ng),n-octyl
n-hexanoate (275 ng), (E)-2-octenyln-hexanoate (275 ng), and a 10-component
mixture of n-pentyl n-hexanoate (5 ng),n-hexyl n-butyrate (1.15µg), (E)-2-
hexenyln-butyrate (450 ng), andn-hexyl (E)-2-butenoate (150 ng) mixed with
the above mentioned six-component mixture were tested. In test II, one of the
compounds of the six-component mixture was deleted to evaluate the neces-
sity of the compound. In test III, one of the compounds of a mixture ofn-
hexyl n-hexanoate, (E)-2-hexenyln-hexanoate,n-hexyl (E)-2-hexenoate,n-octyl
n-butyrate, andn-octyl n-hexanoate, which were selected by test II, was deleted
and the necessity of the compounds was evaluated. In test IV, attraction activity
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of a three-component mixture ofn-hexyl n-hexanoate (3µg), (E)-2-hexenyln-
hexanoate (1.5µg), and n-octyl n-butyrate (90 ng), which were selected by
test III, was evaluated. Effect of the addition of eithern-pentyl n-hexanoate,
n-hexyl n-butyrate, (E)-2-hexenyln-butyrate,n-hexyl (E)-2-butenoate, or all of
these compounds to the three-component mixture was evaluated in tests V and VI.
In test VII, effect of the addition ofn-octyl n-butyrate in variable doses of 0.015–
1.5µg in a mixture ofn-hexyln-hexanoate (5µg) and (E)-2-hexenyl n-hexanoate
(2.5µg) was evaluated. Effect of the addition (E)-2-hexenyln-hexanoate in vari-
able doses of 0.5–5µg on a mixture ofn-hexyl n-hexanoate (5µg) andn-octyl
n-butyrate (0.15µg) were evaluated in test VIII. In test IX, optimum doses of the
three-component mixture in a ratio of 1000:400:30 ranging from 1.43µg to 143µg
were evaluated with glass capillary tubes. In test X, attraction activity of the sex
pheromone,n-hexyl n-hexanoate (5µg), (E)-2-hexenyln-hexanoate (2.5µg), and
n-octyl n-butyrate (150 ng) loaded into the glass capillary tube was compared with
that of traps baited with two virgin females.

Trap data (X) were transformed to square root (X + 0.5) before analysis of
variance, and were compared by Tukey’s test.

RESULTS

EAD Active Peaks in Extracts. All EAD active peaks by male antennae were
contained in the 5% ether in hexane fraction from the Florisil column chromatog-
raphy (Table 1). In the extracts of one female equivalent (1 FE), there were two
stronger EAD peaks (about 1.05–0.95 mV), three intermediate EAD peaks (about
0.3–0.15 mV), and five weaker EAD peaks (about 0.05–0.025 mV). EAD peaks
with identical retention times to those of above peaks were also detected in male
body extracts.

Identification of EAD Active Compounds. EAD active compounds were iden-
tified as in Table 1: Two stronger EAD active compounds aren-hexyln-hexanoate
{H:H, abbreviation in all tables; the retention time (Rt ) = 30.67 min;m/z 117
[relative intensity: 100% (base peak)], 99 (52%), 84 (40%), 200 (M+, 0.3%)}, and
(E)-2-hexenyln-hexanoate [E2H:H; Rt = 32.38 min;m/z117 (3%), 99 (100%), 82
(20%), 198 (M+, 2.5%); DMDS adduct:m/z292 (M+), 103 (C3H7CH S+CH3),
189 (CH3S+ CHCH2OCOC5H11); syntheticE isomer,Rt = 32.38 min,Z-isomer,
Rt = 32.17 min]. Three intermediate EAD active compounds aren-hexyl (E)-2-
hexenoate [H:E2H; Rt = 34.46 min;m/z 115 (100%), 97 (36%), 84 (5%), 198
(M+, 0.1%); DMDS adduct:m/z 292 (M+), 189 (C6H13OCOCH S+CH3), 103
(CH3S+ CHC3H7); syntheticE isomer,Rt = 34.46 min],n-octyl n-hexanoate
[O:H; Rt = 36.45 min;m/z117 (100%), 99 (40%), 112 (38%), 228 (M+, 0.2%)],
and (E)-2-octenyl n-hexanoate [E2O:H; Rt = 32.38 min; m/z 117 (3%),
99 (100%), 110 (10%), 226 (M+, 2.3%); DMDS adduct:m/z 320 (M+), 131
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TABLE 1. EAD ACTIVE COMPOUNDS IN5% ETHER IN HEXANE FRACTION FROM

FLORISIL COLUMN CHROMATOGRAPHY TOMALE ANTENNAE

IN Trigonotylus caelestialium

Relative ratio
in extractsc

Compounda
Retention time

(min)b Female Male

EAD activity in
one female extract

(mV)

H:H 30.67 1000 1000 1.05
E2H:H 32.38 414–491 271–342 0.95
H:E2H 34.46 tr.–5 10–43 0.15
O:B 30.82 5–11 1–3 0.05
O:H 36.45 55–71 58–78 0.2
E2O:H 38.10 50–63 14–19 0.3
P:H 27.65 tr.–3 tr. 0.05
H:B 24.91 225 178 0.05
E2H:B 26.70 90 36 0.05
H:E2B 28.98 32 26 0.025

aAbbreviations: H:H,n-hexyl n-hexanoate;E2H:H, (E)-2-hexenyln-hexanoate; H:E2H, n-hexyl
(E)-2-hexenoate; O:B,n-octyl n-butyrate; O:H, n-octyl n-hexanoate;E2O:H, (E)-2-octenyl
n-hexanoate; P:H,n-pentyln-hexanoate; H:B,n-hexyln-butyrate;E2H:B, (E)-2-hexenyln-butyrate;
H:E2B, n-hexyl (E)-2-butenoate.

bGC: one female equivalent of 5% ether in hexane fraction from the Florisil column chromatog-
raphy was injected and separated on an HP-INNOWAX column, programmed at 5◦C/min from
60◦C (1.5 min) to 220◦C (30 min).

cInvestigations were performed for first six compounds in 1992 and 1993, and for all ten compounds
in 1994.

(C5H11CH S+CH3), 189 (CH3S+ CHCH2OCOC5H11); synthetic E isomer,
Rt = 38.10 min,Z isomer, Rt = 37.11 min]. Five weaker EAD active com-
pounds aren-octyl n-butyrate [O:B;Rt = 30.82 min;m/z 89 (100%), 71 (98%),
112 (24%), 201 (M+1, 0.5%)],n-pentyl:n-hexanoate [P:H;Rt = 27.65 min;m/z
117 (100%), 99 (62%), 70 (59%), 186 (M+, 0.3%)], n-hexyl n-butyrate [H:B;
Rt = 24.91 min;m/z 89 (100%), 71 (85%), 84 (45%), 172 (M+, 0.1%)], (E)-2-
hexenyln-butyrate [E2H:B; Rt = 26.70 min;m/z89 (4%), 71 (100%), 82 (15%),
170 (M+, 1.0%); DMDS adduct:m/z 264 (M+), 103 (C3H7CH S+CH3), 161
(CH3S+ CHCH2OCOC3H7); syntheticE isomer,Rt = 26.70 min,Z isomer,Rt

= 26.50 min], andn-hexyl (E)-2-butenoate [H:E2B; Rt = 28.98 min;m/z 87
(83%), 69 (100%), 84 (4%), 171 (M+1, 1.0%); DMDS adduct:m/z 264 (M+),
189 (C6H13OCOCH S+CH3), 75 (CH3S+ CHCH3); syntheticE isomer,Rt =
28.98 min].

These EAD active compounds were identified from whole body extracts of
both sexes, and female-specific compounds showing EAD activity could not be
detected.

Ratio of Compounds in Extracts. The ratios of the 10 compounds in fe-
male and male body extracts were quantified as Table 1. The relative ratios of
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(E)-2-hexenyln-hexanoate, (E)-2-octenyln-hexanoate, andn-octyl n-butyrate to
n-hexyl n-hexanoate tended to be high in female extracts, and that ofn-hexyl
(E)-2-hexenoate ton-hexyln-hexanoate in male extracts.

Mean amounts ofn-hexyl n-hexanoate in whole-body extracts were 127 ng
per female (N = 10) and 27 ng per male (N = 10) at seven days after emergence.

Attraction Activity of EAD Active Compounds in the Field. None of the ten
EAD active compounds alone attracted males, but the six- and 10-component
mixtures were both equally attractive to males (test I in Table 2). Whenn-hexyl
n-hexanoate or (E)-2-hexenyln-hexanoate were deleted from the six- or five-
component mixture (tests II and III in Table 3), the numbers of males captured
were as low as those in blank traps. By addingn-octyl n-butyrate to the mixture of
n-hexyln-hexanoate and (E)-2-hexenyln-hexanoate (test IV), the number of cap-
tured males increased. However, the deletion of (E)-2-octenyln-hexanoate,n-octyl
n-hexanoate, orn-hexyl (E)-2-hexenoate from the six- and five-component

TABLE 2. ATTRACTIVENESS OFEAD ACTIVE COMPOUNDS ANDTHEIR

MIXTURES TOT. caelestialiumIN THE FIELD (TESTI, NAGANUMA ,
AUGUST11–25, 1995)

Bugs caught/trapb

Baitsa
Amount

(µg) Males Females Nymphs

H:H 5 2.7 b 0.7 a 0.3 a
H:H 1 2.7 b 0.3 a 0.3 a
E2H:H 5 4.3 b 0.3 a 0 a
E2H:H 1 6.3 b 0.7 a 0.7 a
H:E2H 1 1.7 b 1.3 a 0.7 a
O:B 1 3.0 b 1.0 a 0.7 a
O:H 1 3.0 b 0.3 a 0.3 a
E2O:H 1 5.3 b 0.7 a 0.3 a
P:H 1 2.3 b 0.7 a 1.0 a
H:B 1 4.7 b 1.0 a 0.3 a
E2H:B 1 2.7 b 0.7 a 0.7 a
H:E2B 1 3.3 b 0.7 a 0.7 a
6-componentc 8.205 13.3 a 0.3 a 0.7 a
10-componentd 9.960 12.7 a 0.7 a 1.7 a
Blank 4.0 b 0.7 a 0.3 a

aThese compounds and mixtures were loaded in glass capillary tubes. Abbrevia-
tions are same as in Table 1.

bValues are means from three traps during the period of the investigation. The means
followed by the same letter in the same column are not different at the 5% level
by Tukey’s test.

cMixture of 5µg H:H, 2.5µg E2H:H, 5 ng H:E2H, 150 ng O:B, 275 ng O:H and
275 ngE2O:H.

dMixture adding of 5 ng P:H, 1.15µg H:B, 450 ngE2H:B and 150 ng H:E2B on
the above six-component mixture.
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TABLE 3. ATTRACTIVENESS OF6-, 5-, 4-, 3-,AND 2-COMPONENTMIXTURES OF

EAD ACTIVE COMPOUNDS TOT. caelestialiumIN THE FIELD AT NAGANUMA

Baitsa

Bugs caught/trapb
H:H
(µg)

E2H:H
(µg)

O:B
(ng)

H:E2H
(ng)

O:H
(ng)

E2O:H
(ng) Males Females Nymphs

Test II, August 8–15, 1995

5 2.5 150 5 275 275 15.3 ab 2.0 a 0.3 a
5 2.5 150 5 275 17.0 a 2.2 a 0.2 a
5 2.5 150 5 275 12.7 abc 1.7 a 0 a
5 2.5 150 275 275 11.8 abc 1.7 a 0.3 a
5 2.5 5 275 275 13.0 ab 1.8 a 0.3 a
5 150 5 275 275 7.8 cd 2.5 a 0.7 a

2.5 150 5 275 275 7.8 cd 2.5 a 0.5 a
Blank 5.5 d 1.7 a 0.5 a

Test III, August 13–27, 1996

5 2.5 150 5 275 16.5 ab 1.2 a 1.3 a
5 2.5 150 5 22.7 a 1.2 a 2.0 a
5 2.5 150 275 23.2 a 1.7 a 2.3 a
5 2.5 5 275 16.5 ab 1.8 a 1.7 a
5 150 5 275 7.2 c 2.3 a 1.0 a

2.5 150 5 275 9.8 bc 2.3 a 0.8 a
Blank 3.7 c 1.0 a 0.8 a

Test IV, August 9–23, 1996

3 1.5 90 32.3 a 0 a 0 a
3 1.5 20.7 b 0.3 a 0 a

Blank 0.7 c 0 a 0 a

aMixtures were loaded in glass capillary tubes. Abbreviations are same as in Table 1.
bValues are means from six traps (test II and III) or three traps (test IV) during the period of
the investigation. The means followed by the same letter in the same column in each test are not
different at the 5% level by Tukey’s test.

mixtures (tests II and III), and the addition of each compound ofn-pentyl
n-hexanoate,n-hexyl n-butyrate, (E)-2-hexenyln-butyrate, andn-hexyl (E)-2-
butenoate (test V in Table 4), and of a mixture of these four compounds (test VI) to
the three-component mixture, did not affect male attraction. No females or nymphs
of T. caelestialiumwere attracted to these mixtures in any of the experiments.

Optimum Ratio and Doses of the Three Compounds for Male Attraction.
The addition of 0.05–0.5µg n-octyl n-butyrate in a two-component mixture of
5µg n-hexyln-hexanoate and 2.5µg (E)-2-hexenyln-hexanoate (in ratios of 10–
100:1000:500) (test VII in Table 5), and the addition of 2–2.5µg (E)-2-hexenyl
n-hexanoate in a two-component mixture of 5µgn-hexyln-hexanoate and 0.15µg
n-octyl n-butyrate (in ratios of 400–500:1000:30) (test VIII), led to more males
being captured than in other ratios.
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TABLE 4. EFFECT ONATTRACTIVENESS TOT. caelestialiumBY ADDING FOUR EAD
ACTIVE COMPOUNDS TO3-COMPONENTMIXTURES IN THE FIELD AT NAGANUMA

Baitsa

Bugs caught/trapb
H:H
(µg)

E2H:H
(µg)

O:B
(ng)

P:H
(ng)

H:B
(µg)

E2H:B
(ng)

H:E2B
(ng) Males Females Nymphs

Test V, August 15–28, 1997

5 2.5 150 5 12.6 a 1.8 a 0 a
5 2.5 150 1.15 10.4 a 0.6 a 0.2 a
5 2.5 150 450 11.0 a 0.2 a 0.6 a
5 2.5 150 150 12.4 a 0.8 a 0.6 a
5 2.5 150 11.2 a 0.6 a 0.4 a

Blank 1.2 b 0.8 a 0.2 a
Test VI, August 15–25, 1997

5 2.5 150 5 1.15 450 150 15.3 a 0 a 0.3 a
5 2.5 150 16.0 a 0.7 a 0.3 a

Blank 0 b 0.3 a 0 a

aMixtures were loaded in glass capillary tubes. Abbreviations are same as in Table 1.
bValues are means from five traps (test V) and three traps (test VI) during the period of the investi-
gation. The means followed by the same letter in the same column in each test are not different at
the 5% level by Tukey’s test.

Doses greater than 42.9µg of the three-component mixture captured smaller
numbers of males than doses within the range 1.43–14.3µg (test IX in Table 6),
indicating that attraction was inhibited by excessive amounts. At all doses used,
glass capillary tubes containing doses of 4.29µg and 14.3µg caught the largest
numbers of males.

Comparison of Numbers of Bugs Captured by Synthetic Sex Pheromone and
Two Virgin Females. The numbers of male bugs captured by traps baited with
7.65µg of the three-component mixture were greater than those by traps baited
with two virgin females (test X in Table 7).

DISCUSSION

The 10 compounds identified stimulated a response from male antennae. How-
ever,n-hexyl (E)-2-hexenoate,n-octyl n-hexanoate, (E)-2-octenyln-hexanoate,
n-pentyl n-hexanoate,n-hexyl n-butyrate, (E)-2-hexenyln-butyrate, andn-hexyl
(E)-2-butenoate did not affect the attraction activity, and these compounds were
shown not to be necessary for attraction. In conclusion, only three compounds
are responsible for male attraction:n-hexyl n-hexanoate and (E)-2-hexenyl
n-hexanoate were the essential components, andn-octyl n-butyrate enhanced the
male attraction in combination with the two essential components. Neither females
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TABLE 5. ATTRACTIVENESS OF3-COMPONENT

MIXTURE WITH VARIABLE RATIOS TO T. caelestialium
IN THE FIELD AT NAGANUMA

Baitsa

H:H E2H:H O:B
(µg) (µg) (µg) Male bugs caught/trapb

Test VII, October 2–16, 1997

5 2.5 0 5.3 b
5 2.5 0.015 5.7 b
5 2.5 0.05 10.0 a
5 2.5 0.15 6.7 ab
5 2.5 0.5 6.0 ab
5 2.5 1.5 4.7 b

Blank . 0 c
Test VIII, October 1–12, 1997

5 0.5 0.15 8.0 d
5 1 0.15 8.7 cd
5 1.5 0.15 8.7 cd
5 2 0.15 16.0 a
5 2.5 0.15 12.7 abc
5 3 0.15 8.7 cd
5 3.5 0.15 7.3 d
5 4 0.15 8.0 d
5 4.5 0.15 10.7 bcd
5 5 0.15 14.7 ab

Blank 0.7 e

aMixtures were loaded in glass capillary tubes. Abbreviations
are same as in Table 1.

bValues are means from three traps during the period of the
investigation. The means followed by the same letter in
the same column in each test are not different at the 5%
level by Tukey’s test.

nor nymphs were attracted to the three-component mixture. Therefore, the three-
component mixture appears to be the sex pheromone of femaleT. caelestial-
ium. Although a clear optimum ratio ofn-hexyl n-hexanoate and (E)-2-hexenyl
n-hexanoate was not shown, the mixtures ofn-hexyl n-hexanoate (E)-2-hexenyl
n-hexanoate,n-octyl n-butyrate in ratios of 1000:400–500:10–100 were attractive
to males.

In Miridae, the mixture ofn-butyl n-butyrate and (E)-2-butenyln-butyrate in
Campylomma verbasci(Smith et al., 1991), the mixture ofn-hexyl acetate and (E)-
2-octenyln-butyrate inPhytocoris relativus(Millar et al., 1997), and the mixture
of n-hexyl acetate and (E)-2-octenyl acetate inP. californicus(Millar and Rice,
1998) were reported as attractant pheromones. The pheromones in these species
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TABLE 6. ATTRACTIVENESS OF3-COMPONENTMIXTURE WITH

VARIABLE AMOUNTS TOT. caelestialiumIN THE FIELD (TESTIX,
TAKIKAWA , OCTOBER9–23, 1998)

Baitsa

H:H E2H:H O:B Total amounts Male bugs
(µg) (µg) (µg) (µg) caught/trapb

100 40 3 143 10.7 b
30 12 0.9 42.9 12.3 b
10 4 0.3 14.3 23.7 a
3 1.2 0.09 4.29 32.3 a
1 0.4 0.03 1.43 15.0 b

Blank 0.7 c

aMixtures were loaded in glass capillary tubes. Abbreviations are same
as in Table 1.

bValues are means from three traps during the period of the investigation.
The means followed by the same letter are not different at the 5% level by
Tukey’s test.

contain at least one female-specific compound. On the other hand, in the case of
T. caelestialium, the components of the attractant pheromone were common in
body extracts of both sexes. However, traps baited withT. caelestialiummales do
not attract conspecific males (Kakizaki and Sugie, 1997), and there may be other
factors disturbing the attraction by the males.

In a number of true bugs, many esters have been detected from extracts or
secretions (Aldrich, 1988).n-Hexyln-hexanoate and/or (E)-2-hexenyln-hexanoate

TABLE 7. ATTRACTIVENESS OFSYNTHETIC SEX PHEROMONE

AND TWO VIRGIN FEMALES IN T. caelestialiumIN THE FIELD

(TESTX, TAKIKAWA , OCTOBER12–16, 1998)

Bugs caught/trapa

Baits Males Females Nymphs

Sex pheromoneb 15.7 a 0 a 0 a
2 femalesc 8.0 b 0 a 0 a
Blank 0 c 0 a 0 a

aValues are means from three traps during the period of the investigation.
The means followed by the same letter in the same column are not
different at the 5% level by Tukey’s test.

bMixture of 5µg H:H, 2.5µg E2H:H and 150 ng O:B was loaded in
glass capillary tube. Abbreviations are same as in Table 1.

cTwo virgin females were kept in a steel net cage with the germinal
forage grasses.
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were reported in secretions ofBlepharidopterus angulatus(Miridae) (Knight et al.,
1984) andHomoeocerus unipunctatus(Coreidae) (Kitamura et al., 1984), and
(E)-2-hexenyln-hexanoate was reported to be an alarm pheromone inRiptortus
clavatus(Alydidae) (Leal and Kadosawa, 1992). However,n-octyl n-butyrate has
not been reported from other true bugs. The existence ofn-hexyl n-butyrate or
(E)-2-hexenyln-butyrate was reported in other mirids (Gueldner and Parrott, 1978;
Knight et al., 1984; Smith et al., 1991; Millar et al., 1997).

This pheromone would be useful for monitoringT. caelestialiumadult pop-
ulations. The attraction period of the lures with the glass capillary tubes was less
than two weeks, and a more long-lived pheromone dispenser should be developed
for monitoring.
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Abstract—Secretions from the dorsal gland of male and female free-ranging
adult white-lipped peccaries (Tayassu pecari) from Bolivia were analyzed by
gas chromatography–mass spectrometry. Fifty compounds were identified, some
provisionally. Secretions of both sexes contain saturated and unsaturated
C5–C18 carboxylic acids as well as isomers of the diterpene springene. The
females’ secretions uniquely possess farnesyl esters of C8 and C10 carboxylic
acids, whereas the males’ secretions uniquely showed two compounds provi-
sionally identified as monounsaturated C16 lactones. Saturated high-molecular-
weight esters of C10 carboxylic acids are more abundant in the females’ se-
cretions than in those of the males. The secretions of both sexes also contain
monoalkanoate esters of methylhydroquinone as major components.

Key Words—Dorsal gland, white-lipped peccary,Tayassu pecari, gas chro-
matography, mass spectrometry, springene, farnesyl esters, phenols.

INTRODUCTION

Peccaries (Tayassuidae) are New World artiodactyl mammals represented by three
extant species: the collared (Tayassu tajacu), the white-lipped (T. pecari), and the

∗To whom correspondence should be addressed. E-mail: J.S.Waterhouse@apu.ac.uk
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Chacoan peccary (Catagonus wagneri) (Sowls, 1984). All three species possess
a prominent skin gland, known as the dorsal gland, located in the middle of the
rump. This organ produces strongly odorous secretions that are thought to repel
predators (Epling, 1956) or to have pheromonal activity (e.g., Sowls, 1984). An
analysis of the dorsal gland secretions of free-rangingT. tajacu from Texas re-
vealed squalene, geranylgeraniol, and several isomers of springene—a diterpene
homolog of farnesene (Waterhouse et al., 1996). High-molecular-weight, straight-
and branched-chain aliphatic esters were prominent in females but were not ob-
served in males.

We report here the results of an analysis of the volatile components of dor-
sal gland secretions of free-rangingT. pecarifrom Bolivia. This species, which
normally travels in herds of from 50 to hundreds of individuals (Kiltie and
Terborgh, 1983, and references therein), inhabits rain forests from southern
Mexico to northeastern Argentina.T. pecarirubs its dorsal gland primarily against
conspecifics during alloanointing. In this situation, peccaries stand side-by-side,
facing in opposite directions, and rub their glands against each other (Sowls,
1984) (Figure 1). In the field, alloanointing has been observed among as many
as four individuals simultaneously (Hernandez et al., 1995). Sowls (1984) as-
serts thatT. pecari emits the strongest scented dorsal gland secretions of the
three peccary species, a feature that may render it less preferred for human
consumption.

METHODS AND MATERIALS

Sample Collection

Dorsal gland secretions were collected during February 1997 from adult
T. pecariin free-ranging herds in the Noel Kempff Mercado National Park, Santa
Cruz, Bolivia, at the base of the northern tip of the Huanchaca escarpment. Pec-
cary herds were captured in a large pen constructed around a frequently used
salt lick in the forest. Once in the pen, animals received 120–150 mg of equal
parts of tiletamine hydrochloride and zolazepam (Telazol) in plastic darts deliv-
ered by a CO2-powered pistol. Individuals not sufficiently immobilized for safe
handling received 100 mg doses of ketamine hydrochloride injected intramus-
cularly. Secretions from eight males and 12 females were collected by placing
the mouth of a glass vial over the duct opening of the gland and then manually
applying pressure to the body of the gland. Secretions were pooled according
to sex and several milliliters of hexane were added to each vial before it was
sealed with a polyethylene-lined cap. Vials were shipped on solid CO2 and stored
at−70◦C.
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Analytical Methods

Secretion samples were diluted with further volumes of hexane. Samples
(1µl) of the resulting solutions were analyzed by gas chromatography–mass spec-
trometry (GC–MS) as described previously (Waterhouse et al., 1996). Identities of
compounds were indicated by their mass spectra. For most compounds, identities
were confirmed by comparisons of retention times with those of authentic com-
pounds, which were obtained commercially (Sigma-Aldrich, Gillingham, UK) or
synthesized. Synthesized farnesyl esters were analyzed using a second set of con-
ditions: a Hewlett-Packard 5890 gas chromatograph fitted with a HP 1 column
(50 m× 0.32 mm ID, 0.25-µm film thickness) coupled to a VG Autospec mass
spectrometric detector using the following temperature program: 30–250◦C, be-
ginning at 30◦C for 5 min, raised at 5◦C/min, and finally held at 240◦C.

Synthetic Methods

Farnesyl Esters.A mixture of (Z,Z)-, (E,Z)-, (Z,E)-, and (E,E)-farnesyl de-
canoates was prepared by standard methods (Khorana, 1953; Brown, 1963) using
molecular equivalent amounts of farnesol and decanoic acid with a threefold molec-
ular equivalent of dicyclohexylcarbodiimide and a catalytic amount of dimethy-
laminopyridine in dichloromethane at room temperature.

Methylhydroquinone Esters.Reaction in tetrahydrofuran of a 1:1 molar ra-
tio of methylhydroquinone (Sigma-Aldrich) and either 2-methylpropanoyl chlo-
ride or 2-methylbutanoyl chloride (Sigma-Aldrich) in the presence of a molar
excess of the strongly basic ion exchange resin SRA 65 (Sigma-Aldrich) in its
OH form yielded products containing mono esters of methylhydroquinone. The
esters were not isolated, but their identities were confirmed by their mass spec-
tra, which display the followingm/z (%) values: 2-methyl-4-hydroxyphenyl 2-
methylbutanoate: 208(M+, 4), 125(10), 124(100), 95(3), 85(3), 77(5), 57(18),
55(4), 41(13), 39(8); 3-methyl-4-hydroxyphenyl 2-methylbutanoate: 208(M+, 5),
125(7), 124(100), 94(5), 85(3), 77(6), 67(6), 57(27), 55(5), 41(15), 39(7); 2-
methyl-4-hydroxyphenyl 2-methylpropanoate and 3-methyl-4-hydroxyphenyl 2-
methylpropanoate (indistinguishable mass spectra): 194(M+, 5), 125(8), 124(100),
123(19), 95(8), 77(6), 67(6), 55(7), 43(39), 41(15), 39(14).

RESULTS AND DISCUSSION

Chromatograms obtained from male and female pooled samples are shown in
Figure 2, in which peak numbers correspond to compound numbers identified in
Table 1. Our analysis ofT. pecari reveals some components in common with
T. tajacu, its sole extant congener. We identified the following three isomers of
springene in maleT. pecari: (3Z,6E,10E)-α-springene, (3E,6E,10E)-α-springene,
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and (6E,10E)-β-springene. The identities of these compounds were confirmed by
comparison of their mass spectra and retention times with those of synthesized
compounds (Waterhouse et al., 1996). UnlikeT. tajacu, however, where both
sexes contain all three springenes, we observe only (3E,6E,10E)-α-springene
in female T. pecari. These isomers of springene were first reported from the
dorsal gland of another artiodactyl, the springbok (Antidorcas marsupialis)

FIG. 2. Gas chromatograms of hexane extracts of dorsal gland secretions of eight male and
12 femaleTayassu pecari.
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FIG. 2. Continued.

(Burger et al., 1978, 1981). Squalene (allE isomer) was detected in maleT. pecari;
this and another unidentified isomer of squalene were reported in both sexes of
T. tajacu(Waterhouse et al., 1996).

We observed a variety of esters inT. pecari, which were largely confined to
females. A total of 13 farnesyl esters were indicated in the females’ secretions. The
(Z,Z)-, (E,Z)-, (Z,E)-, and (E,E)-farnesyl decanoates in the secretions (34, 36, 37,
and40, respectively) were resolved and identified by comparison of retention times
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TABLE 1. COMPOUNDSIDENTIFIED IN DORSAL GLAND SECRETIONS OFMALE

AND FEMALE Tayassu pecari

Compound no.a Compound Male Female

Carboxylic acids
1 2-Methylbutanoic acid +c −c

2 Hexanoic acidb + −
5 Octanoic acidb + +
6 Phenylacetic acidb + −
7 Nonanoic acidb + −
8 3-Phenylpropanoic acid + −
9 Decanoic acidb + +

10 2-Methyldecanoic acid + −
11 Dodecanoic acidb + +
16 Tetradecanoic acidb + +
19 Pentadecanoic acid + −
21 9-Hexadecenoic acid + +
23 Hexadecanoic acidb + +
26 Monounsaturated C18 carboxylic acid − +
27 9-(Z)-Octadecanoic acid (oleic acid)b − +

Alcohol
4 2-Phenylethanol + +

Phenolics
3 2-Methoxyphenolb + −

12 3-Methyl-4-hydroxyphenyl 2-methylpropanoateb + +
13 2-Methyl-4-hydroxyphenyl 2-methylpropanoateb + +
14 3-Methyl-4-hydroxyphenyl 2-methylbutanoateb + +
15 2-Methyl-4-hydroxyphenyl 2-methylbutanoateb + +

Lactones
17 Monounsaturated C16-lactone? + −
18 Monounsaturated C16-lactone? + −

Hydrocarbons
20 (6E,10E)-β-Springeneb,d + −
22 (3Z,6E,10E)-α-Springeneb,d + −
24 (3E,6E,10E)-α-Springeneb,d + +
50 Squalene (allE isomer)b,d + −

Esters
25 Ethyl nonanoate − +
28 Farnesyl C8-alkanoate − +
29 Farnesyl C8-alkanoate − +
30 Farnesyl C8-alkanoate − +
31 Farnesyl C8-alkanoate − +
32 Farnesyl alkanoate − +
33 Farnesyl alkanoate − +
34 (Z,Z)-Farnesyl decanoatea − +
35 Farnesyl C10-alkanoate − +
36 (Z,E)- Farnesyl decanoateb − +
37 (E,Z)-Farnesyl decanoateb − +
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TABLE 1. CONTINUED

Compound no.a Compound Male Female

38 Farnesyl C10-alkanoate − +
39 Farnesyl C10-alkanoate − +
40 (E,E)-Farnesyl decanoateb − +
41 Alkyl C10-alkanoate + −
42 C16-Alkyl C10-alkanoate − +
43 Hexamethyl 8-methylnonanoateb,d − +
44 C16-Alkyl C10-alkanoate + +
45 Hexadecyl decanoateb,d − +
46 Alkyl C10-alkanoate − +
47 Alkyl C10-alkanoate − +
48 Alkyl C10-alkanoate − +
49 Alkyl C10-alkanoate − +

aCompound numbers correspond to peak numbers shown in Figure 2.
bIdentities confirmed by comparison of retention time with that of authentic

compound.
c+, compound observed; –, compound not observed.
dCompounds also reported inT. tajacu(Waterhouse et al., 1996).

and mass spectra with those of the synthesized materials using CG-MS (second
conditions). However, in both the synthesized mixture and in the secretion, the
(E,Z)- and (Z,E)- isomers coeluted on GC analysis (Figure 2). Their mass spectra
all show an acyl fragment atm/z155 (C9H19CO+). Compounds35, 38, and39are
also provisionally identified as farnesyl esters of C10 carboxylic acids, as there are
very close similarities between their mass spectra and those of the synthetic farnesyl
decanoates and they each show an acyl fragment atm/z 155 (C9H19CO+). Full
identification was not possible, but it is likely that these compounds have branching
in the acid residues. Likewise,28–31are provisionally identified as farnesyl esters
of C8 carboxylic acids. They have similar mass spectra to those of the synthesized
farnesyl esters and they show an acyl fragment atm/z127 (C7H15CO+). There is
no acyl fragment observable in the mass spectra of34 and35, but the similarities
of their mass spectra to those of the other farnesyl esters suggests that they are also
farnesyl alkanoates.

At least nine saturated esters (41–49) are indicated inT. pecari.Only two
of them, hexyl 8-methylnonanoate and hexadecyl decanoate, were reported in
T. tajacu; they were positively identified by comparison of retention times with
those of the synthesized compounds (Waterhouse et al., 1996). The others were
tentatively identified from their mass spectra alone, which indicate them to be alkyl
C10-alkanoates. Evidence for this is provided by an acyl C9H19CO+ fragment
at m/z 155 and a peak atm/z 173, which is in many cases the base peak and
represents C9H19CO2H+2 resulting from a double hydrogen transfer. The lack of
identifiable molecular ions in the mass spectra of41and46–49does not allow the
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identification of the alkyl group. Compound42, with a molecular ion atm/z396 and
a C9H19CO+ fragment atm/z 155, is provisionally identified as a C16-alkyl C10-
alkanoate. Similar high-molecular-weight saturated esters have been previously
identified in the dorsal gland secretion ofT. tajacu(Waterhouse et al., 1996), and
esters43and45are common to both species. InT. tajacu, the esters are exclusive
to females. Although saturated esters are not exclusive to females inT. pecari, they
are more prominent in this sex.

We were unable to identify positively compounds17and18in the male secre-
tions. The mass spectra of both compounds exhibit molecular ions atm/z252 and
are indicative of monounsaturated C16 lactones. The mass spectrum of17exhibits
the following m/z (%) values: 252(4, M+), 196(15), 111(11), 110(11), 109(15),
97(21), 96(24), 95(30), 83(25), 82(27), 81(36), 79(14), 69(40), 68(35), 67(46),
55(87), 54(27), 43(45), 42(25), 41(100). The mass spectrum of18 exhibits the
following m/z (%) values: 252(8, M+), 196(6), 110(11), 109(17), 96(36), 95(37),
82(67), 81(63), 80(19), 79(24), 69(25), 68(45), 67(82), 55(68), 54(36), 43(31),
42(18), 41(100). This mass spectrum is nearly identical to that of isoambrettolide
[(Z)-oxacycloheptadeca-10-en-2-one], a commercially available isomer of am-
brettolide [(Z)-oxacycloheptadeca-8-en-2-one]; the latter naturally occurring C16

lactone is known from the ambrette seed (Abelmoschus moschatus) and is used as a
fragrance in perfumery (Mookhergee et al., 1972; Sanz and Seoane, 1982). Isoam-
brettolide, however, had a retention time 1.5 min longer than that of18. Thus, while
our data are consistent with the identification of 18 as an unsaturated C16 lactone,
we suspend judgement on its detailed structure and that of the apparently related17.

Significant components of both the male and female secretion are four es-
ters of methylhydroquinone: 2-methyl-4-hydroxyphenyl 2-methylpropanoate (12),
3-methyl-4-hydroxyphenyl 2-methylpropanoate (13), 3-methyl-4-hydroxyphenyl
2-methylbutanoate (14), and 2-methyl-4-hydroxyphenyl 2-methylbutanoate (15)
(Figure 3). To the best of our knowledge, these acylated methylhydroquinones have
not been reported previously. Although these compounds could be pheromonal,
they could offer reductive protection to the readily oxidizable springenes, since they
represent hydroquinones protected as the readily hydrolyzable monoesters. Other
naturally occurring anti-oxidants based on the hydroquinone structure have been
reported. For example,α-tocopherol hydroquinone (a metabolite ofα-tocopherol
containing a trimethylated hydroquinone unit) has been shown to be a more ef-
fective antioxidant scavenger thanα-tocopherol itself (Shi et al., 1999). Phenolic
compounds are known to occur in the skin gland secretions, urine, and other dis-
charges of a variety of mammals (Albone, 1984). Burger et al. (1999) identified
phenol, 3-methylphenol, 3-ethylphenol, and 3-propylphenol in the interdigital se-
cretions of the bontebok (Damaliscus dorcas dorcas). More than 20 phenolics
have been reported in castoreum, from the castor (anal) sacs of beavers (Castor
sp., Rodentia) (Lederer, 1946; Tang et al., 1993). These compounds, which may
function as pheromones (M¨uller-Schwarze, 1992), are thought to be derived from
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FIG. 3. Structures of monoalkanoyl esters of methylhydroquinone observed in dorsal gland
secretions ofTayassu pecari.

woody plants, the dietary staple of beavers (Lederer, 1946; Tang et al., 1993). The
phenolics that we have identified in the dorsal gland secretions ofT. pecarimay also
be derived from plants. This species, likeT. tajacu, subsists primarily on fruits and
seeds (Barreto et al., 1997).T. pecari, however, consumes larger and harder seeds
than doesT. tajacu, a feature attributed to its greater bite force (Kiltie, 1982).
The possibility that the different diets of these two peccaries underlie apparent
differences in their dorsal gland chemistry needs to be examined.
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Abstract—Mammals use urine, feces, or the secretion of specialized skin
glands to mark their territories. These sources can carry different information
and, thus, have different functions. Presently it is not known if beavers (Castor
spp.) deposit castoreum (primarily a mixture of secondary metabolites from
urine) from the castor sacs and secretion from the anal glands (AGS) together
or alone when scent marking their territories. We hypothesized that castoreum
would be the main scent signal used in the defense of beaver territories during
winter and predicted that castoreum would be deposited more often than AGS.
A total of 96 scent marks on snow were collected from January 1 to March 31,
1997–1999 in the Bø River, Telemark County, Norway. In order to obtain con-
trol material, we chemically analyzed AGS and castoreum from 60 dead beavers
collected during January–May 1997–1999. We compared the compounds found
in the dead beavers with compounds found in the scent marks on snow. Sam-
ples were analyzed by using gas chromatography–mass spectrometry (GC-MS).
All 96 scent marks contained compounds from castoreum, whereas compounds
from AGS were found in only four scent marks. This suggests that beavers do
not specifically deposit AGS on scent mounds as they do with castoreum and
that the AGS compounds we found probably were remnants of AGS from the
feet or fur following pelt lubrication or coprophagy behavior. We conclude that
castoreum is the main scent signal used in the defense of beaver territories during
winter.

Key Words—Beaver,Castor fiber, anal gland secretion, castor sacs, castoreum,
skin glands, snow-secretion.
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INTRODUCTION

Communication and social recognition in many mammals are based on olfactory
signals (Wynne-Edwards, 1962; Ralls, 1971; Schulte et al., 1994), and they use
urine, feces, or the secretion of specialized skin glands to mark their territories
(e.g., Müller-Schwarze, 1983; Gorman, 1984). Recent studies have demonstrated
that scent types can carry different information and, thus, have different func-
tions (Johnston et al., 1993). For instance, the study by Gorman et al. (1978) on
otters (Lutra lutra) showed that deposits of spraints and urine may be used in the
maintenance of otter territories, while the deposits of anal gland secretion (AGS)
sometimes found at the latrines appear to have another function. The primary roles
of skin glands of carnivores are the maintenance of the pelage and thermoregulation
(Gorman and Trowbridge, 1989). The same scent may also code for different infor-
mation and, thus, serve multiple functions (e.g., Quay and M¨uller-Schwarze, 1971;
Epple et al., 1979; Johnston, 1985), while different scents may carry the same infor-
mation (Baldwin and Meese, 1977; Roeder, 1980; Martin and Beauchamp, 1982).

Eurasian beaver (Castor fiber) and North American beaver (C. canadensis)
possess two pairs of organs: castor sacs and anal glands (Svendsen, 1978; Walro
and Svendsen, 1982). Both are suspected to be used for scent marking during
territory defense (e.g., Rosell and Bergan, 1998). These are located in two cavities
between the pelvis and base of the tail (Walro and Svendsen, 1982; Valeur, 1988).
The anal gland is a holocrine secretory gland, but the castor sac is only a pocket
lined with a layer of nonsecretory epithelium. They both open into the urogenital
pouch (cloaca) (Svendsen, 1978). The castor sac is used to store what is believed
to be a mixture of secondary metabolites from urine, collectively called castoreum
(Walro and Svendsen, 1982). Copious amounts of castoreum deposited on scent
mounds result from a process not dissimilar to urination except that the urine
flushes through the contents of the castor sacs. This material can be deposited on
the scent mound without the animal contacting the substrate with the cloacal region.
The anal gland papillae, however, must be rubbed on the substratum in order to
deposit the exudates (Wilsson, 1971; Svendsen, 1978). All age classes (except kits
younger than 5 months) and both sexes defend their territories by scent marking
(Wilsson, 1971; Svendsen, 1980; Welsh and M¨uller-Schwarze, 1989; Nolet and
Rosell, 1994; Buech, 1995). Scent is usually secreted by the Eurasian beaver onto
small piles of mud and debris scraped together and placed close to the water’s edge
and at the borders of the territory throughout the entire year (Rosell and Nolet,
1997; Rosell et al., 1998).

Both beaver species are suspected to use castoreum more frequently than AGS
when scent-marking the territories (Schulte et al., 1994, 1995; Rosell and Bergan,
1998). Schulte (1993) discovered by chemical analysis that many compounds in
the North American beaver scent mounds (N = 4) were common to castor sacs
and castor fluid collected from live beavers. The presence of AGS compounds
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was not examined. Field observations indicate that beavers scent mark using only
castoreum, only AGS, or sometimes both (Rosell and Bergan, 1998). The odor of
beaver scent marks, as detected by humans, varies greatly within site over time.
Whether this is due to different beavers or different scents (castoreum and AGS
smell different), or to a change in the compounds, is uncertain (Rosell and Bergan,
1998).

Castoreum consists of phenolic, neutral, basic, and acidic components (Tang
et al., 1995). No clear sex difference has been detected so far (Pedersen, 1999; Sun
and Müller-Schwarze, 1999). Chemical analyses of the AGS of Eurasian beavers
have revealed that AGS contains free fatty acids, fatty alcohols, coprostanone,
cholestenols, cyclic triterpenes, sterol esters, and wax esters. Wax esters are found
only in males, whereas females possess fatty acids (Grønneberg, 1978–1979;
Grønneberg and Lie, 1984). Most of the compounds in castoreum have a low molec-
ular weight (Tang et al., 1993, 1995; Pedersen, 1999), while most of the lipids in
AGS have a molecular weight above 300 (Grønneberg, 1978–1979; Grønneberg
and Lie, 1984; Sun, 1996). The upper size limit for airborne pheromones is a
molecular weight of about 300 (e.g., Wilson, 1963; Bradbury and Vehrencamp,
1998). Thus, AGS will normally not be volatile enough to act as an effective chem-
ical messenger through air. One function suggested for AGS is that it serves to
waterproof the fur (Walro and Svendsen, 1982). Excision of the anal glands seems
to reduce the ability of the pelage to repel water (Walro and Svendsen, 1982). Pro-
hibition of autogrooming in Eurasian beaver produces similar results (Wilsson,
1971). Both the glands that produce a secretion that waterproofs and maintains
the fur and the motor patterns associated with application of the secretion would
be expected to develop early in semiaquatic animals. Such is the case in beavers
(Walro and Svendsen, 1982). However, several researchers have found that AGS
can elicit territorial responses, similar to those shown to castoreum (Hodgdon,
1978; Müller-Schwarze et al., 1986). The secretion could be well suited to long-
term signaling and may be deposited around the territory borders for the purpose
of territory defense.

Castoreum may be an ideal substance for scent marking the territory be-
cause it has a minimal energetic cost to the signaler. Selection for effective signal-
sending behavior harnesses odors that are already available at no extra cost (M¨uller-
Schwarze, 1999). The large number of phenolics and terpenes in castoreum (Tang
et al. 1993, 1995), undoubtedly diet-derived, may, therefore, constitute an hon-
est signal, advertising the physical condition of the individual and, indirectly, the
food supply in the territory (M¨uller-Schwarze, 1999). As such, beavers may have
evolved a unique organ to store and excrete the secondary defense compounds
produced by plants, which may in turn be used in territorial scent marking.

Presently it is not known if beavers deposit castoreum and AGS together or
alone when scent marking their territories. Neither is it known how often beavers
deposit castoreum compared with AGS. The aim of this study was to investigate and
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to search for characteristic chemical compounds from the castor sacs and the anal
glands in scent deposited on snow in an effort to resolve this issue. We hypothesized
that castoreum is the main scent signal used in the defense of beaver territories
during winter, and predicted that castoreum is deposited more often than AGS.

METHODS AND MATERIALS

Study Area and Animals.The study was conducted on two distinct sections
of the Bø River in the municipalities of Bø and Sauherad (59◦25′N, 09◦03′–04′E)
in Telemark County, Norway. Section 1 was 13 km long, section 2 was 11 km,
and the sections were 5 km apart. The sections of the river studied averaged 35 m
in width, and most of the river was ice-free during winter due to hydroelectric
regulation further upstream. This provided us with the opportunity to study scent-
marking behavior of beaver uninhibited by the usual constraints of winter ice
(Rosell et al., 1998). Rosell et al. (1998) and Rosell and Bergan (2000) observed
that scent was deposited on snow during winter in our study area. Snow, in contrast
to the mud and debris normally used to build scent mounds, provides a suitable
substrate for determining the deposition frequency of castoreum and AGS on
scent mounds. Beavers have occupied the river since the 1920s (Olstad, 1937),
and colony density was believed to be near maximum during our field studies
(0.54–0.73 colonies/stream km in 1998). During October–December 1996–1998,
the study area was ground-censused for active colonies by recording food caches,
new mud on the lodges, and fresh feeding sites. Eight active colonies were found
on section 1 in 1996 and 1997, and 7 in 1998. Eight active colonies were present
on section 2 in 1998 (section 2 was not studied in 1996 and 1997). During autumn
1995, the average colony size on the Bø River (section 1) was 4.0± 0.6 (SD)
(Rosell et al., 1998). Territorial boundaries were drawn based on the location of
scent mound concentrations (Rosell and Nolet, 1997; Rosell et al., 1998) and from
sight observations of animals moving up- and downstream of the lodge (Rosell
et al., 1998).

Sample Collection.We collected a total of 96 scent samples on snow (hereafter
called snow-scent sample, SSS) between January 1 and March 31, 1997–1999
during 14 trips in the study area. Eighteen samples were collected during 1997,
35 during 1998, and 43 during 1999. A SSS was defined as a scent mark directly
on snow or in the ice (frozen), situated on a snow-covered tussock or snow mound
scraped together where fluid or secretion from the castor sacs and/or anal glands
had been deposited (Rosell et al., 1998). All scent marks had a detectable odorant
to the human nose at 2 cm or more. Minimum distance between two different
scent marks was 10 cm (Rosell and Bergan, 2000). All scent marks were collected
between 08:00 and 13:00 hr and within 24 hr after the last snowfall. Beavers
usually had one night without snowfall during which they scent-marked before
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the marks were collected. A binocular was used to spot the scent marks from a
canoe. All tracks from the water in the snow and a range of colors in the snow
were investigated.

Samples from 1997 and 1998 were collected using a plastic bag as a glove to
prevent contamination of the samples from skin contact. As much of the affected
snow as possible was collected, judging from the light yellow to red colored stains
seen at depths of 1–3 cm. Frozen samples were loosened with a clean axe. None of
the samples contained debris or organic compounds (e.g., soil, mud, twigs, grass,
leaves, or conifer needles) normally used to build scent mounds. The plastic bags
were sealed and samples thawed at room temperature in the laboratory, emptied into
sterile 100 ml plastic or glass vials with caps to minimize bacterial contamination,
and then swirled thoroughly to assure a homogeneous mixture. In 1999, samples
were collected directly into a plastic or glass cup with airtight caps and swirled
thoroughly. The samples were then immediately frozen and stored at−20◦C until
analyzed. On each sampling day, we also collected control samples of scent-free
snow (N = 14) into one vial in all territories where we found SSS with the same
methods in order to check for contamination from the plastic and glass equipment
used to collect the samples.

We collected castor sacs and anal glands from 60 animals shot locally during
the normal hunting season from January 28 to May 6, 1997–1999 (Table 1) (Parker
and Rosell, 2001), and used the castoreum and AGS from these animals as the basis
for comparison with castoreum and AGS found in the SSS. We opened the castor
sacs with a surgical blade and scraped the castoreum from the inside surface with a
metal scapula. AGS was collected from the glands by cutting off the last 2–3 mm of
the papillae and squeezing out the secretion (Rosell and Sun, 1999; Rosell et al.,
2000). Sun and M¨uller-Schwarze (1998a) found no significant variation in the
chemical compounds from the right and left gland of the North American beaver,
and we, therefore, collected all secretion in the same glass vial. All samples were
stored at−20◦C until analyses. We sexed the animals by checking for the presence

TABLE 1. CONTROL SAMPLES OFCASTOREUM AND ANAL GLAND

SECRETION(AGS) FROM DEAD MALE (M, N= 30) AND FEMALE

(F, N= 30) EURASIAN BEAVERS OFDIFFERENTAGEa

Male Female

Ageb Castoreum AGS Castoreum AGS

<1 year (6 M, 7 F) 2 5 5 5
≥1 to 2 year (10 M, 6 F) 9 8 5 5
2.5–14 year (14 M, 17 F) 8 7 10 10∑

19 20 20 20

aSamples were collected from January 28 to May 6, 1997–1999.
bSee methods and materials.
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or absence of the os penis (Osborn, 1955). Age was determined by examining
tooth root closure and annual cementum and dentine layers of the first molar (van
Nostrand and Stephenson, 1964).

Control Experiment.We conducted a control experiment during April 2000
to check whether our methods could detect the compounds from the castor sacs
and the anal glands in the SSS. We simulated beaver scent-marking activity by
constructing artificial scent mounds of snow, on snow, and applied castoreum and
AGS to them. We used scent material from the same animals (all adults 2.5–14
years old plus the number of male subadults necessary to reach a sample size
of N = 10, see Table 1) as described above. A sample was taken from a castor
sac or an anal gland, divided in two, and distributed randomly to the snow control
experiment (SCE) and the lab control experiment (LCE). Ten mounds were treated
with castoreum (0.5 g) from males, 10 with castoreum (0.5 g) from females, 10
with AGS (0.25 ml) from males, and 10 with AGS (0.25 g) from females. AGS
from females has a high viscosity, so we used a spatula to take out the secretion
from the vials and weighed it on an electronic balance. We collected the artificial
scent marks 20 hr after being made using the same methods as described above
for collection.

Sample Preparation.The SSS, including the scent-free controls, and the SCE
were thawed by putting the bottles into a water bath at 35–40◦C for 10 min. Af-
terwards, the samples were transferred to a 250-ml Erlenmeyer flask with ground
joint. We added 10 ml of toluene, and the solution was swirled using a magnetic
stirrer at high velocity (about 1400 rpm) for 10 min. The solution was then trans-
ferred to a separatory funnel, where it remained for 15–20 min. to allow the phases
to separate. The lower water phase was tapped out and the upper organic phase
filtered through a filter paper (Schleicher and Schuell no. 595, Dassel, Germany)
into an evaporating flask. A PTFE sleeve for ground joints was set in the flask
neck to avoid locking. The sample was evaporated in a Heidolph WB 2001 rotary
evaporator to a volume of variable size (therefore, we only carried out qualitative
analyses), and 1 ml of toluene was added. The solution was transferred to a vial
with a snap cap that was kept in a refrigerator (<24 hr) at 4◦C until the analysis
was done. We also analyzed the water phase. Some of the compounds from the
organic phase were found in the water phase as well, but in lower concentrations.
However, we found no new compounds in the water phase.

AGS and Castoreum.From the control material (the dead animals), we trans-
ferred 0.25 ml AGS from the males and 0.25 g from the females into smaller glass
vials before adding 7.5 ml of a mixture of toluene–methanol 3:1. The solutions
were filtered through a filter paper (Schleicher and Schuell no. 595) and kept in a
refrigerator (< 24 hr) at 4◦C until analyses.

We weighed 0.5 g castoreum and added 10 ml of toluene–methanol 3:1.
The sample was extracted in a Milestone MLS 1200 Mega microwave oven. The
extraction program had the following cycle: 5 min at 250 W and 100◦C, 5 min at
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400 W and 130◦C, and 5 min at 400 W and 160◦C. All compounds were dissolved.
The sample was then treated the same way as the AGS solution.

Chemical Analysis.We injected 1µl of the resulting solution into a Hewlett-
Packard 6890 Series II gas chromatograph equipped with a nonpolar HP-5 MS
5% phenyl-methyl-siloxane column (30.0 m long× 0.25 mm ID× 0.25-µm
film thickness) connected to a Hewlett-Packard 5973 Series mass spectrometer
detector with a split/splitless inlet used in the splitless mode. Helium was used
as the carrier gas at a constant flow of 0.7 ml/min. The following temperature
program was employed for all analyses: 130◦C to 310◦C at 4◦C/min and kept at
310◦C for 15 min. To avoid that the solvent damaged the detector, a delay of 2 min
was set for every run. We used the first 60 min as the collection time because few
compounds were detected after 60 min and most of these peaks stemmed from
the column material. The column was regularly baked out at 315◦C to remove any
remaining low-boiling-point compounds. The instrument was regularly calibrated
to detect possible changes in the sensitivity of the instrument. This prevented
unstable conditions during the work. We characterized each compound in a sample
by its GC retention time and mass spectrum, and we determined the structures
of some of the compounds with a computer-aided compound search of the Wiley
275 Library, which contains about 70,000 known compounds. In addition, all mass
spectra from the samples and from the library were visually compared to see if the
suggestions from the computer were reasonable. We also made our own library
of the compounds not found in the Wiley library, i.e., we saved 12 compounds
from the castor sacs and 128 compounds from the anal glands from the dead
individuals. We could, therefore, recognize many compounds from individual to
individual, and also from individuals to the SSS. Since the main focus of our study
was to determine if the beaver used castoreum and/or AGS in their scent-marking
behavior, positive identification of these compounds was not attempted, i.e., we
did not compare the compounds with a known standard. All major peaks were
analyzed, but excessively small peaks were not, i.e., peaks less than twice the
noise level were not analyzed. After numerous injections, we could see a small
shortening in the retention times of the peaks because the column aged a little.
We, therefore, presented the retention time found when the column was new. Peak
retention times were rounded off to the first decimal.

Statistics.Since the data did not fit assumptions of distribution and homo-
geneity of variance for parametric analysis (Sokal and Rohlf, 1995), we used non-
parametric statistics (Siegel and Castellan, 1988). A Mann-Whitney U test was
used to compare the median number of peaks between two independent groups.
We corrected for compounds in the plastic and glass equipment used to collect
the samples when counting the number of castoreum and AGS compounds and
omitted the smallest peaks (see above). Probability values are two-tailed and 5%
was used as the level of significance. All data were treated in Minitab version 12.1
for Windows.
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RESULTS

Castoreum.Chemical analysis of the 96 SSS revealed that castoreum com-
pounds were present in all samples (X̄ ± SD= 6.75± 4.18, range= 1–17).
Figure 1a is a typical example. We found 24 different compounds from castoreum
in the SSS (Table 2). None of the compounds was found in all SSS, and 17 of
the compounds were found in 10 or more of the SSS (Table 2). Forty-seven of the
50 (94.0%) compounds detected in the castoreum from the dead animals had a
molecular weight below 300 (Table 3).

FIG. 1. Typical chromatograms of castoreum from (a) a beaver snow-scent sample, (b) a
dead adult male, (c) a dead adult female, (d) from the snow control experiment with the same
male as in b and (e) the same female as in c. Compound marked 1–7 in the chromatograms
are tentatively identified as: 1, ethylphenol; 2, prophylphenyl; 3,4-ethyl-2-methoxyphenol;
4,4-(4-hydroxyphenyl)-2-butanone; 5, 4-(4-hydroxyphenyl)-2-butanol; 6, cholest-5-ene-3-
ol; and 7 cholest-7-ene-3-ol (3β,5-α). Note that identities of the compounds have not been
verified with known samples (see Methods and Materials). Thexaxis is the time in minutes,
and they axis is in arbitrary units.
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TABLE 2. TENTATIVELY IDENTIFIED COMPOUNDSFOUND IN 96 SNOW-SCENT

SAMPLES FROMEURASIAN BEAVERS

Retention Samples Sourceb

No. Tentatively identified compounda time (min) (N) (Sex)c

1 Ethylphenol 2.2 75 c
2 Borneol 2.3 3 c
3 α-Terpineol 2.4 5 c
4 Myrthenol 2.4 12 c
5 Methoxymethylphenol 2.4 6 c
6 Verbenone 2.5 35 c
7 3-phenylpropanol 2.6 34 c
8 Propylphenol 2.7 66 c
9 2-Hydroxybenzylalcohol 2.8 29 c

10 4-Ethyl-2-methoxyphenol 2.9 33 c
11 Unknown 3.6 7 c
12 4-Hydroxyacetophenone 4.6 33 c
13 Unknown 5.0 12 c
14 4-Hydroxy-3-metoxyacetophenone 5.3 54 c
15 4-Hydroxy-3-methoxybenzoic acid, methylester 5.7 38 c
16 4-(4-Hydroxyphenyl)-2-butanone 6.3 49 c
17 4-(4-Hydroxyphenyl)-2-butanol 6.5 44 c
18 4-(4-Hydroxy-3-methoxyphenyl)-2-butanone 8.0 13 c
19 Unknown 8.1 10 c
20 4-(4-Hydroxy-3-methoxyphenyl)-2-butanol 8.5 15 c
21 Unknown 14.0 4 c
22 Unknown 14.7 10 c
23 Hexadecanoic acid 16.5 1 a (F)
24 Unsaturated C14 hydrocarbon 18.3 3 a (M)
25 Double unsaturated C7–C7 ester 25.1 2 a (M)
26 Double unsaturated C7–C8 ester 26.3 2 a (M)
27 Unknown 30.3 7 c
28 Hydrocarbon 31.7 2 a (F)
29 Unsaturated C30 hydrocarbon 32.3 3 a (F)
30 C29 wax ester 37.2 1 a (M)
31 A steroid 37.8 1 a (M, F)
32 Cholestan-3-ol (3-β,5-α) 37.8 1 a (M, F)
33 Unknown 38.0 1 a (M, F)
34 Saturated C15–C15 wax ester 38.1 1 a (M)
35 Unsaturated C31 wax ester 38.4 3 a (M)
36 A steroid 38.5 1 a (M, F)
37 Cholest-7-ene-3-ol (3-β,5-α)d 39.2 4 a (F) or c
38 4-α-Methylcholest-8(14)-ene-3-β 39.8 1 a (M, F)
39 Saturated C31 wax ester 40.3 1 a (M)
40 A steroid 41.4 1 a (F)
41 A steroid 42.0 1 a (F)
42 Unknown 44.8 1 a (M)
43 A steroid 45.8 1 a (M, F)

aThe identities have not been verified with known samples.
bAlso found in the castoreum (c) or anal gland secretion (a) samples from dead beavers
(control material) (see Tables 3 and 4).

cM = male and F= female.
dNote that this compound was found in both castoreum and anal gland secretion of females
(no. 50 in Table 3 and no. 107 in Table 4).
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TABLE 3. TENTATIVELY IDENTIFIED COMPOUNDSFOUND IN CASTOREUM FROM

DEAD MALE (N= 19) AND FEMALE (N= 20) EURASIAN BEAVERa

Samples (N)

No. Tentatively identified compoundb
Retention time

(min) Male Female

1 Cyclohexandiol 1.8 6 7
2c 2-Methylphenol 1.8 13 14
3 Undecane 1.9 1 0
4c Benzenemethanol 2.0 17 19
5c Ethylphenol (1) 2.2 19 20
6c Benzoic acid 2.2 2 5
7c Borneol 2.3 12 12
8c 1,2-Benzenediol 2.3 4 7
9c α-Terpineol 2.4 11 11

10c Myrthenol 2.4 14 14
11 2-Hydroxybenzoic acid 2.4 1 0
12 Methoxymethylphenol 2.4 2 3
13c Verbenone 2.5 16 16
14c 3-Phenylpropanol 2.6 9 13
15c Propylphenol (2) 2.7 18 18
16c 2-Hydroxybenzylalcohol 2.8 13 17
17c Myrthanol 2.8 3 1
18c 1,4-Benzenediol 2.8 1 0
19c 4-Ethyl-2-methoxyphenol (3) 2.9 17 16
20c Unknown 3.2 1 2
21c Benzenepropanoic acid 3.4 3 4
22c Aromatic carboxylic acid 3.4 3 5
23 Phenyl propanoic acid 3.4 3 1
24 Unknown 3.6 3 2
25c 2-Methoxy-4-propylfenol 3.6 6 9
26c 5-Methyl-1,3-benzenediol 3.6 2 6
27c 4-Ethyl-1,3-benzenediol 3.8 3 8
28c 3,4-Dihydro-2H-1-benzophyrane-2-one 4.1 9 9
29c 4-Methoxy benzoic acid 4.4 5 5
30c 2-(4-Hydroxybenzene)-ethanol 4.4 9 12
31c 4-Hydroxyacetophenone 4.6 9 12
32c Unknown 5.0 14 15
33c 3-Hydroxy benzoic acid 5.2 8 7
34c 4-Hydroxy-3-methoxy acetophenone 5.3 13 11
35 4-Hydroxy-3-methoxybenzoic acid, 5.6 3 1

methylester
36c 4-Hydroxy-3-methoxymethanoic acid 5.7 6 10
37c 4-(4-Hydroxyphenyl)-2-butanone (4) 6.3 19 20
38c 4-(4-Hydroxyphenyl)-2-butanol (5) 6.5 19 20
39 Unknown N-compound 7.2 2 3
40c 4-(4-Hydroxy-3-methoxyphenyl)-2-butanone 8.0 2 4
41 4-Hydroxy-3-methoxy-benzoacetic acid 8.0 0 1
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TABLE 3. CONTINUED

Samples (N)

No. Tentatively identified compoundb
Retention time

min Male Female

42c Unknown 8.1 14 18
43c 4-(4-Hydroxy-3-methoxyphenyl)-2-butanol 8.5 7 7
44c unknown 14.0 11 14
45c Unknown 14.7 10 11
46c Unknown 30.3 13 18
47c Unknown 33.5 17 18
48c Unknown 33.8 19 20
49c cholest-5-ene-3-ol (6) 36.1 11 14
50c cholest-7-ene-3-ol (3-beta, 5-alpha) (7) 39.2 5 9

aNumbers in parentheses match those in Figure 1.
bThe identities have not been verified with known samples.
cCompounds were found both in the snow control experiment and in the dead animals used in
the control experiment.

We found no difference in median number of castoreum compounds between
dead males and females (males:X̄ ± SD= 22.53± 2.86, range=18–29,N = 19;
females:X̄ ± SD= 23.25± 3.95, range= 12–29, N = 20) (W = 338.0, P =
0.241). Figure 1b and 1c show typical chromatograms from a dead adult male
and female. Forty-six (92%) of the detected compounds were found in both sexes.
Three compounds were detected in only males and one in only females (Table 3).
However, they were found in only one animal (Table 3). Forty-one (82%) com-
pounds were found both in the SCE and in the LCE (Table 3) (compare Figure 1b
and d, and 1c and e). This shows that our method could detect the compounds from
the castor sacs in the SSS.

AGS.Chemical analysis of the 96 SSS revealed that AGS compounds were
present in only four samples (̄X ± SD= 7.50± 4.93, range= 2–14). Figure 2a
is a typical example. These four scent marks were found on January 19, 1997;
February 5 and March 13, 1998; and on March 15, 1999; they were inside four
different territories. Three of the SSS were deposited directly on snow, while
one was deposited on a snow-covered tussock. We found that two of the scent
marks (January 19, 1997, and March 15, 1999) contained compounds from only
females, and two contained compounds that were typical for both sexes. We found
20 different compounds from AGS in the SSS (Table 2).

More compounds were found in the AGS from dead males (X̄ ± SD =
55.40± 10.81, range= 29–69,N = 20) compared with females (̄X ± SD =
22.70± 4.93, range= 14–30,N= 20) (W= 607.5,P= 0.0001). Figure 2b and
c show typical chromatograms from a dead adult male and female. Overall, 56
different compounds were found in the female AGS and 126 compounds in the
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FIG. 2. Typical chromatograms of anal gland secretion from (a) a beaver snow-scent sample
deposited by a female (contains both compounds form castoreum and AGS), (b) a dead adult
male, (c) a dead adult female, (d) from the snow control experiment with the same male as
in b and (e) the same female as in c. Compunds marked form a–p in the chromatograms are
tentatively identified as: a, hexadecadiene; b, unknown; c, unknown; d, long hydrocarbon
chain; e, unsaturated C30 hydrocarbon; f, C29 wax ester; g, unknown; h, usaturated wax ester;
i, a steroid; j, 4-α-methylcholest-8(14)-ene-3-β; k, unknown; p, a steroid; m, unsaturated
C32 wax ester; n, saturated C33 wax ester; o, a steroid; and p, a steroid. Note that the identities
of the compounds have not been verified with known samples (see Methods and Materials).
Thex axis is the time in minutes, and they axis is in arbitray units.

male AGS (Table 4). Nineteen compounds were found in both males and females
(Table 4). Only 7 (12.5%) of the compounds detected in AGS of females and 41
(32.5%) of the compounds in the males had a molecular weight below 300 (Table 4).
One-hundred thirty-three (89.3%) compounds were found both in the SCE and in
the LCE (both sexes combined) (Table 4) (compare Figure 2b and d, and 2c and
e). Therefore, our method detected the compounds from the anal gland in the SSS.
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TABLE 4. TENTATIVELY IDENTIFIEDCOMPOUNDSFOUND IN ANAL GLAND SECRETION OF

DEAD MALE (N= 20) AND FEMALE (N= 20) EURASIAN BEAVERa

Samples (N)

No. Tentatively identified compoundb
Retention time

(min) Male Female

1c Dodecanoic acid 7.6 4 0
2c 1,13-Tetradecadiene 9.8 8 0
3c Tetradecanoic acid, methyl ester 9.8 5 0
4c Unsaturated or cyclic hydrocarbon 10.0 12 0
5c 1-Tetradecene 10.0 2 0
6 3-Tetradecene 10.0 1 0
7c Unknown 10.3 1 17
8c Pentadecanoic acid, methyl ester 11.2 5 0
9c Pentadecene 11.5 7 0

10c Unknown 11.7 7 0
11 Unknown 11.7 0 2
12c Tetradecanoic acid 11.9 8 3
13c Pentadecanoic acid 13.4 5 3
14c Hexadecanoic acid, methyl ester 13.8 6 0
15c Hexadecadiene (a) 14.2 11 0
16 Methyl hexadecanate 14.2 0 3
17 Hexadecanoic acid 14.3 1 0
18c 1-Hexadecene or cyclohexadecane 14.7 9 0
19c Unknown 16.1 5 0
20 Heptadecadiene 16.1 1 0
21 1-Heptadecene 16.1 1 0
22c Unsaturated C16 fatty acid (C15H29COOH) 16.2 6 0
23 Hexadecanoic acid 16.5 0 3
24c Unknown 16.7 11 0
25 Unknown 17.2 3 0
26c Unknown hydrocarbon 18.0 8 0
27c Unsaturated C14 hydrocarbon 18.3 20 0
28c Octadecanoic acid, methyl ester 18.7 5 3
29c Unknown (b) 19.6 13 0
30c Unknown 19.7 4 0
31 Nonadecanoic acid, methyl ester 20.0 2 0
32c Unknown 20.5 0 14
33c Unknown 21.2 9 0
34c N-compound 21.4 18 0
35 Unknown 22.0 1 0
36c Hydrocarbon 22.5 12 0
37c Unknown 22.7 15 0
38c Unknown (c) 24.0 18 0
39c Unknown 24.2 2 0
40 Aromatic compound 24.3 1 0
41c Double unsaturated C7–C7 ester 25.1 12 0
42c Unknown 25.2 20 0
43c N-compound 25.6 19 0
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TABLE 4. CONTINUED

Samples (N)

No. Tentatively identified compoundb
Retention time

(min) Male Female

44c Unknown 26.1 16 0
45c Double unsaturated C7–C8 ester 26.3 5 0
46c Long hydrocarbon chain (d) 26.4 19 0
47c Unknown 26.7 8 0
48 Docosanoic acid, methyl ester 27.4 1 0
49c Double unsaturated C8–C6 ester 27.7 11 0
50c Unknown 27.8 14 0
51c Wax ester 27.9 16 0
52c Unknown 29.0 20 0
53c Unknown 29.1 9 0
54c Unknown 29.2 10 0
55c Hexadecyl octanat (wax ester) 29.3 8 0
56c Unknown 30.1 11 0
57c Unknown 30.2 1 0
58c Unknown 30.4 15 0
59c Unknown 31.5 16 0
60c Unknown 31.6 0 8
61 Hydrocarbon 31.7 0 1
62c A steroid 31.7 5 0
63c Unsaturated C30 hydrocarbon (e) 32.3 0 20
64c Unknown 32.3 0 8
65c A steroid 32.4 5 1
66 Unknown 32.4 3 0
67 Unknown 32.5 1 0
68c Hexamethyl-tetracosatetraene 32.5 5 7
69c A steroid 32.6 2 0
70c C26 wax ester 32.8 11 0
71c Wax ester 32.8 6 0
72c Unsaturated C30 hydrocarbon 32.9 0 18
73 Unknown 33.0 0 1
74c A steroid 33.0 4 0
75c Unsaturated hydrocarbon 33.2 8 0
76 A steroid 33.2 0 1
77c Unknown 33.3 0 11
78c Saturated C14–C14 wax ester with side chain 33.3 5 0
79c Unknown 33.4 0 1
80 Unknown 33.5 0 2
81c Wax ester 33.6 11 0
82c Unknown 33.9 2 0
83c Wax ester 33.9 18 0
84c Unknown 33.9 0 3
85c Unknown 33.9 0 1
86c Unknown 34.0 0 10
87c Unknown 34.3 4 0
88 Unknown 34.4 0 3
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TABLE 4. CONTINUED

Samples (N)

No. Tentatively identified compoundb
Retention time

(min) Male Female

89c Unknown 34.9 15 0
90c A steroid 34.9 3 0
91c Unknown 35.9 11 0
92c Tetradecyl-tetradecanoate (wax ester) 36.1 12 0
93c Vitamine E 36.6 3 0
94c Unknown 36.9 12 0
95c C29 wax ester (f) 37.2 20 0
96c Unsaturated C30 wax ester 37.5 1 0
97c Cholestan-3-ol-(3-β,5-α) 37.8 5 11
98c A steroid 37.8 9 13
99c Unknown (g) 38.0 11 19

100c Saturated C15–C15 wax ester 38.1 19 0
101c Unsaturated C31 wax ester 38.4 4 0
102c A steroid 38.5 17 17
103 Dihydrocholesterol 38.6 3 0
104c A steroid 38.8 13 12
105 A steroid (coprostan-3-ol) 39.0 0 1
106c Unsaturated wax ester (h) 39.2 17 0
107c Cholest-7-ene-3-ol (3-β,5-α) 39.2 0 13
108c Unknown 39.3 3 0
109c A steroid 39.3 5 0
110c A steroid (i) 39.5 0 6
111c A steroid 39.8 2 0
112c 4-α-Methylcholest-8 (14)-ene-3-β (j) 39.8 13 17
113c Wax ester 39.9 4 0
114c Unknown (k) 40.1 17 0
115 A steroid 40.1 0 3
116c 4-Methylcholest-7-ene-3-one 40.1 0 9
117c Unknown 40.3 0 16
118c Saturated C31 wax ester 40.3 19 0
119c A steroid 40.4 0 14
120c Cholest-4-ene-3-one 40.5 1 0
121c A steroid 40.9 0 13
122c Unknown 41.0 0 5
123c Dihydrolanosterol 41.2 0 12
124c Heptadecanoic acid, pentadecyl ester 41.2 20 0
125c A steroid 41.4 0 9
126c A steroid 41.4 2 1
127c 4-β-Methyl-24(R)-methylcholest-8 (14)- 41.5 0 3

ene-3-beta
128c Lanosta-8,24-diene-3-ol (3-β) 41.9 0 19
129c Double unsaturated C32 wax ester 42.0 20 0
130c A steroid (l) 42.0 0 18
131c Unsaturated C32 wax ester (m) 42.2 20 0
132c Hexadecanoic acid, hexadecyl ester 42.3 19 0
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TABLE 4. CONTINUED

Samples (N)

No. Tentatively identified compoundb
Retention time

(min) Male Female

133 9-Octadecenoic acid, hexadecyl ester 42.8 2 0
134c Unsaturated C33 wax ester 43.0 19 0
135 Cholest-3-ene (5-α) 43.0 0 2
136c Saturated C33 wax ester (n) 43.2 18 0
137c Unknown 43.4 3 0
138c A steroid 43.4 3 0
139 Octadecanoic acid, hexadecylester 43.5 2 0
140c Unknown 44.1 18 0
141c Unknown 44.4 0 5
142c A steroid 44.5 0 8
143c Unknown 44.6 8 0
144c A steroid 44.7 3 9
145 Unknown 44.8 4 0
146c Double unsaturated C34 wax ester 44.9 8 0
147c Unsaturated C34 wax ester 45.0 6 0
148c A steroid (o) 45.0 12 16
149c A steroid 45.5 5 4
150c Unknown 45.5 9 6
151c A steroid (p) 45.8 17 19
152c A steroid 45.8 1 0
153c Unknown 46.1 11 0
154c A steroid 46.6 12 2
155c Unknown 47.1 9 0
156 A steroid 48.6 2 0
157 Unknown 48.9 5 0
158c Unknown 49.1 14 0
159c Wax ester 49.4 3 0
160c A steroid 49.8 11 0
161c A steroid 50.1 18 0
162 A steroid 55.2 0 1
163 A steroid 57.3 0 1

aLetters in parentheses match those in Figure 2.
bThe identities have not been verified with known samples.
cCompounds were found both in the snow control experiment and in the dead animals used in the
control experiment.

DISCUSSION

Our results support the prediction that castoreum is most frequently deposited
on scent marks (96 of 96) and appears, therefore, to be the main scent signal used in
the defense of Eurasian beaver territories during January–March. AGS, however,
was deposited only on 4 of 96 scent marks. This suggests that beavers do not
specifically deposit AGS on scent mounds, but that the compounds we found
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possibly were remnants of AGS from the feet and/or fur after pelage lubrication
(Walro and Svendsen, 1982). Beavers may also get AGS on their feet and fur
following coprophagy (Wilsson, 1971). AGS may, therefore, have other functions.

Beaver scent marks with castoreum might be a volatile alerting signal for
attracting attention (M¨uller-Schwarze, 1999). Alerting signals contain no infor-
mation about an individual or even a species (M¨uller-Schwarze, 1999). Responses
to single compounds support the hypothesis that castoreum is used for signal-
ing territorial occupancy, which requires only one bit of information in the sig-
nal for making a decision by receivers, i.e., whether the territory is occupied or
not (Müller-Schwarze and Houlihan, 1991; Schulte et al., 1994; Sun and M¨uller-
Schwarze, 1999). It may be that the lighter, volatile compounds in the castoreum
direct receivers toward the less volatile but potentially more informative chemical
components still present at the scent mark. This is supported by the fact that 94%
of the compounds had a molecular weight below 300.

Schulte (1998) found that North American beavers discriminated among
castor-fluid scents from family, neighbor, and nonneighbor adult males. The
Eurasian beaver can also discriminate among scents (castoreum and AGS) from
neighbor and non-neighbor individuals (Rosell and Bjørkøyli, unpublished data).
However, no significant difference was found in the number of castoreum com-
pounds between dead males and females whose castoreum chromatograms were
similar (see also Pedersen, 1999). Likewise, Sun and M¨uller-Schwarze (1999)
failed to find any consistent difference between male and female castoreum pro-
files in North American beaver and concluded that castoreum is unlikely to be used
for sex recognition. This conclusion is in accordance with the evidence that cas-
toreum compounds are mainly dietary derivatives, which do not differ between the
two sexes (M¨uller-Schwarze, 1992). By contrast, the composition of AGS in both
the North American and Eurasian beaver exhibits chemical sexual dimorphism
(Grønneberg, 1978–1979; Grønneberg and Lie, 1984; Sun and M¨uller-Schwarze,
1999; this study). Whether the Eurasian beaver uses the sex difference in AGS to
distinguish between individuals of different sex, needs further study.

AGS also contains information about individuality, kinship, and family mem-
bership (Sun and M¨uller-Schwarze, 1999). Sun and M¨uller-Schwarze (1997) have
shown that North American beavers use AGS to discriminate between unfamiliar
sibling and unfamiliar nonrelatives and that this discrimination was not shown
when castoreum samples were tested. Sun and M¨uller-Schwarze (1998b) showed
that beavers’ response to AGS from unfamiliar adult males remained at about the
same level, but their response to castoreum showed a descending trend. The de-
scending trend in response to the same signal without matching the signaler demon-
strates a declining importance of the signal over time, i.e., the scent-matching
hypothesis (Gosling, 1982) was supported. The scent-matching hypothesis pre-
dicts, among other things, that the territory owner should make itself available for
scent matching by the intruder (Gosling, 1982). Sun and M¨uller-Schwarze (1998a)
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recently documented that related individuals shared more features in the chemical
AGS profile than did unrelated individuals, and Sun and M¨uller-Schwarze (1998c)
also demonstrated that it is possible to use some AGS compounds to classify
different families.

AGS may act as a chemical messenger in the water territory (Grønneberg
and Lie, 1984) sensed through close range or contact with the animal. The latter
is supported by the fact that only 12.5% and 32.5% of the compounds detected
in AGS of females and males, respectively, had a molecular weight below 300.
It could be advantageous for a swimming mammal such as the beaver to present
chemical signals in the form of lipid substances that would concentrate at the air–
water interface (Albone, 1984). By lubricating the fur with AGS, which would
be released into the water, beaver could also act as a “living scent mark.” As
AGS is insoluble in water (Svendsen, 1978), beavers downstream would receive a
concentrated flow of chemical scent information in the surface film from upstream
territories (Rosell et al., 1998). The recently discovered vomeronasal organ in
Eurasian beavers may play a significant role here (Rosell and Pedersen, 1999).
Furthermore, anal glands, which are located in the anus (Svendsen, 1978), may
add AGS to the feces when beavers defecate in the water. For instance, the large
complex of sebaceous and apocrine glands located in and around the anus of many
species of antelope may add individual-specific secretion to feces (Barrette, 1977;
Mainoya, 1980; Gosling, 1982).

However, Rosell and Bergan (1998) observed on July 21 two adult Eurasian
beavers depositing AGS at the border of their territory by everting the “cloaca,”
protruding the anal gland openings and rubbing them against the surface as the
animal walked over the scent mound. Therefore, further analyses need to clarify
if beavers use the AGS on scent marks of other times of the year.
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BEHAVIOR IN THE PRESENCE OF CHEMICAL CUES
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Abstract—The wolf spider,Pardosa milvina, displays effective antipredator
behavior (reduced activity) in the presence of silk and excreta cues from adults
of another cooccurring wolf spider,Hogna helluo. However,PardosaandHogna
engage in size-structured intraguild predation, wherePardosamay be either the
prey or predator ofHogna. We tested the ability of adult femalePardosato vary
antipredator responses toward kairomones produced byHognathat vary in size.
Hognawere maintained on filter paper for 24 hr. We then presented the paper
to adult femalePardosasimultaneously paired with a blank sheet of paper. One
treatment had two sheets of blank paper to serve as a control. TheHognastimulus
treatments were as follows (N = 15/treatment): (1) 1Hognahalf the mass of
Pardosa; (2) 1 Hognaof equal mass of aPardosa; (3) 1 adultHogna, 30 times
the mass ofPardosa; and (4) 8Hognaeach 0.25 the mass ofPardosa. Pardosa
decreased activity in the presence of kairomones fromHognaof equal or larger
size, but showed no change in activity in the presence of a blank control or from
a singleHognasmaller than itself.Pardosashowed a reduction in activity in the
presence of cues from eight smallHogna. Pardosaavoided substrates with adult
Hognacues, but showed no avoidance response to any other treatment. These
results suggest thatPardosais showing graded antipredator behavior relative to
the quantity of predator kairomones present rather than directly discriminating
among the different sizes of the predator.

Key Words—Pardosa milvina, Lycosidae, kairomone, wolf spider, predator,
size,Hogna helluo, antipredator, size discrimination, chemical cue.
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INTRODUCTION

Many animals show defensive behavior in the presence of chemical cues produced
by predators (see Kats and Dill, 1998, for a review). Antipredator responses include
reduced locomotion, increased cover-seeking, or increased vigilance (reviewed in
Lima and Dill, 1990; Lima, 1998). These behaviors are generally costly because
they interfere with both foraging (Lima and Dill, 1990) and reproduction (Forsgren,
1992; Berglund, 1993; Hedrick and Dill, 1993; Godin, 1995). The “threat-sensitive
predator avoidance” hypothesis suggests that prey should show graded responses
of defensive behavior proportional to the perceived risk (Dill and Fraser, 1997;
Sih, 1997; Puttlitz et al., 1999).

Prey that respond to chemical cues from predators (kairomones) rather than
using other sensory cues may overestimate predation risk by exhibiting antipredator
behavior even in the absence of the predator itself. This additional cost may be
reduced by extracting more information about predation risk from predator cues.
Variation in the composition of predator excreta may provide information about
the predator’s diet (Crowl and Covich, 1990; Chivers et al., 1996; Murray and
Jenkins, 1999; Venzon et al., 2000; Persons et al., 2001), which, in turn, may
provide information about the proclivity of a predator to feed on particular prey
types (Punzo and Kukoyi, 1997; Persons and Rypstra, 2000). Other features such
as age or type of chemical cue also may provide information about how recently a
predator was in the area (Venzon et al., 2000) as well as the kind of predator present.
In some cases, the intensity of kairomone-mediated antipredator responses may
be related to the relative size of the prey compared to the predator. For example,
dragonfly larvae are effective predators of small tadpoles, but are less efficient
preying on tadpoles of larger sizes (Caldwell et al., 1980). Toad tadpoles show a
corresponding reduction in antipredator behavior when detecting kairomones from
dragonfly larvae as tadpole size increases (Laurila et al., 1997). Collectively, these
sources of information may provide animals with a more accurate assessment of
predation risk and allow them to modify defensive behavior, mitigating some of
the costs of antipredatory behavior.

The wolf spidersHogna helluoand Pardosa milvinaare among the most
abundant ground predators in agricultural fields of the midwestern United States
(Marshall and Rypstra, 1999). These two species exhibit size-structured intraguild
predation, whereby the role of predator and prey is determined by the relative mass
of each spider during an encounter. AdultHognaare typically 20–30 times the
body mass of an adultPardosaand are more likely to be the predator during an
interspecific encounter, yet we have observed adultPardosafeeding on juvenile
Hognaas well as adultHognafeeding on adultPardosa. Pardosamay benefit from
the ability to perceive relativeHognasize through kairomone cues since predation
risk increases with increasing asymmetry in size (Samu et al., 1999). Adult female
Pardosaexhibit reduced speed and frequency of movement in the presence of
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excreta and silk from adultHogna(Persons et al., 2001). Adult femalePardosa
also will avoid substrates containing cues from adultHognawhen given a choice.
These responses are absent whenPardosaare presented silk and excreta from
conspecifics (Persons et al., 2001). Reduced activity results in longer periods of
time in areas with predator cues; however, such behavior is adaptive since slower
movement and inactivity increases survival ofPardosain the presence ofHogna
(Persons et al., 2001).

PardosaandHognaprovide an opportunity to test the threat-sensitive preda-
tor avoidance hypothesis. Adults of the smallerPardosashould closely match
antipredator response with predation risk.Pardosathat interpret chemical cues
from a smallHogna as a potential predator will incur a number of unneces-
sary costs. Reduced activity may impair reproductive behavior and may also im-
pair feeding efficiency by causing the spider to avoid a potential prey item. If
Pardosacan match defensive behavior with relative risk by assessing predator
size indirectly, then the spider may minimize the associated costs of defensive
behavior. It is unknown if silk and excreta change qualitatively or quantitatively
with spider size or ifPardosais able to detect such differences. Here, we test sev-
eral predictions related to the ability ofPardosato perceiveHognasize based on
chemical information. First, adult femalePardosawill show decreasing activity
in the presence of chemical cues fromHognaof increasing size, but will show
no reduction in activity in the presence of chemical cues fromHogna smaller
thanPardosa. Second, adult femalePardosawill not reduce activity in the pres-
ence of large quantities of chemical cues from manyHognaeach smaller than
itself. Third, when given a choice,Pardosawill avoid silk and excreta produced
by Hognalarger than itself, but show no avoidance of cues produced by smaller
Hogna.

METHODS AND MATERIALS

Spider Collection and Maintenance. Spider maintenance, experimental de-
sign, and testing protocols are similar to those found in Persons et al. (2001).
Seventy-five adult femalePardosawere collected from within and along the mar-
gins of soybean fields (Oxford, Ohio, Butler County, Ecology Research Center,
Miami University) in September 1998.Pardosaused as test spiders were fed a
meal of two domestic cricket nymphs (Acheta domesticus) once a week followed
by five additional cricket nymphs one day prior to testing to minimize possible
hunger effects on activity. All spiders were maintained in 8-cm-diam.× 5-cm-high
plastic translucent containers lined with moistened peat moss and kept in environ-
mental chambers on a 13L:11D light cycle, 25◦C, and 70% relative humidity.
Fifty-five adult male and femaleHogna helluowere collected from the same habi-
tats asPardosaand bred in captivity in the summer of 1998. The offspring of these
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field-collectedHognawere used as stimuli for all trials and were maintained in a
manner similar to that ofPardosa.

Stimulus Preparation. Silk and excreta fromHognaof four different sizes
were collected on filter paper. One treatment consisted of chemical cues from
a largeHognaca. 30 times the body mass of a singlePardosa(mean± SE=
792.9± 15.9 mg).Hognaof this size can readily consume up to 10 adult female
Pardosain a single feeding bout. A second treatment consisted of silk and excreta
from a medium-sizedHogna that was approximately equal in size to an adult
femalePardosa(23.3± 1.2 mg). Predation among wolf spiders of equal mass has
been shown to be infrequent (Samu et al., 1999). A third treatment used cues from
a single smallHognaabout one half the mass of an adult femalePardosa(11.2±
1.3 mg) and that can readily be consumed byPardosa. We used a fourth treatment
in order to uncouple cue quantity and quality. We collected silk and excreta from
eight smallHogna, each approximately one fourth the body mass ofPardosa
(collective mean weight= 54.6± 1.8 mg). Each chemical stimulus treatment was
paired with a blank sheet of filter paper that had never been exposed to a spider of
any size or type (same experimental setup as in Persons et al., 2001). This served
as a control to monitor behavioral differences. A fifth treatment consisted of only
a blank sheet of filter paper.

All Hogna that were used as predator cues were maintained on a diet of
appropriately sized crickets (A. domesticus) for at least two weeks prior to placing
them on filter paper substrates. All stimulusHognawere wateredad libitumand
fed as many prey as they could consume within a 24-hr period. This was done to
minimize any differences in silk production or excreta due to differences in amount
of food allocated among groups.Hognawere then placed onto sheets of filter paper
for 24 hr prior to testingPardosaresponses. Each container was previously rinsed
with 95% ethanol to remove all extraneous odor cues and allowed to dry. Stimulus
spiders for each size treatment had access to a small cap of water in the center
of the container. The cap was moved periodically to allow silk or excreta to be
deposited beneath it. The lid was closed afterHognawere introduced. After the
24-hr period, the filter paper was removed from the container and introduced into
a test arena immediately prior to testing. For the treatment consisting of eight
Hogna, 16 spiders were used for each paper stimulus sheet. Eight spiders were
introduced onto a single stimulus sheet of paper and maintained under individual
vials to prevent cannibalism or agonistic behavior between individuals. Each set
of eight spiders was replaced every 6 hr with another set of eight and allowed
to receive water in a separate container. These were then reintroduced onto the
substrate under vials again after 6 hr.

Pardosa milvina Testing. Seventy-five adult femalePardosawere randomly
assigned to one of five treatment pairs (N = 15/treatment). As described above,
these treatments were: (1) largeHogna/blank, (2) mediumHogna/blank, (3) small
Hogna/blank, (4) eight smallHogna/blank, or (5) blank/blank. TestPardosafor
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FIG. 1. Experimental apparatus used for testing chemically mediated size discrimination
amongPardosa. Test spiders are placed in the center of the apparatus and allowed to
acclimate for 1 min, after which the spider is allowed to move freely in the container for a
period of 1 hr.

each treatment were fed crickets to satiation 24 hr prior to testing and weighed on
an analytical balance (27.3± 1.0 mg).

We examined the locomotor patterns and behavior of adult femalePardosa
exposed to each treatment pair and across pairs. Test arenas forPardosawere
20-cm-diam.× 8-cm-high plastic containers consisting of two half circles of filter
paper that collectively covered most of the surface area of the arena except for
a 5- to 6-mm band between the two sheets (Figure 1). Additionally, a half cir-
cle was cut in the center of each sheet, and this area was used to introduce the
spider.

Each spider was introduced into the center of the arena under a clear plas-
tic vial. Each of the 15 spiders per treatment pair was presented a stimulus from
a differentHognaof the appropriate size class, and no filter paper sheets were
used more than once. After a 1-min acclimation period, spiders were allowed to
move across the paired treatments for 1 hr each. Spatial positions of filter pa-
per treatments within pairings were randomized among test subjects to eliminate
any potential side bias. The test arena was swabbed with 95% ethanol between
stimulus presentations to each subject and allowed to dry. Test trials were illumi-
nated equally on all sides with four 15-W fluorescent lights installed in a square
configuration above the testing arena. All spiders were tested between 07:00 and
19:00 hr.

Locomotor behavior was measured by monitoring the spiders remotely us-
ing an automated digital data collection system (Videomex-V, Columbus Instru-
ments, Columbus, Ohio, USA) integrated into a video camera (JVC high band
Saticon GXS 700). All behaviors were recorded automatically. For each test spider,
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we recorded the following behaviors separately for each filter paper treatment:
(1) time spent moving forward (locomotion), (2) time spent in nonforward move-
ment (any movement of the appendages or turning of the body in place without for-
ward locomotion), (3) time spent immobile (no visible indications of movement),
(4) distance traveled (centimeters), (5) residence time (time spent on filter paper),
and (6) speed (distance traveled/time spent moving forward). We also recorded the
initial choice of sides for each pairing. Changes in spider movement were recorded
every second and required a movement of at least one body length in that time
period to be measured as forward movement. All locomotor patterns were output
onto a computer printer every 5 min, and behaviors for each subject were summed
over the 1-hr period.

Statistical Analyses. Because none of the behavior classes showed deviations
from a normal distribution (Wilk-Shapiro normality statistic), parametric statistics
were used for analyses. We used pairedt tests to compare behavioral differences
between paired filter paper treatments for each class of behavior. We used ANOVA
to determine differences for each behavioral category across the three size class
treatments and the blank control. A planned series of two-samplet tests was used
to test for differences for each class of behavior between the eightHogna treat-
ment versus the mediumHognatreatment. This was done to determine ifPardosa
behavior is the result of variation in the quantity or quality ofHognacues.

A second set of analyses was done to compare differences in spider responses
across eachHognasize treatment. Six one-way ANOVAs were completed with res-
idence time, time in forward locomotion, time in nonforward locomotion, distance
moved, time spent immobile, and speed as dependent variables for the blank, large
Hogna, mediumHogna, and smallHognasize treatments. Each stimulus treatment
paired with a blank was used as the independent variable. Chi-squared goodness
of fit tests were used to determine differences in initial choice of sides in each
treatment pairing.

RESULTS

In general, there was a decrease inPardosaactivity with cues fromHognaof
increasing size.Pardosashowed a significant reduction in activity in the presence
of all Hognasize treatment groups compared to blank controls except when on
substrates from the smallHogna treatment (Figure 2). Based on pairedt tests,
mean time spent immobile and mean residence time were different when the cues
were from a medium or largeHogna (Figure 2A, B).Pardosaspent more time
in nonforward locomotion in the presence of cues from largeHogna than on a
blank control sheet of paper (Figure 2A). There was no difference in any class of
locomotor behavior among the double blank treatments, indicating no side bias to
the testing container (Figure 2D).



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP304-361105 November 12, 2001 14:56 Style file version Nov. 19th, 1999

WOLF SPIDER ANTIPREDATOR BEHAVIOR 2499

TABLE 1. COMPARISON OF MEAN ACTIVITY LEVELS IN SIX CATEGORIES OFPardosa
BEHAVIOR FOREACH HognaSIZE TREATMENTa

Hogna

Behavior Control Small Medium Large F3,59 P

Residence time (sec) 1608.90 a 2153.30 ab 2431.30 b 2577.7 b 4.06 0.0111
Forward locomotion (sec) 267.46 175.00 242.33 228.87 0.80 0.5024
Nonforward movement (sec) 382.47 394.13 460.87 540.33 0.99 0.4049
Distance moved (cm) 1107.6 a 354.70 b 498.95 b 551.06 ab 4.31 0.0084
Time immobile (sec) 891.33 a 1566.90 ab 1719.60 ab 1828.30 b 3.32 0.0262
Speed (cm/sec) 3.31 a 1.77 b 1.79 b 2.18 b 7.32 0.0003

aDifferent letters indicate significant differences betweenHognasize treatment groups based on a
Tukey post-hoc comparison of means test.F ratios are based on one-way ANOVAs.N= 15/treatment.

There was a significant difference in total time spent on eachHogna treat-
ment (Table 1). Based on a Tukeypost-hoccomparison of means,Pardosaspent
longer periods of time on the medium and largeHognatreatments compared to the
control. Residence time on the smallHognatreatment was intermediate between
the control and otherHognasize treatments (Table 1). There was no difference
in forward locomotion or nonforward locomotion across any size treatment group
(Table 1). The total mean distance moved was different, withPardosatraveling
shorter distances on the smallHognaand mediumHogna treatments compared
to the control substrate. Distance moved on the largeHogna substrate was in-
termediate between the control and other size treatments (Table 1). Time spent
immobile was different on the largeHogna treatment compared to the control.
Small and mediumHogna treatments were intermediate with respect to this be-
havior (Table 1). Speed ofPardosamovement was also measured and compared
across treatment groups. Speed was determined by dividing distance moved by
time spent in forward locomotion.Pardosa milvinamoved slower in allHogna
size treatments compared to the blank control, but there were no differences in
speed across size treatments (Table 1).

To determine ifPardosaindividuals were responding to quantity ofHogna
cues, or some qualitative difference in cues based on size, we compared the eight
Hognatreatment to a blank control and then compared the eightHognatreatment
to a treatment of a single mediumHogna. Pardosa milvinashowed a strong and
significant reduction in activity in the presence of eightHognacompared to a blank
control (Figure 2E). Spiders showed more time immobile and longer residence
times on the side with eightHognacompared to the blank control. No other class
of behavior differed between pairs. When each behavioral category (nonforward
locomotion, forward locomotion, time immobile, residence time, and distance
moved) was compared between substrates containing eight smallHognaversus
a singleHogna, there was a significant difference in time spent in nonforward
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FIG. 2A–E. Comparison of activity level of adult femalePardosa milvinaexposed to paired
treatments of filter paper previously occupied byHognaof different sizes or a blank sheet
of paper. Behavioral categories on ordinate are as follows: NF= time spent in nonforward
locomotion, L= time spent moving forward (locomote), I= time spent immobile, R=
residence time on that substrate, D= distance moved. Distance moved is measured in
centimeters and is represented on the same scale as time. All other behaviors are measured
in seconds. Results are expressed as means (N = 15/treatment)± SE. Significance levels
are based on pairedt tests for each pair of behaviors denoted as follows:∗<0.05,∗∗<0.01,
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TABLE 2. COMPARISON OFMEAN ACTIVITY LEVELS IN SIX CATEGORIES OF

PardosaBEHAVIOR FOREIGHT HognaAND MEDIUM HognaSTIMULUS

TREATMENTSa

Behavior EightHogna MediumHogna T28 P

Residence time (sec) 2353.9 2431.30 0.24 0.809
Forward locomotion (sec) 151.00 242.33 1.23 0.238
Nonforward movement (sec) 275.27 460.87 2.10 0.045
Distance moved (cm) 478.37 498.95 0.09 0.929
Time immobile (sec) 1910.30 1719.60 0.51 0.615
Speed (cm/sec) 2.32 1.793 1.30 0.203

aResults are based on two-samplet tests.N = 15/treatment.

locomotion (Table 2). Spiders spent more time engaged in nonforward movement
in the mediumHognatreatment compared to the eightHognatreatment. However,
there were no other behavioral differences between the two treatments (Table 2).

Avoidance behavior was found only whenPardosaencountered chemical
cues from largeHogna. When given a choice between a blank sheet of paper and
one with cues from an adult femaleHogna, spiders chose the blank side more often
than expected by chance (12 of 15,χ2 = 5.4,df 14, P < 0.025).Pardosa milvina
showed no initial side preference when given a choice between a blank sheet and
Hognacues from mediumHogna, smallHogna, or eightHogna.

DISCUSSION

In general,Pardosaspiders showed reduced activity in the presence of cues
from Hognaof increasing size. The most commonly modified behavior was time
spent immobile. This also explains the counterintuitive response of spiders spend-
ing more time on substrates withHognacues.Pardosatend to become immediately
quiescent upon contact withHognasilk and excreta. Spiders also showed a drop in
distance moved acrossHognasize treatments, suggesting it takes much longer for
Pardosato leave these substrates than when encountering areas devoid ofHogna
cues.

∗∗∗<0.001. (A) Chemical cues from large adult femaleHogna (LH) vs. a blank (LB).
(B) Chemical cues from a medium-sizedHogna(MH) equal in body mass to thePardosa
being tested vs. a blank control (MB). (C) chemical cues from a smallHogna(SH) half
the body mass of the test spider vs. a blank (SB). (D) a double blank control, B1 and
B2. (E) chemical cues from eight smallHogna(EH) each ca. one fourth the mass of the
Pardosabeing tested vs. a blank control (EB). Locomotor activity and initial side choice
was recorded for each spider.
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The overall locomotor behaviors for eachHognasize treatment appeared to be
qualitatively the same. AlthoughPardosaresponses to the smallHognatreatment
were not significant compared to the control (Figure 2), this appears to be due
to a difference in the magnitude of the response. This suggests that variation in
the quantity of cue is responsible for variation inPardosareduction in movement.
Moreover, compared to a control sheet,Pardosahad a reduction in speed as well as
distance moved on the smallHognatreatment (Table 1).Pardosaexhibited a strong
reduction in movement to eightHogna, which appears to be a response equivalent
to a medium or largeHogna. Since none of the eight smallHognawould present a
predation threat, these data suggest that it is the quantity of cues that serves as the
proximate source of information governing the degree of antipredatory behavior.

Other studies have shown that long periods of immobility greatly increase
survival probabilities ofPardosawhen in the presence of a largeHogna(Persons
et al., 2001). Reduced locomotion is likely to be adaptive since wolf spider visual
systems are strongly biased toward movement rather than shape cues (Rovner,
1996). Wolf spiders are much more likely to lunge at prey that move for longer
periods of time (Persons and Uetz, 1997), and reduction in locomotion reduces
vibrations generated through the substratum that could also be used by a predatory
wolf spider to locate prey (Lizotte and Rovner, 1988).

Pardosa milvinaexhibits graded antipredator responses with variation in
perceived risk of predation; however, chemical cues alone provide insufficient
information for an individual to discriminate between a single largeHogna or
many smaller individuals. We cannot rule out the possibility that a high density
of silk and excreta from large numbers ofHogna spiderlings may be an indi-
cator of an adult femaleHogna nearby. We have found single femaleHogna
capable of producing over 200 offspring (personal observation). The young are
carried on the mother’s back for a short period of time and then disperse. We be-
lieve spiderlings of the same species would rarely occur at densities high enough
to produce the amount of kairomone used in this study except immediately af-
ter dispersal. It is possible thatPardosacould interpret such information as the
presence of a large adult femaleHogna in the area. Without visual, vibratory,
or tactile cues to confirm the size of theHogna, Pardosaappears to treat any
quantity of silk and excreta equal to or greater than that which they produce as
a potential predation threat. Nonetheless,Pardosaresponses to substrates would
result in a close match between appropriate antipredator response and the ac-
tual risk of predation in most cases.Pardosashowed an avoidance response to
adult femaleHogna, the only size class in these treatments that would pose a
large potential predation risk. The fact that potential prey apparently can induce
significant, albeit lower levels of antipredator behavior, suggests thatPardosa
weighs the fitness costs of predation more heavily than the loss of a meal. Previous
studies have demonstrated thatPardosais unresponsive to silk and excreta from
equal-sized conspecifics (Persons et al., 2001), but in this study,Pardosashowed
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antipredator responses toHognaof equal size. These results suggest thatPardosa
is capable of discriminating between conspecific and heterospecific silk and
excreta.

In general, the results show limited support for two of our three original pre-
dictions. Adult femalePardosashowed increasing levels of antipredator behavior
in the presence of chemical cues fromHognaof increasing size. However,Pardosa
showed significant levels of antipredator behavior in the presence of aHognaequal
in size to itself and showed some antipredator behavior, although this was not al-
ways statistically significant, in the presence of smallHogna. Adult femalePardosa
appeared to increase antipredator behavior in the presence of increased quantities
of chemical cues fromHogna, even when those cues were produced fromHogna
that could be eaten byPardosa. Finally, when given a choice,Pardosatended to
avoid substrates previously occupied by aHogna larger than itself, but showed
no substrate avoidance if the paper had supported a spider or spiders of equal or
smaller size to itself. This indicates that whatever the mechanism,Pardosagen-
erally demonstrates antipredator responses appropriate to the degree of predation
risk.
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Abstract—Interactions between insects and glucosinolate-containing plant
species have been investigated for a long time. Although the glucosinolate–
myrosinase system is believed to act as a defense mechanism against generalist
herbivores and fungi, several specialist insects use these secondary metabo-
lites for host plant finding and acceptance and can handle them physiolog-
ically. However, sequestration of glucosinolates in specialist herbivores has
been less well studied. Larvae of the turnip sawflyAthalia rosaefeed on sev-
eral glucosinolate-containing plant species. When larvae are disturbed by an-
tagonists, they release one or more small droplets of hemolymph from their
integument. This “reflex bleeding” is used as a defense mechanism. Specific
glucosinolate analysis, by conversion to desulfoglucosinolates and analysis of
these by high-performance liquid chromatography coupled to diode array UV
spectroscopy and mass spectrometry, revealed that larvae incorporate and con-
centrate the plant’s characteristic glucosinolates from their hosts. Extracts of
larvae that were reared onSinapis albacontained sinalbin, even when the
larvae were first starved for 22 hr and, thus, had empty guts. Hemolymph
was analyzed from larvae that were reared on eitherS. alba, Brassica nigra,
or Barbarea stricta. Leaves were analyzed from the same plants the larvae
had fed on. Sinalbin (fromS. alba), sinigrin (B. nigra), or glucobarbarin and
glucobrassicin (B. stricta) were present in leaves in concentrations less than
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1 µmol/g fresh weight, while the same glucosinolates could be detected in
the larvae’s hemolymph in concentrations between 10 and 31µmol/g fresh
weight, except that glucobrassicin was present only as a trace. In larval fe-
ces, only trace amounts of glucosinolates (sinalbin and sinigrin) could be de-
tected. The glucosinolates were likewise found in freshly emerged adults, show-
ing that the sequestered phytochemicals were transferred through the pupal
stage.

Key Words—Athalia rosae, sawfly, Hymenoptera,Sinapis alba, Barbarea stricta,
Brassica nigra, Brassicaceae, glucosinolates, hemolymph, sequestration.

INTRODUCTION

Defensive secondary metabolites of plants can be utilized by herbivorous insects
when they are adapted to them. Such specialists take up certain host plant com-
pounds and concentrate them in particular tissues or organs (Duffey, 1980). Such
sequestration of toxic compounds can contribute to making the herbivores them-
selves unpalatable for members of the third trophic level (Duffey, 1980; Trigo,
2000). Sequestered compounds include alkaloids (Rothschild and Edgar, 1978;
Dobler et al., 2000; Abe et al., 2001), cardenolides (Brower and Fink, 1985;
Scudder et al., 1986; Carroll et al., 1997; Dobler et al., 1998), and flavonoids
(Blum, 1981; Schittko et al., 1999). Most of the insects where sequestration has
been demonstrated belong to the Lepidoptera, Coleoptera, or Heteroptera (Duffey,
1980, and references given above).

Glucosinolates are secondary metabolites with a restricted taxonomic dis-
tribution (Rodman et al., 1998; Halkier, 1999; Fahey et al., 2001) that form a
binary defense system with the glucosinolate-hydrolyzing enzyme myrosinase
(Rask et al., 2000). Although the glucosinolate–myrosinase system is believed to
be involved in plant resistance to generalist herbivores (Louda and Mole, 1991; Li
et al., 2000; Potter et al., 2000) and fungi (e.g., Manici et al., 1997), several spe-
cialist insects are not repelled by these phytochemicals (Nielsen et al., 2001, and
references therein). To the contrary, glucosinolates and their hydrolysis products,
such as volatile isothiocyanates (mustard oils), thiocyanates, nitriles, and others
(Chew, 1988a), are involved in host plant finding and acceptance (Nielsen, 1988;
Chew, 1988a,b; Louda and Mole, 1991). Even high levels of glucosinolates can
apparently be physiologically handled by such specialist insects (e.g., Li et al.,
2000; Agerbirk et al., 2001a).

Sequestration of glucosinolates and isothiocyanates has been investigated
in two butterfly species; the glucosinolate sinigrin (allylglucosinolate) and al-
lyl isothiocyanate could be detected in whole pupae ofPieris brassicaeL. and
P. rapaeL. (Lepidoptera: Pieridae) (Aplin et al., 1975). Allyl isothiocyanate was
detected in whole-body extracts of larvae and adults ofP. brassicae(Aplin et
al., 1975). However, the glucosinolate detection by Aplin et al. (1975) inPieris
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pupae may not be reproducable: none could be detected by the desulfoglucosino-
late method in extracts ofP. rapaepupae whose larvae had fed on cabbage (J. A.
A. Renwick, personal communication). Furthermore, it is surprising that Aplin et
al. (1975) apparently detected sinigrin as the only glucosinolate in cabbage, while
a complex mixture of glucosinolates is normally found in this plant (e.g., Sang
et al., 1984; Renwick et al., 1992; Mithen et al., 2000). Since the methods used by
Aplin et al. (1975) are now outdated, the report of sequestration of sinigrin (and
perhaps also allyl isothiocyanate) inPieris sp. probably needs confirmation with
modern analytical methods.

Larvae of the sawflyAthalia rosae ruficornisJakovlev (Hymenoptera: Ten-
thredinidae, Allantinae) feed on different glucosinolate-containing plant species,
such as the BrassicaceaeArmoracia rusticana, Barbareaspp.,Brassicaspp.,Ror-
ippa amphibia, Sinapis alba, Sisymbrium officinale, and the TropaeolaceaeTropae-
olum majus(Liston, 1995). The integument ofA. rosaelarvae is readily disrupted
when touched by predators. Droplets of hemolymph are released (Figure 1) that
are unpalatable to different antagonists (Ohara et al., 1993; Schaffner et al., 1994).
In this study, we investigated whetherA. rosaetakes up glucosinolates from its
different host plants, whether these are sequestered in the defensive hemolymph,
and whether they are transferred into the adult lifestage.

METHODS AND MATERIALS

Plants. Plants ofSinapis albaL. (cultivar: Salvo, seeds from Advanta Seeds
B.V., Netherlands),Brassica nigra(L.) Koch, andBarbarea strictaAndrz. (seeds

FIG. 1. Larva ofAthalia rosae, showing a droplet of hemolymph after being touched (length
of larva: 1.2 cm).
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obtained as described in Agerbirk et al. 2001b) were grown in a greenhouse (20◦C,
70% relative humidity, 16L:8D). Four- to 5-week-old, preflowering plants were
used.

Insects. Cocoons ofAthalia rosaewere obtained from a colony descending
from adults collected in the Rhine Valley, Germany, in September 2000. Insects
were reared on whole plants ofS. albaat 20◦C, 70% relative humidity, and 16L:8D
in the Leiden laboratory. Five fourth-instar larvae (two samples) were taken from
the plants and frozen at−80◦C. Five additional fourth-instar larvae (two samples)
were starved for 22 hr in clean Petri dishes to empty their guts and then frozen.
Hemolymph was collected from living fourth- and fifth-instar larvae by piercing
the integument carefully with a needle at the middle of the abdomen without
damaging the gut. Exuding hemolymph was collected with glass capillaries in
2-ml volume glass vials, weighed, and immediately frozen. Initially, hemolymph
was collected from up to 20 larvae, but later samples were collected from smaller
numbers. Feces (30–100 mg fresh weight) were collected by placing fourth- and
fifth-instar larvae on clean filter paper in Petri dishes without plant material, and
then frozen. Five female and five male adults (two samples each) were frozen
directly after emergence from pupae. Pupal time lasted 13–16 days.

In addition, second-instar larvae (mean weight: 3.5 mg) that had emerged from
leaves ofS. albawere transferred to leaves of eitherB. nigraor B. stricta. When
the larvae reached their fourth instar (mean weight: 45 mg), feces and hemolymph
were collected as described above. Leaf samples (50–100 mg fresh weight) from
all three species were picked from the same plants the larvae had eaten on. All
samples were weighed fresh, frozen at−80◦C, and freeze dried for 24 hr.

Glucosinolate Extraction and Analysis. Glucosinolates were extracted in
boiling aqueous 70% methanol with benzylglucosinolate as internal standard,
converted to desulfoglucosinolates, and analyzed by HPLC as described else-
where (Agerbirk et al., 2001a), except that the detection wavelength was 226 nm
(bandwidth 4 nm) because a published relative response factor for sinalbin was
available at this wavelength. The relative response factors reported by McGregor
(1985), as cited by Buchner (1987), were used for sinalbin (p-hydroxybenzyl-
glucosinolate) (0.50), sinigrin (allylglucosinolate) (1.00), glucobrassicin (indolyl-
3-methylglucosinolate) (0.26), and benzylglucosinolate (0.86). Glucobarbarin
[(S)-2-hydroxy-2-phenylethylglucosinolate] was assumed to have the same re-
sponse factor as benzylglucosinolate since the chromophores in these two ana-
lytes are identical. The internal standard and reference compounds were obtained
as previously described (Agerbirk et al., 2001a,b; Nielsen et al., 2001).

The identity of the major glucosinolates sinalbin, sinigrin, glucobarbarin,
and glucobrassicin was confirmed by comparison of HPLC retention time and
diode array UV spectrum with authentic reference compounds and by analysis
of hemolymph-derived desulfoglucosinolate samples by HPLC in conjunction
with mass spectrometry (LC-MS) (Table 1). LC-MS was done on an HP1100 LC
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coupled to a Bruker Esquire-LC ion trap mass spectrometer. For reversed-phase
LC, a C18 column (Chrompack Inertsil 3 ODS-3 S15× 3 COL CP 29126) was
used. The mobile phase was water doped with sodium acetate (50 M) (A), and
methanol (B), running with a flow rate of 0.25 ml/min in the following gradient:
0–2 min isocratic 100% A; 2–40 min linear gradient 0–60% B; 40–45 min linear
gradient 60–100% B, and 45–50 min isocratic 100% B. The mass spectrometer was
run in positive ion mode, and [M+Na]+ adduct ions were observed exclusively.

RESULTS

The dominant glucosinolate in leaves ofS. albawas sinalbin (Table 1), which
was found in a concentration of 0.1–0.3µmol/g fresh weight. Other glucosinolates
that are described for seeds and leaves ofS. alba(Fahey et al., 2001) were not
detected. Sinalbin was found in fed larvae ofA. rosaein about eightfold higher
concentration per gram fresh weight compared to leaf material. The glucosinolate
was present in starved larvae at a similar concentration, confirming that the high
concentration in fed larvae was not largely derived from gut contents. The glucosi-
nolate was sequestered in the larvae’s hemolymph, where high concentrations of
sinalbin (about 10µmol/g fresh weight) were found (Table 2). In larval hemolymph
and adults reared onS. alba, varying amounts (0.1–0.4µmol/g fresh weight, calcu-
lated as sinigrin) of an unidentified peak (possibly 1-methylpropylglucosinolate)
with a retention time close to sinigrin were also observed (results not shown).
In larval feces, only trace amounts of glucosinolates were detected. Sinalbin was
likewise present in freshly emerged adults ofA. rosae, in females as well as in
males (Table 2).

Sinigrin (Table 1) was detected inB. nigraleaves, and glucobarbarin (Table 1)
in B. strictaleaves. Larvae switched at second instar to either of these species, also
sequestered sinigrin and glucobarbarin, respectively. While the concentration of
glucosinolates was below 1µmol/g fresh weight in the leaf material, they were
found in concentrations between around 12 and 31µmol/g fresh weight in the
hemolymph of larvae fedB. stricta or B. nigra (Table 2). However, a further
prominent glucosinolate in the leaves ofB. stricta, glucobrassicin, was apparently
not sequestered in proportion to its concentration in the leaf tissue (Table 2). Only
trace amounts or no glucosinolates were detected in larval feces (Table 2).

Sinalbin could not be detected in hemolymph of larvae that were originally
transferred fromS. albato B. nigra or B. stricta, suggesting that any sinalbin
sequestered during the short time the larvae fed onS. albawas either metabolized
or diluted below the detection level by their growth. A sequestration might also
happen only in later instars. Neither sinigrin, glucobarbarin, nor glucobrassicin
was detected in hemolymph of larvae that had fed exclusively onS. alba.
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TABLE 2. CONCENTRATIONS OFGLUCOSINOLATES, SINALBIN , SINIGRIN,
GLUCOBARBARIN, AND GLUCOBRASSICIN, DETECTED INSAMPLES OFLEAVES OFSinapis
alba, Brassica nigra, AND Barbarea stricta, AND IN SAWFLY Athalia rosaeREARED ON

DIFFERENTHOSTPLANTSa

Concentration (mean± SD,µmol/g fresh weight)

SampleHost
plant Sample Sinalbin Sinigrin Glucobarbarin Glucobrassicin no.

S. alba leaf 0.19± 0.15 n.d. n.d. n.d. 2
5 larvae, fed 1.61± 0.40 n.d. n.d. n.d. 2
5 larvae, starved 1.53± 0.03 n.d. n.d. n.d. 2
larval hemolymph 9.54± 2.32 n.d. n.d. n.d. 6
larval feces 0.02 (trace) n.d. n.d. n.d. 2
5 adult females 1.95± 0.95 n.d. n.d. n.d. 2
5 adult males 1.61± 0.04 n.d. n.d. n.d. 2

B. nigra leaf n.d. 0.54± 0.13 n.d. n.d. 2
larval hemolymph n.d. 30.9± 12.8 n.d. n.d. 2
larval feces n.d. 0.03 (trace) n.d. n.d. 2

B. stricta leaf n.d. n.d. 0.61 0.29 1
larval hemolymph n.d. n.d. 11.6± 3.4 0.05 (trace) 2
larval feces n.d. n.d. n.d. n.d. 2

aEggs were laid inS. alba, and emerging larvae partly transferred on other host plants as second
instars. Starvation of larvae occurred for 22 hr. n.d.—not detected.

DISCUSSION

Larvae of the sawfly speciesA. rosaeare able to take up glucosinolates from
their host plants and concentrate them effectively in the hemolymph. The glu-
cosinolates are apparently not biosynthesizedde novoby larvae, since only those
particular ones present in the hemolymph were also found in the respective host
plant species the larvae had fed on.

Sequestration of plant defensive compounds in different organs has been
shown previously in other sawfly species (Codella and Raffa, 1993). Species of
the Diprionidae and Pergidae sequester volatile terpenoids fromPinusorEucalyp-
tusleaves in larval pouches of the foregut (Prop, 1960; Eisner et al., 1974; Morrow
et al., 1976) and regurgitate them when disturbed. The TenthredinidaeTenthredo
grandis(Norton) sequesters iridoid glucosides fromChelone glabraL. (Bowers
et al., 1993); however, the sequestering organ has not been studied. A sequestra-
tion in Salix-feeding species was suggested by Sevastopulo (1958). In the sawfly
Rhadinoceraea nodicornisKonow (Blennocampinae), steroid alkaloids from the
host plantVeratrumspp. (Melanthiaceae) are metabolized and sequestered also in
the hemolymph (Schaffner et al., 1994).
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BesidesR. nodicornisandA. rosae, several other sawfly species of the sub-
families Blennocampinae and Selandriinae exhibit reflex bleeding when disturbed
by predators. Droplets of hemolymph are readily released upon wounding (Heads
and Lawton, 1985; Heads, 1986; Schaffner et al., 1994). This phenomenon is often
linked to sequestration of toxic plant compounds.

The larval hemolymph of some sawfly species has a high feeding deter-
rent effect on ants, spiders, and birds (Ohara et al., 1993; Schaffner et al., 1994;
Schaffner and Boev´e, 1996). Hemolymph ofA. rosaedeterred drinking of the
ant Myrmica rubra L. (Hymenoptera, Formicidae) even when diluted 10-fold
(Schaffner et al., 1994). However, in different sawfly species, different classes
of chemicals result in deterrent effects on predators. InA. rosae, it remains to be
confirmed whether glucosinolates are responsible for the defensive activity of the
hemolymph.

Sequestration of plant compounds requires several physiological adaptations
(Duffey, 1980; Bowers, 1992). First, the insect must have a specific uptake mech-
anism. The way glucosinolates pass through the gut wall and are stored in the
hemolymph is not known. However, their high concentration in the hemolymph
relative to the food source suggests that an active transport mechanism exists.
The hypothetical uptake mechanism seems to be nonspecific with respect to the
structure of the side chain, since different structural types of glucosinolates were
sequestered. Interestingly, the minor amounts of glucobrassicin in hemolymph
from B. nigra-reared larvae (Table 2) suggests that not all glucosinolates are
sequestered with the same efficiency. Second, the insects need to be protected
from self-poisoning. Glucosinolates and their hydrolysis products have a deter-
rent, toxic, or antinutritional effect on most organisms (Louda and Moule, 1991;
Potter et al., 2000; Fahey et al., 2001).

Many herbivorous insects excrete toxic plant compounds unchanged with
their feces, a physiological process known as the pharmacokinetic strategy (Isman,
1992). Nicotine is, for example, for the most part excreted by the tobacco hornworm
Manduca sexta(L.) (Lepidoptera: Noctuidae) (Murray et al., 1994). Other toxic
compounds are detoxified by specific enzymes in feeding specialists (Witthohn and
Naumann, 1987; Kunze et al., 1996) or by mixed function oxidases in generalists
(Hodgson and Rose, 1991; Brattsten, 1992). Only trace amounts of glucosinolates
were detectable in the feces ofA. rosaelarvae. Either they are almost completely
absorbed by the gut wall or a certain amount is hydrolyzed or otherwise degraded
while passing through the gut (e.g., Mithen et al., 2000).

With regard to different developmental stages, glucosinolates sequestered by
A. rosaelarvae were apparently passed unchanged, and in similar concentrations,
into the adult life stage (Table 2). SinceA. rosaeeggs are laid in the leaf tissue,
they were not studied for the presence of glucosinolates.

Female as well as male adults ofA. rosaeare also known to sequester bit-
ter tasting clerodendrines fromClerodendron trichotomum(Verbenaceae) in body
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tissue (Nishida and Fukami, 1990). These clerodendrines are deterrent to sev-
eral predators, such as lizards and sparrows (Nishida and Fukami, 1990), and
are probably deposited in the insect cuticle (Amano et al., 1999). They also
play an important role in the mating behavior of this species (Amano et al.,
1999).

In this study, we analyzed only the glucosinolates, but other secondary com-
pounds of the Brassicaceae might also be sequestered, for example, proto- or
pseudoalkaloids such as sinapin fromS. alba, phenolics (e.g., quercetin, rutin), or
glucosinolate hydrolysis products. Future studies will show whether the seques-
tration of glucosinolates is indeed effective against different predators, whether
host plant chemistry is important in larval survival, and whether other bioactive
compounds are present in the hemolymph.
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Abstract—An ethanolic extract of red maple (Acer rubrumL.) leaves (RME)
applied to trembling aspen (Populus tremuloidesMichx.) leaves reduced feed-
ing in choice test assays with forest tent caterpillar larvae (Malacosoma disstria
Hbn.) (FTC), whereas a trembling aspen foliage extract, similarly applied, stim-
ulated feeding. Compounds isolated from the RME were gallic acid, methyl
gallate, ethyl gallate,m-digallate, ethylm-digallate, 1-O-galloyl-β-D-glucose,
1-O-galloyl-α-L-rhamnose, kaempferol 3-O-β-D-glucoside, kaempferol 3-O-β-
D-galactoside, kaempferol 3-O-β-L-rhamnoside, kaempferol-3-O-rhamnogluco-
side, quercetin 3-O-β-D-glucoside, quercetin 3-O-β-L-rhamnoside and quercetin
3-O-rhamnoglucoside, (−)-epicatechin, (+)-catechin and ellagic acid. All of the
gallates, (−)-epicatechin, and kaempferol 3-O-β-L-rhamnoside deterred feeding
on trembling aspen leaf disks when applied at 0.28 mg/cm2. The two digallates
deterred feeding by 90% and were the most effective. HPLC analysis indicated
that ethylm-digallate is present in amounts 10–100× higher in RME (∼2.5–
250 mg/g) than any other compound. Thus, ethylm-digallate appears to be
the major compound protecting red maple from feeding by FTC, with a minor
contribution from other gallates.

Key Words—Acer rubrumL., red maple,A. saccharumL., sugar maple, Acer-
aceae,Populus tremuloidesMichx., trembling aspen, Salicaceae,Malacosoma
disstria Hubner, forest tent caterpillar, Lepidoptera, Lasiocampidae, feeding
deterrence, phenolics, gallates, flavonols.
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INTRODUCTION

Hardwood forests are endangered by severe defoliation caused by insects. The
forest tent caterpillar (FTC) (Malacosoma disstriaHubner) is a major pest of
Canadian deciduous forests feeding mainly on poplar (Populusspp.), particularly
trembling aspen (P. tremuloidesMichx.). It also defoliates other species, including
sugar maple (Acer saccharumMarsh) (Howse, 1995; Nicol et al., 1997). Red
maple (A. rubrumL.), another prominent maple occupying a similar range (Farrar,
1995), is seldom attacked by FTC. Beavers (Castor canadensis) also have been
reported to avoid red maple trees (M¨uller-Schwarze et al., 1994). Except for a 13%
higher content of polyphenols in red maple (Ricklefs and Matthews, 1982), leaves
do not exhibit major differences in characteristics, e.g., toughness, sugar content,
water content, or nitrogen content, from those of sugar maple. Among polyphenols,
tannins are considered as the major defense compounds in tree leaves, but since
red and sugar maple leaves contain similar amounts of these complex molecules
(Bate-Smith, 1978), some other constituent(s) must provide red maple leaves with
a deterrent to feeding by FTC. In the present study, the constituents of an aqueous
ethanolic extract of red maple leaves were isolated, identified, and then tested in
leaf disk feeding assays in order to determine the phytochemical basis of insect
resistance in red maple leaves.

METHODS AND MATERIALS

Plant Material.Red maple leaves were collected in June 1992 from 10 mature
trees in Sault Ste. Marie, Ontario, Canada (lat. 46.34N, long. 84.17W). Leaves of
trembling aspen were collected locally (Sault Ste. Marie) or grown in the green-
house as needed for feeding tests. Pressed voucher specimens are deposited in
the Canadian Forest Service-Sault Ste. Marie herbarium asAcer rubrumL. (CFS-
SSM #s 1001–1010), family Aceraceae and trembling aspen (Populus tremuloides
Michx.) (CFS-SSM #s 1255–1265), family Salicaceae.

Extraction.Fresh red maple leaves (2 kg fresh wt) were extracted at room
temperature. First, leaves were steeped for 24 hr in 100% EtOH (1 g fresh wt/10 ml
solvent), followed by chopping in a commercial Waring blender, and decanting
the solvent. Next, the chopped residue was steeped for an additional 24 hr in 50%
aqueous EtOH (10 g fresh wt/100 ml solvent). The combined ethanolic extracts
(RME) were evaporated under reduced pressure until most or all of the EtOH had
been removed. The residue was freeze-dried to obtain 242 g of crude extract (RME).
Thus, from each gram fresh weight of leaves, 121 mg of RME was obtained. Fresh
aspen leaf material (2 kg fresh wt) was similarly extracted to yield 204 g residue.

Fractionation.RME (100 g) was adsorbed onto 200 g of polyvinylpolypyrroli-
done (PVPP) powder (Sigma Chem. Co., St. Louis, Missouri) preconditioned by
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soaking in distilled water for 24 hr and packed in a Buchner funnel (4 liters). Elu-
tion was carried out at a slow rate using 5 liters of water followed by 5 liters aliquots
of increasing concentrations (20, 50, 70, 100%) of ethanol. All five fractions were
tested for antifeedant activity (data not shown) with maximum activity found
in the fraction eluting with 50% ethanol, henceforth referred to as the phenolic
fraction (RMP). The active fraction was concentrated under vacuum and chro-
matographed on Whatman No.1 chromatography paper (PC) using either BAW
(n-butanol–acetic acid–water, 4:1:5, upper phase), water, or acetic acid–water
(15:85) to isolate the pure compounds. Further fractionation was carried out on a
PVPP column (7× 120 cm ID.) using the following solvent systems: (i) CH2Cl2–
EtOH–MeCOEt–Me2CO (1:1:1:1), (ii) EtOH–MeCOEt–Me2CO–H2O (1:1:1:1),
and (iii) EtOH–H2O (1:1). Purification was achieved on a Chemco low-prep pump
(model 9 1-M-8R), and fractions were tested for purity by HPLC.

HPLC.A Waters Delta Prep 4000 liquid chromatograph was used equipped
with a computer and Millennium 2010 software, an autoscan photodiode array
detector (Waters 996), and a Waters Nova-Pak C18 reverse-phase analytical column
(4µm, 60Å, 3.9× 150 mm ID). A modified gradient chromatographic technique
(van Sumere et al., 1993) was used at room temperature: solvent A=MeOH; B=
5% aq. HCOOH; and a flow rate of 0.9 ml/min. Two fixed detection wavelengths
were used, 280 nm and 350 nm, and resolved peaks were scanned from 250 to
400 nm by the photodiode array detector.

Identification of Isolated Compounds.UV spectra were recorded on a UV-Vis
Beckman DU series 640 spectrophotometer.1H NMR and13C NMR spectra were
recorded on a Bruker AMX-500 spectrometer, at 500 MHz and 125 MHz, respec-
tively; samples were dissolved in DMSO-d6 with TMS as an internal standard.
Structures of purified compounds were determined by comparison with authen-
tic samples where available using standard methods (Harborne, 1994; Markham,
1982): acid hydrolysis in 2 M and 0.1 M HCl (mild hydrolysis) at 100◦C for 60 min,
enzymatic hydrolysis withβ-glucosidase (Sigma) using an acetate buffer (pH 5),
hydrogen peroxide oxidation, UV spectroscopy,1H NMR, 13C NMR, and FAB-
mass spectroscopy (positive and negative). The glycosides and aglycones obtained
from hydrolysis of isolated compounds were identified by cochromatography with
authentic samples (Aapin and Extrasynthese) using PC, TLC, and HPLC. Sugars
released by hydrolysis were identified by PC and TLC using standards. Stan-
dard gallic acid and gallate derivatives were kindly provided by Profs. G. Gross,
Universtät Ulm, Ulm, Germany, and T. Yoshida, Okayama University, Okayama,
Japan.

Quantitative and Qualitative Analysis.A dilute solution (10 mg/ml) of RME
or RMP was filtered and 10µl was injected onto an HPLC column (van Sumere
et al., 1993) with and without spiking with standards. Peaks were identified on
the basis of retention times and UV spectra. Peak heights, measured at 280 nm,
were converted to milligrams per milliliter using conversion factors obtained
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for standards (Slacanin et al., 1991). Such HPLC analyses were performed in
triplicate.

Insect Material.Egg bands of forest tent caterpillar,Malacosoma disstria
Hubner, Lepidoptera, Lasiocampidae (FTC) were collected from trembling aspen
trees from Cochrane and Thunder Bay, Ontario, Canada. Eggs were stored at 2◦C
for at least 13 weeks. Larvae were reared to the required stage on artificial diet
(Addy, 1969; Singh and Moore, 1985) in environmental chambers (21◦C, 80%
relative humidity, and 16L:8D).

Leaf Disk Assays.Leaf disks (2-cm diam.) were cut with a #13 cork borer
from freshly collected leaves and placed into a 9-cm-diam. plastic Petri plate (two
disks of each species in alternating positions) to compare feeding on red maple
and trembling aspen leaves. The disks were pinned in place through small holes
in the bottom of the plate. Five newly molted fourth-instar larvae were placed into
each of seven replicate plates. After 24 hr, the leaf disks were photocopied and
the percentage of each disk remaining was determined with an Image Analyser
(Artek, Image Editor and Video Memory, model 940). The antifeedant index (AI)
for each plate was calculated as %AI = (C − T)/(C + T) × 100 whereC is the
percentage of two control disks eaten, andT is the percentage of two treated disks
eaten (Blaney et al., 1994).

A second choice leaf disk assay method was used to determine the feeding
deterrency of red maple and aspen leaf extracts applied to aspen leaf disks in
side by side comparisons. Four, 1.5-cm-diam. disks from greenhouse-grown trem-
bling aspen leaves were placed into a 9-cm-diam. plastic Petri plate and pinned
in place. The upper surfaces of two opposite disks were each treated with four
applications of 12.5µl of 5% solutions (acetone–water, 80:20) of the extracts
for a total of 2.5 mg of each crude extract. The other two disks were treated
with solvent only. Five fourth-instar larvae were placed in each of 12 replicate
plates for each extract. The percentage of foliage eaten was estimated visually
until 35–65% of the disks in a dish were consumed. The AI was then calculated as
above. The RMP extract (13 replicate plates) was also tested separately in the same
fashion.

Feeding deterrency of individual compounds found in the RME extract, ei-
ther available commercially or purified from the extract, was determined with the
second leaf disk assay method. An equal mass (0.5 mg) of each compound was
similarly applied to individual aspen leaf disks. Six to 29 replicate plates in at least
duplicate tests were used for each compound. Methyl gallate was tested in 116
replicate plates as a regular standard.

Statistical analysis using appropriate parametric or nonparametric proce-
dures was undertaken with GraphPAD InSTAT software (GraphPad, San Diego,
California) or SigmaStat Statistical Software, Version 2 (SPSS Inc., Chicago,
Illinois).
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TABLE 1. HPLC ANALYSIS OF CRUDE RED MAPLE LEAF

EXTRACT (RME) AND PHENOLIC FRACTION FROM RED

MAPLE LEAF EXTRACT (RMP) ELUTED FROM PVPPWITH

50% ETHANOL–WATER

mg/g dried extract

Compound RME RMP

1-O-galloyl-β-D-glucosea 10.3 5.4
Gallic acida 24.5 22.9
1-O-galloyl-α-L-rhamnosea 30.2 16.1
Methyl gallatea 2.5 2.5
Ethyl gallatea 2.0 3.0
m-Digallatea 24.5 58.6
Ethyl m-digallatea 248.5 302.5
Quercetin 3-O-β-D-glucosidea 6.1 12.2
Quercetin 3-O-rutinosidea 5.3 5.3
Kaempferol 3-O-β-D-galactosidea 6.2 4.1
Quercetin 3-O-β-L-rhamnosidea 15.0 28.0
Kaempferol 3-O-β-D-glucosidea 4.1 6.2
Kaempferol-3-O-rutinosidea 4.1 6.2
Kaempferol 3-O-β-L-rhamnosidea 4.1 8.3
Kaempferol (galloyl?)rutinosideb 28.0 32.0
Kaempferol (galloyl?)rhamnnosideb 3.0 3.0

aCompounds isolated from red maple leaf extract and used in Table 3.
bThe tentatively identified acylated kaempferol rutinoside and rham-
noside were most probably hydrolysed to the free glycosides during
the prolonged separation and isolation steps.

RESULTS AND DISCUSSION

Identification of Isolated Compounds.Seventeen compounds were isolated
and identified fromAcer rubrumL. including the 14 listed in Table 1 and an ad-
ditional three, (−)-epicatechin, (+)-catechin and ellagic acid (listed in Table 3
below). Structures (Figure 1) were established using standard procedures as de-
scribed in Methods and Materials (Harborne, 1994; Markham, 1982). UV spectra,
1H NMR, 13C NMR, and MS were identical with standards.

Quantitative and Qualitative Analysis.The depside ethylm-digallate, present
at 248.5 mg/g is the predominant compound in both RME and RMP extracts
(Table 1). Gallic acid is an important constituent of red maple leaf extracts
(24.5 mg/g) as are 1-O-galloyl-β-D-glucose (10.3 mg/g), 1-O-galloyl-α-L-
rhamnose (30.2 mg/g) andm-digallate (24.5 mg/g). By contrast, methyl gallate
and ethyl gallate are present in RME in relatively low amounts (2.5 mg/g and
2 mg/g; respectively).
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The presence in maple leaves of gallic acid, its esters, and glycosides was
previously examined by Haslam (1965), but the identification of 1-O-galloyl-α-
L-rhamnose is a recent discovery (Abou-Zaid and Nozzolillo, 1999). Bailey et al.
(1986) isolated methyl gallate from methanolic extracts of silver maple leaves (A.
saccharinumL.), but this constitutes the first report of its presence in red maple
leaves (Table 1). Haddock et al. (1982) pointed out the significance of the depside
as a hydrolyzable tannin component of red maple and related species, but this is
the first report of its presence as a free compound.

Ellagic acid, (+)-catechin, and (−)-epicatechin were not detectable in the
HPLC traces, but small amounts of each were present in red maple extract. Sev-
eral flavonol peaks also were present, of which seven were isolated and identified.
Delendick (1990) identified the three quercetin glycosides, but only one of the four
kaempferol glycosides. Only quercetin 3-O-β-L-rhamnoside was present in excess
of 10 mg/g of extract (Table 1). However, there was an estimated 28 mg/g of the
putative kaempferol galloyl rhamnoglucoside in leaf extracts that was most proba-
bly hydrolyzed during the lengthy isolation procedure and purified as kaempferol
3-O-rhamnoglucoside.

Antifeedant Tests.Red maple leaf disks strongly deterred feeding by FTC
larvae. In the choice test employed, 100% of aspen leaf disks were eaten in contrast
to only 3.3± 6.9% of red maple leaf disks after 24 hr, giving an AI of 94.3%
(N = 7). This result confirms the field observation by Nicol et al. (1997) that red
maple is not a preferred host of FTC.

RME applied to aspen leaf disks at 1.4 mg/cm2 deterred feeding, yielding
an AI of 56.2% (Table 2). In contrast, feeding was stimulated by crude aspen leaf
extract (Table 2). These findings suggest that the resistance of red maple to feeding
by FTC larvae is due to specific phytochemicals present in the leaves of this species.
Since the RMP fraction contains higher levels of phenolic compounds and had an

TABLE 2. CHOICE BIOASSAYSSHOWING FEEDING RESPONSES

OF FORESTTENT CATERPILLAR LARVAE TO RED MAPLE LEAF

EXTRACT (RME), ASPEN LEAF EXTRACT (AE), OR PHENOLIC

FRACTION OFRED MAPLE EXTRACT (RMP)

mg/cm2 of Replicates Antifeedant index
Test extract applied (N) (%)a

Experiment 1
RME 1.4 12 +56.2± 32.9s

AE 1.4 12 −54.4± 23.5s

Experiment 2
RMP 1.4 13 +88.1± 16.3s

a+ = antifeedant;− = phagostimulant. Wilcoxon’s one-tailed test (H1;
µ > 0), differences from untreated (control) aspen leaf disks indicated as
s= significant (P < 0.05) or ns= not significant, (P > 0.05).
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AI of 88.1% (Table 2), we suggest that these compounds might be responsible for
the antifeedant activity of this fraction.

Previously reported choice tests with six commercially available phenolic
compounds present in red maple also demonstrated that gallic acid and methyl
gallate were feeding deterrents at 0.28 mg/cm2 (Abou-Zaid et al., 2000b). When
the full range of 14 phenolic compounds identified in red maple leaf extract was
tested at 0.28 mg/cm2 in the present study, all the gallates (gallic acid, methyl
gallate, ethyl gallate,m-digallate, ethylm-digallate, 1-O-galloyl-β-D-glucose, and
1-O-galloyl-α-L-rhamnose) showed antifeedant activity (Table 3). However, ethyl
m-digallate andm-digallate were clearly the most inhibitory to feeding, with AIs
of about 90% (Table 3). Only ethylm-digallate was the predominant compound in
both RME and RMP. Neither compound is present in sugar maple leaves (Abou-
Zaid et al., 2000a). The amount of ethylm-digallate in RME and RMP applied
to the leaf disks in Table 2 was 0.36 and 0.42 mg/cm2, respectively, as compared to
0.28 mg/cm2 of the pure compound in Table 3. Only RMP inhibited feeding to the
same extent as the digallate. Other compounds in RME may act as stimulants
to reduce insect feeding deterrence since this extract inhibited feeding by only

TABLE 3. CHOICE BIOASSAYS TOTESTFEEDING RESPONSES OFFOREST

TENT CATERPILLAR LARVAE TO ASPEN LEAF DISKS TREATED WITH

PHENOLIC COMPOUNDSISOLATED FROMRED MAPLE (0.28 mg/cm2 OF

LEAF DISK)

Antifeedant index
Compound µM (mean %± SD)a N

m-Digallate 0.9 +90.4± 12.5s 9
Ethyl m-digallate 0.8 +89.2± 9.1s 12
Methyl gallate 1.6 +52.1± 29.5s 116b

1-O-galloyl-α-L-rhamnose 0.9 +43.7± 33.8s 8
1-O-galloyl-β-D-glucose 0.9 +40.5± 36.5s 10
(−)-Epicatechin 1.0 +35.7± 31.8s 14
Gallic acid 1.7 +33.7± 33.8s 20
Ethyl gallate 1.4 +33.4± 32.9s 9
Kaempferol 3-O-β-L-rhamnoside 0.7 +29.2± 38.1s 10
Quercetin 3-O-β-L-rhamnoside 0.6 +13.6± 28.9ns 11
Ellagic acid 0.9 +5.2± 23.3ns 18
Quercetin 3-O-rhamnoglucoside 0.5 + 2.8± 23.2ns 29
Quercetin 3-O-β-D-glucoside 0.6 −6.8± 32.3ns 18
(+)-Catechin 1.0 −6.9± 29.0ns 10
Kaempferol 3-O-β-D-glucoside 0.6 −15.8± 54.0ns 6
Kaempferol-3-O-rhamnoglucoside 0.5 −24.2± 29.1s 10

a+ = antifeedant;− = phagostimulant. Wilcoxon’s one-tailed test (H1; µ > 0),
differences from untreated (control) aspen leaf disks indicated as s= significant,
(P < 0.05) or ns= not significant, (P > 0.05).

bUsed as a standard for all tests.
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56%. These include the flavonol glycosides that stimulated feeding in tests with
the pure compounds (Table 3). A crude extract such as RME also contains free
sugars, amino acids, and other soluble metabolites that are not present in RMP
and may stimulate feeding. Further evidence of the potential importance of such
metabolites to feeding activity is provided by the test with aspen leaf extract
(Table 2), which stimulated feeding in contrast to the inhibitory effect of a similar
amount of RME.

Of the two building blocks of proanthocyanidins, (+)-catechin and (−)-
epicatechin, only the latter elicited inhibitory activity similar to gallic acid. Only
kaempferol 3-O-β-L-rhamnoside showed an antifeedant effect of the six flavonols
tested (Table 3).

Expression of the concentrations of the compounds in molar amounts (Table 3)
makes it possible for direct comparison of biological activity. For gallic acid and
its esters, biological activity would be lower than that recorded on a milligram
basis. By the same token, kaempferol 3-O-β-L-rhamnoside is a more effective
antifeedant than the AI value of 29.2 would indicate.

In conclusion, FTC are deterred by gallates. The five most active compounds
in red maple all possess the galloyl moiety, suggesting that this structure may
constitute the basis for the feeding deterrence of these compounds and that the
functional groups attached to this basic structure may influence the level of deter-
rency. Of all the gallates, ethylm-digallate has both the highest antifeedant activity
and concentration in red maple, suggesting it is the major resistance factor.

Acknowledgments—We acknowledge the financial support of the Integrated Forest Pest Man-
agement Green Plan Initiative and the Canadian Biotechnology Strategy Fund.
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Abstract—The concentration of hydroxamic acids increased in wheat seedlings
exposed to methyl jasmonate. The proteins isolated from such seedlings inhibited
trypsin activity. Free-moving aphids avoided plants that had been exposed to
methyl jasmonate prior to the experiment. These aphids were able to reject such
plants within 15 min, and the inclination to stay on control plants lasted at
least 24 hr. Electronic recording (EPG) of aphid stylet activities showed a trend
towards reduction in penetration time and total time of phloem sap ingestion on
jasmonate–treated plants. However, the duration of the first period of feeding
was similar on treated and control plants.

Key Words—Semiochemicals, induced resistance, methyl jasmonate, hydrox-
amic acids,Rhopalosiphum padi, EPG, aphid behavior.

INTRODUCTION

Jasmonic acid (JA) and its methyl ester—methyl jasmonate (JA-ME; Figure 1)—
are endogenous regulators of plant growth and development (Loake, 1996). These
compounds occur in a large number of higher plant species and their synthesis is
stimulated by a variety of processes, including mechanical wounding, herbivore
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FIG. 1. Chemical structures of jasmonic acid (JA) and jasmonic acid methyl ester (=methyl
jasmonate) (JA-ME).

attack, osmotic stress, and desiccation (Creelman and Mullet, 1997). JA is a
key signal molecule carrying information about injury and its concentration in
wounded plants increases rapidly (Reinbothe et al., 1994). JA induces expres-
sion of plant defense genes responsible for the synthesis of proteinase inhibitors,
specific jasmonate-induced proteins, and metabolites directly involved in plant
resistance, e.g., glucosinolates (Bennett and Wallsgrove, 1994; Bodnaryk, 1994).
Similar plant responses are induced by the volatile JA-ME, which predestines
it to a key role in interplant communication and induction of resistance against
herbivores (Karban and Baldwin, 1997).

Cyclic hydroxamic acids (Hx) are a group of secondary metabolites charac-
teristic of the family Poaceae (=Graminae). Hx occur in wild grasses, as well
as in cultivated crops such as maize, wheat, rye, and triticale, but are absent
from barley, oats, and rice (Zuniga et al., 1983; Niemeyer, 1988). In wheat, the
most abundant Hx is 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)
-glycoside. Upon wounding of plant tissues, this molecule is hydrolyzed to ben-
zoxazinone (DIMBOA) (Figure 2) by endogenousβ-glucosidase (Niemeyer and
Perez, 1995). When consumed by herbivores, DIMBOA interferes with digestive
processes within the gut by reducing digestibility and conversion of digested food,
probably by inhibition of protease activity (Atkinson et al., 1992). DIMBOA in-
hibits the activity of many other enzymes including ATPases and enzymes of the

FIG. 2. Enzymatic hydrolysis of DIMBOA-glycoside.
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oxidative chain (Bravo and Niemeyer, 1986). The level of DIMBOA in plants is
associated with insect and disease resistance and allelopathic effects of cereals
(Copaja et al., 1991). The highest concentration of Hx in plants is found in vas-
cular tissues (Argandona and Corcuera, 1985; Argandona et al., 1987). Within the
vascular bundle, Hx are present in phloem sap (Givovich et al., 1994), but absent
from xylem (Argandona et al., 1987). Leszczynski and Dixon (1990) and Givovich
et al. (1992) found Hx in the honeydew of aphids feeding on cereals, demonstrating
that aphids ingest these compounds with the phloem sap. Hydroxamic acids seem
to be natural defensive factors against insects, and increasing their level in plants
has been suggested in breeding programs to obtain aphid-resistant cereal varieties
(Escobar and Niemeyer, 1993).

The bird cherry–oat aphid,Rhopalosiphum padi(L.), is a worldwide pest of
all major cereals and is able to transmit many persistent and nonpersistent viruses
(Blackman and Eastop, 1985).

The aim of this study was to find whether the level of hydroxamic acids
in plants might be affected by external factors such as JA-ME and whether this
volatile chemical induces changes in the behavior of the bird cherry–oat aphid
during settling, probing, and feeding on wheat. The effect of proteins from plants
exposed to JA-ME on protease activity was also studied.

METHODS AND MATERIALS

Plants and Aphids.Winter wheat,Triticum aestivumcv. Kobra, was grown
under controlled environmental conditions in hydroponic culture with keramsyte as
the supporting medium [temperature 26◦C (day)/21◦C (night); 16L:8DL photope-
riod; 65–70% relative humidity; light intensity 200µM/m2/sec FAR]. Hoagland’s
solution [Ca(NO3)2 3.25 mmol/liter; KNO3, 1 mmol/liter; KH2PO4, 1 mmol/liter;
MgSO4, 1 mmol/liter; Fe EDTA, 0.05 mmol/liter; H3BO4, 1µmol/liter; MnSO4,
0.05µmol/liter; CuSO4, 0.5µmol/liter; ZnSO4, 0.01µmol/liter; (NH4)6Mo6O24,
0.01µmol/liter; the acidity of the medium was set at pH 6.5 using 0.1 N H2SO4

or 1 N KOH] provided nutrients for the growing plants.
Aphids, Rhopalosiphum padi, were reared onT. aestivumcv. Kobra under

similar controlled conditions as plants. Young apterous virginoparous females
were used for experiments.

Application of JA-ME.Methyl jasmonate (JA-ME) was obtained from Serva,
Germany. Six-day-old wheat seedlings were exposed to 50µl of JA-ME that was
applied to strips of filter paper attached to the top of a glass chamber (16 cm high×
9 cm diam.) for 24 or 48 hr. After exposure, seedlings were used for EPG study,
direct observation of aphid behavior, and chemical analysis.

Airborne Concentration of Methyl Jasmonate.The concentration of JA-ME
in the glass chamber was measured by GC-MS (GC model HP 5890II, MD model
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HP 5972, column HPS) and found to be 217 nmol/liter. Only the (+)-epi form of
methyl jasmonate is biologically active and rapidly isomerizes to the more stable,
but biologically inactive,transconfigured isomer. This process takes place under
physiological conditions and results in a 1:9 ratio ofcis-(3R,7S) epimer totrans-
(3R,7R) epimer (Mueller, 1997). Therefore, we were able to determine that the
concentration of total JA-ME in our glass chamber was 20 nmol/liter. According
to data provided by Serva, the JA-ME preparation consists of three isomers, which
means that the physiologically active concentration of JA-ME in our study was sev-
eral nanomoles per liter. This fits within the range of physiological concentrations
reported by other authors (Falkenstein et al., 1991; Farmer and Ryan, 1992).

Quantification of Hydroxamic Acids.Hx content was analyzed according to
the procedure described by Leszczynski (1996). Plant material was homogenized
in distilled water and left at room temperature for 30 min. The homogenate was
adjusted to pH 3 and centrifuged at 6000g for 15 min. The supernatant was
extracted into ethyl ether (1:1, v/v× 3); the combined ether fractions were evap-
orated to dryness, dissolved in 80% methanol, and the FeCl3 reagent was added.
Absorbance of the complex was measured at 590 nm by using a Beckman DU
640 spectrophotometer. The concentration of Hx was determined by comparing
the absorbance of the extract with a standard curve made with 2,4-dihydroxy-
7-methoxy-1,4-benzoxazin-3-one (DIMBOA) because standards of hydroxamic
acids are not commercially available. Free Hx aglucones were isolated according
to the method of Woodward et al. (1978) and Leszczynski (1996). The preparation
was crystallized in hexane (2×) and purity determined by the method of Woodward
et al. (1978). This was used as the Hx standard based on its main component—
DIMBOA. Additional measurements of DIMBOA using TLC-UV (Zuniga et al.,
1983) confirmed the results obtained with the ferric chloride method.

Extraction of Protease Inhibitors.Protease inhibitors were isolated by using
a modification of the Jongsma et al. (1994) method. Plant tissue was immersed in
liquid nitrogen and homogenized in buffer (0.1 M Tris HCl, pH 7.6) containing 5%
polyvinylpolypyrrolidone (Sigma), 2 mg/ml phenylthiourea, 5 mg/ml DIECA, and
0.05 M EDTA. The homogenate was centrifuged (MPW 375) at 12,000g for 20 min
at 4◦C. Proteins in the supernatant were precipitated with chilled (NH4)2SO4 and
centrifuged at 4◦C for 10 min. The precipitate was resuspended in buffer (0.1 M
Tris HCl, pH 7.6) and added to the reaction mixture for determination of enzyme
activity.

Enzyme Assay.Trypsin activity was evaluated using ox trypsin type III
(Sigma) and on the basis of the azocasein methods of Brock et al. (1982) and
Harsulkar et al. (1999). The reaction mixture consisted of trypsin, azocasein [0.1%
azocasein (Sigma) in 0.1 M glycine NaOH)], and the isolated plant protease in-
hibitor. Incubation was carried out at 37◦C for 30 min and the reaction terminated
with 5% TCA. The mixture was centrifuged at 10,000g for 10 min after incuba-
tion at room temperature. An equivalent amount of 1 N NaOH was added to the



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP304-361108 November 12, 2001 14:59 Style file version Nov. 19th, 1999

EFFECTS OF METHYL JASMONATE 2533

supernatant, and the absorbance at 450 nm was measured. One protease activity
unit was defined as an increase in absorption of one extinction unit per minute.
The unit of protease inhibition was defined as the inhibition of one protease unit
under described conditions.

Olfactometry.Experiments were carried out in a Pettersson olfactometer
(Pettersson, 1995). JA-ME (4µM) was applied to one of the four arms of the olfac-
tometer, the remaining arms served as controls (water). Five apterous, virginoparae
were placed in the central arena of the olfactometer. The number of aphids in the
individual arms was counted every minute for 15 min. The airflow was 4 ml/sec.
Experiments were replicated eight times and the results analyzed using thet test.

Direct Observation of Aphid Settling: Choice Test.Two wheat leaves (one
untreated control and the other from plants treated with JA-ME for 24 or 48 hr) were
placed in a Petri dish containing wet filter paper. Twenty apterous, virginoparae
were placed in the center of the dish, and the number on each of the leaves was
counted after 15, 30, 60, and 120 min, and 24 hr. The experiment was replicated
eight times and the results were analyzed by ANOVA.

EPG. The Electrical Penetration Graph technique (Tjallingii, 1995) provides
information on aphid stylet activities in plant tissues and is helpful in the local-
ization of plant resistance factors, if there are any. This technique was used to
follow aphid behavior on plants exposed to JA-ME. Probing behavior of apterous,
virginoparaeR. padiwas recorded continuously for 8 hr on untreated and JA-ME-
treated plants prepared as described earlier. Each experiment was replicated 15
times using fresh aphids. The results were analyzed using the Kruskal-Wallis test.

RESULTS

There was an increase in Hx concentration in wheat seedlings exposed to
methyl jasmonate. Hx content increased by 49% and 129% in seedlings exposed
for 24 and 48 hr, respectively (Table 1). The proteins isolated from wheat seedlings
exposed to JA-ME inhibited trypsin activity with the strongest inhibition found for
seedlings exposed for 48 hr (Table 2).

TABLE 1. HYDROXAMIC ACID CONTENT IN WHEAT

SEEDLINGSEXPOSED TOMETHYL JASMONATE (JA-ME)

Hydroxamic acid content (mmol/kg fresh wt)

Treatment 0 hr 24 hr 48 hr

Control 0.81± 0.11a 0.79± 0.12ab 0.72± 0.09a
JA-ME 1.21± 0.14b 1.86± 0.10b

aMean± SD (N = 6).
bDifferent letters in columns represent a difference (P ≥ 0.05) byt test.
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TABLE 2. INHIBITION OF TRYPSINACTIVITY BY

PROTEINSISOLATED FROMWHEAT SEEDLINGS

EXPOSED TOMETHYL JASMONATE (JA-ME)

Trypsin inhibition
(% of control± SD)

Treatment 24 hr 48 hr

Control 100a 100
JA-ME 81± 3 55± 4

aActivity expressed as percent of control± SD.

In the olfactometer, fewer aphids (8.8 on average) visited the arm containing
methyl jasmonate than the control arms (11.2 on average), but the difference was
not significant.

Aphids did not settle on plants that had been exposed to methyl jasmonate,
regardless of exposure time. Such behavior was observed during the entire 24-hr
experiment (Table 3).

Electronic recording of aphid stylet activities showed a trend towards the
reduction of total penetration time, and, among all penetration activities, a decrease
in phloem sap ingestion from plants exposed to JA-ME (Figure 3). During the first
hour of recording, probing time was 25% and 50% shorter on plants exposed to
JA-ME for 24 and 48 hr, respectively, than on control plants. On the control plants,
the typical aphid behavior might be observed. During the second hour after aphids
had access to plants, stylet probing constituted 90% of all aphid activity (40%
pathway and 50% phloem sap ingestion). Aphids showed only penetration activity
from the sixth hour until the end of the recording; 90% of it was the ingestion of

TABLE 3. RESPONSE OFAPTEROUSRhopalosiphum padiTO WHEAT

SEEDLINGSEXPOSED TOMETHYL JASMONATE (JA-ME)

Mean number of aphids on leaves

24 hr exposure 48 hr exposure
Time from start
of experiment Control JA-ME Control JA-ME

15 min 8.6aa 4.0b 14.4a 2.8b
30 min 10.8a 2.9b 15.4a 1.9b
60 min 12.6a 1.5b 17.6a 0.4b
120 min 13.1a 2.0b 15.0a 2.5b
24 hr 19.1a 0.5b 19.1a 0.3b

aDifferent letters in rows show significant differences (P ≥ 0.05) in choice tests analyzed
by ANOVA.
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FIG. 3. Rhopalosiphum padistylet penetration activity on wheat exposed to methyl jas-
monate (8-hr EPG recording). np, non penetration; C, pathway activity; E, phloem sap
ingestion; G, xylem sap ingestion.
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phloem sap. Stylet penetration comprised 80% of aphid activity (60% pathway,
and 20% phloem sap ingestion) after 2 hr spent on plants exposed to JA-ME for
24 hr. From the sixth through the eighth hours, total probing time did not change
and comprised approximately 80% of all activities (pathway—20%, phloem sap
ingestion—60%). Nonprobing activities took around 40% from the second hour
until the end of the experiment on plants exposed for 48 hr. During that time,
pathway activities decreased from 50% in the second hour to 30% in the eighth
hour, and phloem sap ingestion increased from 10% to 30%, respectively. All
aphids found phloem vessels and started feeding by the fourth hour of the ex-
periment on control plants. On plants exposed to JA-ME for 24 hr, all tested
aphids showed phloem sap ingestion waveforms, but much later than on con-
trol plants, i.e., after the sixth hour of the experiment. On plants exposed to
JA-ME for 48 hr, 20% of tested aphids failed to locate their food source: no
waveforms indicating phloem contact occurred during probing by these aphids
(Figure 4).

The most important differences between aphid probing on control and JA-
ME-treated plants was in total penetration time (20–30% reduction on JA-ME-
treated plants), total phloem sap ingestion time (50% reduction on JA-ME-treated
plants), pathway activities during the first hour (25–50% reduction on JA-ME-
treated plants), and number of probes (twofold increase on JA-ME-treated plants).
The duration of the first period of feeding was similar on control and treated plants
(Table 4).

The time needed byR. padi to locate phloem sieve elements after having
access to the plant was similar on control and JA-ME-treated plants. However,
within a probe the duration of pathway before the beginning of sap ingestion was

FIG. 4. Cumulative percent ofRhopalosiphum padireaching phloem vessels on wheat
exposed to methyl jasmonate (8-hr EPG recording).
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TABLE 4. EPG PARAMETERS OFRhopalosiphum padiSTYLET PENETRATION

ACTIVITIES ON WHEAT SEEDLINGSEXPOSED TOJA-ME

JA-ME Exposure

EPG Parameter Control 24 hr 48 hr

Total penetration time (hr) 6.7± 1.9aa 5.8± 2.2a 4.6± 2.5b
Total pathway time (hr) 1.6± 2.1a 3.4± 4.0a 2.2± 2.6a
Total duration of pathway during 41.5± 15.1a 31.1±15.7b 19.4± 13.6c

the 1st hour of experiment (min)
Total duration of E1 and E2 phasesb (hr) 5.1± 2.1a 4.7± 4.1a 2.3± 2.6b
Total duration of E2 phases (hr) 4.8± 2.1a 3.5± 4.1ab 2.2± 2.6b
Number of probes 6.7± 4.4a 12.4± 0.5b 12.1± 7.6b
Number of probes before 1st E phase 3.0± 2.6a 7.5± 7.8a 4.6± 4.6a
Number of E phases 4.6± 4.1a 5.2± 5.3a 3.2± 3.4a
Number of E2 phases 3.6± 3.6a 3.1± 3.3a 2.9± 3.2a
Time from 1st probe to 1st E phase (hr) 1.0± 0.8a 1.7± 1.4a 1.5± 1.7a
Pathway to E phase within a probe (min) 17.3± 10.8a 29.8± 30.9a 11.6± 0.2b
Duration of 1st E phase (hr) 2.1± 3.1a 3.4± 3.0a 1.0± 1.8a
Duration of 1st E2 phase (hr) 2.1± 3.1a 1.7± 2.6a 1.0+ 1.8a

aMean±SD of 15 aphids continuously recorded for 8 hr. Different letters in rows indicate significant
differences (P ≥ 0.05) by the Kruskal-Wallis test.

bE1: phloem salivation; E2: phloem sap ingestion activities.

two times shorter on plants exposed to JA-ME for 48 hr than on the control ones,
and three times shorter than on plants exposed for 24 hr (Table 4).

DISCUSSION

EPG studies supported by direct observation of aphid settling showed that
the behavior ofRhopalosiphum padichanged on plants that had been exposed
to vapors of methyl jasmonate. Host-plant acceptance was delayed in the case
of the tethered aphids, suggesting that these individuals might have left the plant
given freedom of movement. Indeed, freely moving aphids in another experiment
rejected such plants within the first 15 min of the experiment, and the inclination
to stay on control plants occurred throughout 24 hr of observation. The reduction
of pathway and phloem ingestion activities in aphids on JA-ME-treated plants
showed that stylet penetration was deterred by factors present in the mesophyll as
well as vascular tissues.

Our results correspond well with data reported by other authors. Several au-
thors have described the negative correlation between DIMBOA content in cereals
and the behavior and performance of various species of cereal aphids, including
Corcuera et al. (1982), Leszczynski et al. (1989), Leszczynski and Dixon (1990),
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and Thackray et al. (1990). Addition of DIMBOA to artificial diets showed its
antibiotic effect on aphids (Argandona et al., 1983). DIMBOA-aglucone inhibited
ATPase, trypsin, chymotrypsin, and cholinesterase activity (Atkinson et al., 1992;
Cuevas and Niemeyer, 1993). According to Gonzales and Rojas (1999), the toxic
effect of Hx may be related to reactive forms of oxygen that occur in the presence
of Hx and may destroy cell membranes. It seems likely that the reduced ability to
feed on jasmonate-treated plants may be attributed to some disorders in the aphid
nervous system.

The role of JA as a stress hormone in aphid–plant interactions has not been
studied. The results of the present work refer to many aspects of this relationship.
The schematic drawing (Figure 5) that combines our findings with literature data
shows a hypothetical model of aphid–plant interactions in light of the JA/JA-ME
key role in the induction of plant resistance mechanisms against herbivores in
wheat.

Exogenous methyl jasmonate (Step I) or jasmonic acid synthesized in re-
sponse to the wounding of plants by aphid stylets (II) induces expression of genes
(III) responsible either for the synthesis of enzymes of the shikimic acid pathway,
leading to the accumulation of hydroxamic acids (IV), or the synthesis of specific
proteins, the protease inhibitors (VIII).

Synthesis of Hx induced by JA-ME is followed by glycosylation (IV). This
is the basic transport form of this compound (Zuniga and Massardo, 1991). In
a similar way, glycosylation during synthesis of glucosinolates in Brassicaceae
increases their mobility and enables their transport in the phloem (Brudenell
et al., 1999). Corcuera et al. (1982) using artificial diets demonstrated that the
DIMBOA-aglucone is more toxic to aphids than its glycosylated form (DIMBOA-
Glc). DIMBOA-Glc may be transformed into the aglucone by endogenous plant
β-glucosidase (V) (Escobar and Niemeyer, 1993) following damage to plant tis-
sue by feeding insects. A recent report shows that wheat contains an unknown
β-glucosidase (EC 3.2.1.21) characterized by a specific affinity to DIMBOA-
Glc (Sueet al., 2000). The risk of plant damage by aphids is minimized. Their
stylets penetrate plant tissues within the cell walls rather than through the inside
of the cells (Tjallingii and Hogen Esch, 1993). However, sometimes plant cells
may deteriorate during pathway activities of aphid stylets. In such cases, plant
β-glucosidases would be activated and the concentration of DIMBOA-aglucones
would increase. Niemeyer et al. (1989) and Leszczynski and Dixon (1990) showed
that the content of DIMBOA-aglucones increased in plants infested by aphids.
There is also evidence that salivary factors may elicit specific plant responses
(Karban and Baldwin, 1997). Givovich et al. (1994) found thatRhopalosiphum
padi was more sensitive to Hx thanR. maidis. If stylet penetration activities of
cereal aphids induce synthesis of Hx, then reduction of sampling frequency by
R. maidiswill be the strategy for reducing the possibility of intoxication, which
has already been suggested by Givovich et al. (1994). It is still an open question
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FIG. 5. Schematic representation of jasmonic acid and methyl jasmonate roles in aphid-
plant relationships in cereals.I—exogenous methyl jasmonate;II —jasmonic acid synthe-
sized in response to insect feeding;III —expression plant resistance genes;IV —synthesis,
glucosylation, and accumulation of hydroxamic acids;V—hydrolysis of hydroxamic acid
glucosides by endogenous plantβ-glucosidases;VI —hydrolysis of hydroxamic acid gluco-
sides by aphid salivaryβ-glucosidases;VII —detoxification of hydroxamic acids;VIII —
synthesis of proteinase inhibitors;IX —synthesis oftrans-2-hexenal.

whetherβ-glucosidases from aphid saliva (VI) are DIMBOA-glycoside-specific
and whether they contribute to the increase in DIMBOA-aglucone concentration
in aphid-infested plants (Leszczynski et al., 1993). The DIMBOA ingested by
aphids with the phloem sap may be detoxified (VII) by glutathione S-transferase
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(Leszczynski et al., 1993), or UDP-glucosyltransferase (Leszczynski and Dixon,
1990). UDP-glucosyltransferase may transform the toxic aglucone form of DIM-
BOA into the glycoside one that may be excreted in honeydew (Leszczynski and
Dixon, 1990).

Aphid nutrition is based on easily available free amino acids from the phloem
sap (Srivastava, 1987). However, phloem sap also contains a small amount of
proteins, including chitin-binding lectins, that are considered a plant resistance
factor against aphid feeding (Cole, 1994). A number of other proteins at concen-
trations within the range occurring in phloem sap increased mortality and inhibited
growth of the pea aphidAcyrthosiphon pisum(Rahbe and Febvay, 1992). These
ingested polypeptides are not processed by aphids (Rahbe et al., 1995), although
proteases were found in the salivary glands and midgut of several aphid species
includingR. padi(Srivastava, 1987). Furthermore, aphids have nondigestive pro-
teases sensitive to trypsin and chymotrypsin inhibitors; the oral application of
these inhibitors affected the survival and development of the pea aphid (Rahbe
et al., 1995). Jasmonate-induced resistance gene expression may lead to the syn-
thesis of protease inhibitors (VIII). We found significant inhibition of trypsin by
proteins from wheat exposed to the volatile methyl jasmonate and analogous re-
sults were obtained by other authors (Farmer and Ryan, 1992; Jongsma et al.,
1994). Casaretto and Corcuera (1998) showed that the protease inhibitors iso-
lated from barley leaves had no effect on the survival ofSchisaphis graminumon
artificial diets, whereas they reduced the survival ofRhopalosiphum padiunder
similar conditions. Therefore, the accumulation of protease inhibitors induced by
JA-ME in wheat leaves found in the present study might be the additional fac-
tor responsible for decreased feeding activity. If the effect of PIs described for
A. pisumby Rahbe et al. (1995) is a common phenomenon in aphids, then the
jasmonate-induced plant PIs may be an important plant resistance factor applica-
ble in aphid control on cereals. Certainly, this aspect of aphid physiology requires
further study.

Pettersson et al. (1996) found that volatiles released by aphid-infected cereals
could induce antixenotic effects in neighboring plants, which cause nonpreference
in aphids. Hildebrand et al. (1993) observed that volatiles released by damaged
potato leaves induced plant responses that reduced aphid fecundity. The volatile
blend produced by plants attacked by insects may contain additional compounds
than the stress-induced jasmonates that have no effect on aphid behavior (see
this work). The main metabolic pathway of linolenic acid leads to jasmonates,
but an alternative pathway also exists leading to the synthesis of various volatile
compounds, for exampletrans-2-hexenal (IX).trans-2-Hexenal, one of the general
green-leaf volatiles, is toxic to insects and mites (Lyr and Basamian, 1983; Pare and
Tumlinson, 1999). Aphids have olfactory receptors sensitive to these compounds
(Visser et al., 1996). In our experiments, freeR. padiavoided leaves exposed to
JA-ME as soon as they had contact with them. It is likely that this response was the
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reaction to volatiles produced by these leaves; however, this hypothesis remains
to be tested.

In this paper we report evidence for only two jasmonate-induced processes
that may act as resistance mechanisms of wheat against insect herbivores. If
we accept the idea that methyl jasmonate acts as an airborne signal carrying
information about wounding, our results give support to the idea of a multi-way
cascade response in plants, activated by stress situations.

Acknowledgments—We would like to thank M. Hojniak, MSc, Institute of Chemistry, Wroclaw
University, for his help in GC-MS measurements of airborne JA-ME concentration.
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Abstract—Thirty species of flowering plants were analyzed for floral nectar
amino acid composition. High-performance liquid chromatography (HPLC) was
used in conjunction with AccQtag derivatization to produce accurate and pre-
cise data. For any one species, the total concentration of amino acids varies
greatly (average coefficient of variation 0.65), but composition is much less vari-
able (average correlation among samples from a single species 0.85). Absolute
concentration of individual amino acids is much more variable than the rela-
tive abundance (coefficients of variation 0.98 and 0.77, respectively;N = 544,
t = 16.98, P < 0.001). When amino acids that occur in only small relative
abundance (<1%) are removed from the analysis, the difference is even more
marked (0.78 and 0.51, respectively;N = 344, t = 15.13, P < 0.001). The
results highlight the need for large sample sizes when making observations con-
cerning the absolute amounts of amino acids in nectar and for sensitive analyses
of the composition, as even small changes may be biologically significant.

Key Words—Nectar, amino acid, correlation, HPLC, flowering plant, compo-
sition, variation.

INTRODUCTION

Although early studies showed that the nectar of flowering plants contained sub-
stances other than sugars (Ziegler, 1956; Luttge, 1961), it was not until Baker and
Baker (1973) showed that amino acids were largely ubiquitous in nectar that stud-
ies began to examine variation in composition both between and within species.
Early studies used simple ninhydrin staining techniques to quantify total amino
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acid concentration (Baker and Baker, 1975). Despite limitations, the method is still
used (Bernardello et al., 1991; Forcone et al., 1997). Other studies use thin-layer
chromatography (TLC) to separate and identify component amino acids (Baker
and Baker, 1976, 1977, 1979; Baker et al., 1978), with many studies electing to use
a relative scale of concentration for the various component amino acids. More re-
cent investigations employ high-performance liquid chromatography (Gottsberger
et al., 1989; Lanza et al., 1995; Rusterholz and Erhardt, 1998), which provides a
more precise and accurate determination of amino acid complement and concen-
tration in a mixed sample (Cohen and Micheaud, 1993).

Based on TLC analysis, Baker and Baker (1977) stated that the amino acid
complement of nectar was “remarkably constant” within a plant species. The rel-
ative concentrations of the amino acids present in each species were given, which,
upon inspection, appeared to show impressive constancy of amino acid comple-
ment. However, the study by Lanza et al. (1995) determined that variation existed
among individual plants within a single population ofImpatiens capensisand be-
tween separate populations. Nectar from different flowers of a single individual
showed no significant variability. More recently, Gardener and Gillman (2001)
showed that the amino acid complement could be altered by soil fertilizer treat-
ment, highlighting the fact that the use of HPLC allows greater sensitivity in
detecting small changes that might remain undetected using previous techniques.

We present here the first quantitative assessment of the variability of nectar
amino acid composition for a wide range of plant species. We also examine the
variability of total amino acid concentration in those species. This is important,
as previous studies have made assertions concerning the role of amino acids in
nectar based upon measurements of the total concentration (e.g., Baker and Baker,
1973, 1977; Gottsberger et al., 1984). It is necessary for future studies to appreciate
the variability in composition and concentration if we are to fully understand the
ecological role of amino acids in nectar.

METHODS AND MATERIALS

Nectar Collection.Nectar was collected from plants growing wild in the
vicinity of the Open University campus in Milton Keynes, Buckinghamshire,
United Kingdom. In all cases, samples were taken from a number of individuals
in the same neighborhood to minimize variability among populations or caused
by soil conditions. Samples were taken at the same time of day (14:00–16:00 hr)
and from flowers of approximately the same age (first day of dehiscence). This
was to minimize effects of flower aging that have been shown to affect amino acid
concentrations in nectar samples (Gottsberger et al., 1990; Petanidou et al., 1996).
Predehiscent flowers were covered with a fine net (dress net, 1-mm mesh size)
to prevent visitation by insects and so possible contamination or nectar removal.
The following day the nectar of those flowers was withdrawn using 5-µl glass
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graduated micropipet tubes, capillary action being enough to draw in the nectar.
Precautions were taken to minimize possible contamination with pollen, which can
release free amino acids in solution (Erhardt and Baker, 1990). In some species, the
inflorescence was cut with sharp scissors, allowing the anthers to fall away, reveal-
ing the ovary. In other species (e.g.,Epilobium hirsutum), this was not necessary,
as the nectaries were easily accessible. In such species, care was taken to avoid
touching the anthers with the pipet. The volume of each sample was determined
by measuring the fluid column in the pipet. This measurement was a source of
variability. Most samples were in the range of 1–2µl. With 15 mm representing
1 µl and a measurement accuracy of 0.5 mm, this represents a random error in
the range of 1–3.5%. Each sample was aspirated into a glass chromatography vial
(Chromacol 02-CTVG) and frozen (at−40◦C) shortly afterwards until analysis by
HPLC. In total, samples from 30 plant species were collected.

Analysis of Nectar.Samples were thawed and amino acids derivatized using
the AccQtag protocol (Waters Corp.) (Cohen and Micheaud, 1993) in a 0.02 M
borate buffer (pH 8.6). HPLC was performed, with standards every four sam-
ples, using the following equipment: Waters 712 WISP autosampler, Waters 600
pump controller, Waters 600 HPLC pump with 510 pump-heads. Separation was
achieved using a Novapak C18 (15 cm× 4.6 mm) cartridge with guard column.
The binary solvent system was a 6:4 acetonitrile–water mix and a TEA–phosphate
(pH 5.0) buffer. Detection was via a Waters 474 scanning fluorescent detector (ex-
citation at 295 nm and detection at 350 nm). The system was monitored and data
collected using the Waters Millenium32 software. Chromatograms were analyzed
and compared to standards for identification of individual amino acids. Standard
amino acids were made up to a concentration of 100 pmol/µl. In addition to all
the protein-building amino acids, standards of hydroxyproline, ornithine, taurine,
AABA, and GABA were used. Peak areas were compared to standards to determine
the concentration of individual amino acids. From these data, the total concentra-
tion of all amino acids was determined and the proportion that each made to the
total was calculated. A summary of the amino acid composition for each species
is given in Appendix 1.

RESULTS

Total Concentration of Amino Acids.For each species the variability in total
amino acid concentration among samples was determined by using the coefficient
of variation, i.e., the standard deviation divided by the mean. Table 1 shows the
coefficients for all the species analyzed. The mean coefficient was 0.67. Given this
variability, the error arising from measurement of nectar in the collecting capillary
is negligible.

Comparison of Composition.Each nectar sample produced a range of amino
acids in varying proportions. In general, a sample contained a few, abundant amino
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TABLE 1. SPECIESEXAMINED FOR NECTAR AMINO ACIDS BY HPLCa

Species N Corr Vc

Agrostemma githago 42 0.91 0.6
Ajuga reptans 8 0.85 1.3
Calystegia sylvatica 7 0.83 1.2
Cardamine pratensis 7 0.94 0.9
Centaurea nigra 6 0.81 0.9
Centranthus ruber 18 0.92 0.2
Chamaenerion angustifolium 7 0.75 0.7
Cirsium vulgare 6 0.82 0.6
Convolvulus arvensis 6 0.93 0.3
Corydalis lutea 7 0.89 0.4
Epilobium hirsutum 7 0.74 1.0
Epilobium montanum 5 0.88 0.3
Lamium purpureum 6 0.99 1.0
Lamium album 7 0.93 0.5
Lavatera arborea 5 0.96 0.5
Lonicera hecrotii, Goldflame 4 0.83 0.3
Lotus corniculatus 10 0.75 1.0
Lunaria annua 5 0.99 0.8
Lychnis flos-cuculi 9 0.84 0.5
Lythrum salicaria 7 0.88 0.9
Primula veris 6 0.92 0.9
Primula vulgaris 6 0.82 0.8
Prunella vulgaris 7 0.96 0.3
Pulmonaria officinalis 3 0.91 0.4
Scrophularia scorodonia 5 0.91 0.6
Silene dioica 36 0.92 1.1
Stachys sylvatica 6 0.86 0.3
Trifolium pratense 7 0.94 0.4
Vicia sativa 6 0.84 1.0
Vinca major 6 0.96 0.4

Average 0.88 0.67

aData columns are: number of samples analyzed (N), average intraspecific corre-
lation (Corr), and coefficient of variation for total concentration of nectar amino
acids (Vc). All correlations are statistically significant (P < 0.001).

acids that each contributed greater than 10% towards the total concentration, a
number of smaller components with fractions in the range of 5–10%, and a larger
number of amino acids each contributing<5% towards the total. These latter amino
acids, many contributing<1% towards the total concentration, would undoubtedly
have remained undetected if less sensitive techniques had been used.

The extent of the similarity of composition between two nectar samples can
be determined by correlation of the amino acid concentrations (e.g., Figure 1). In
this case, Pearson correlation coefficients were determined for all comparisons of
compositions within each species. The mean correlation coefficient could be used
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FIG. 1. Example of positive correlation of a pair of nectar samples (Corydalis lutea, R=
0.993,N = 19, P < 0.001).

to represent the variation in composition. This is a conservative (and potentially
biased) measure, as one errant sample would have a greater effect upon the final
mean by virtue of multiple paired comparisons. Table 1 shows the mean coeffi-
cient for each species analyzed. The mean of all the coefficients of variation was
0.88.

Correlation provides a useful tool to examine the similarity of samples. It
would be expected that nectar samples from conspecifics would be more highly
correlated to one another than to heterospecifics, and this could form the basis for
an interesting analysis of nectar evolution, perhaps by comparing a cluster analysis
of nectar samples to a molecular phylogeny.

Comparing Variability of Composition and Concentration.Although the cor-
relation coefficient is useful as a guide to the constancy of composition, it is not
directly comparable to the coefficient of variation of total concentration. In order to
improve the comparison, we considered the set of samples from each plant species
in turn. For each amino acid in the set of samples, a coefficient of variation for its
absolute concentration was calculated. A similar coefficient was calculated for the
fraction that amino acid contributed to the total (i.e., the relative abundance of the
amino acid). The process was repeated for all 30 of the plant species, producing a
database of 544 comparisons.

For each amino acid of each species, the coefficients of variation in absolute
amount and relative amount were compared. The data were analyzed by using a
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FIG. 2. Coefficients of variation for absolute concentration of amino acid and proportion
(Va and Vp, respectively) for amino acids in nectar samples. First group represents all data
while the second group is for amino acids contributing>1% to the sample. Error bars are
standard error.

t test for paired samples, showing that the variability in absolute concentration
was significantly higher than the variability in relative abundance (0.98 and 0.77,
respectively,N = 544, t = 16.98, P < 0.001, Figure 2). It might be expected
that the more abundant amino acids (>10%) would be less variable than the less
abundant ones. To test this, the amino acids were categorized into abundance
classes. Removing the last category (0–1%) of amino acids from the analysis, the
difference in variability between absolute and relative concentration is more pro-
nounced (0.78 and 0.51, respectively;N = 344,t = 15.13, P < 0.001, Figure 2).
Variability of absolute concentration, in the range 0–1% was higher than all other
frequency ranges (one-way ANOVA,F6,537= 18.205,P < 0.001. post-hoc LSD
test P < 0.001; Figure 3). Variability of relative abundance was also higher for
this 0–1% group (one-way ANOVA,F6,537= 26.791, P < 0.001, post-hoc LSD
testP < 0.001; Figure 4).

The data in Figures 3 and 4 can be combined to produce a simple index of
amino acid variability expressed as the ratio of variability in absolute concentration
to variability in relative abundance (Va/V%). The ratio of variability of absolute to
relative abundance changed as the component amino acids increase their share of
the total (Figure 5). There appear to be three groups, the first being amino acids,
contributing>20% to the total. Post-hoc LSD tests showed this group to have
significantly higher Va/V% than all other groups (P < 0.001, one-way ANOVA,
F6,537= 12.185, P < 0.001). The second group was amino acids occurring in
the range of 1–20%. Post-hoc tests showed no significant differences for any of
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FIG. 3. Variability of absolute concentration of amino acids in nectar for various relative
abundance ranges e.g., A0–1= amino acids that contribute 0–1% to the total in the sample
(one-way ANOVA,F6,537= 18.205, P < 0.001).

the abundance classes within this range. A final category covers amino acids that
contribute<1% to the total of the sample in which they occur. Post-hoc LSD tests
show this group to have a lower Va/V% ratio than all the others (P < 0.01) except
for the 8–10% group (P = 0.08) and the 10–20% group (P = 0.13).

FIG. 4. Variability of relative abundance of amino acids in nectar for various relative abun-
dance ranges (one-way ANOVA,F6,537= 26.791, P < 0.001).
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FIG. 5. The ratio of variability in absolute concentration (Va) to variability in relative
abundance (V%) for amino acids occurring in nectar samples in various relative abundance
ranges (one-way ANOVA,F6,537= 12.185, P < 0.001).

DISCUSSION

These analyses show that the total concentration of amino acids in the nectar
of any one species may vary widely. When making comparisons between species,
therefore, it is important to ensure adequate replication and to use appropriately
sensitive techniques. The composition, on the other hand, is much less variable.
This is not entirely unexpected. The structure of the plant tissues that contribute
to nectar production—the nectaries, phloem, and surrounding cells—are fixed by
genetic processes and produce nectar of a certain species-specific, composition
(Baker and Baker, 1977), although there can be variability among populations
of a species (Lanza et al., 1995). The production of nectar is an active, energy-
requiring process, which is curbed by respiratory inhibitors (Findlay and Mercer,
1971). Day-to-day environmental variations, in temperature and sunlight for ex-
ample, are factors that will influence the metabolic processes of nectar production
and may lead to changes in overall concentration of the nectar components. Phys-
iological processes such as water relations may influence nectar concentration
at the production stage, and evaporation may influence concentration afterwards.
Longer-term environmental variables operating within a growing season, such as
soil nutrients (Gardener and Gillman, 2001) and CO2 (Rusterholz and Erhardt,
1998), are more likely to alter nectar composition by a variety of mechanisms e.g.,
altered metabolite availability and concentration, altered growth of plant tissues.

Acknowledgments—Thanks to Graham Jeffs from the Chemistry Department at the Open Uni-
versity for help and support with all aspects of chromatography. This study forms part of a PhD project
funded by the Open University Department of Biological Sciences (grant SB20 5861 0).
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Abstract—We studied the relationship between the use of three detoxification
pathways and urine pH and the tolerance of desert woodrats from two popula-
tions to a mixture of naturally occurring plant secondary metabolites (mostly
phenolics) in resin from creosote bush (Larrea tridentata). The two populations
of desert woodrats came from the Mojave desert (Mojave woodrats), where
woodrats consume creosote bush, and from the Great Basin desert (Great Basin
woodrats), where the plant species is absent. We fed woodrats alfalfa pellets con-
taining increasing levels of the phenolic resin and measured three detoxification
pathways and urine pH that are related to detoxification of allelochemicals.
We found that the excretion rate of two phase II detoxification conjugates, glu-
curonides and sulfides, increased with increasing resin intake, whereas excretion
of hippuric acid was independent of resin intake, although it differed between
populations. Urine pH declined with increasing resin ingestion. The molar pro-
portion of glucuronides in urine was three times that of the other conjugates
combined. Based on an evaluation of variation in the three detoxification path-
ways and urine pH in relation to resin intake, we rejected the hypotheses that
woodrats’ tolerance to resin intake is related to capacity for amination, sulfation,
or pH regulation. However, Mojave woodrats had higher maximum glucuronide
excretion rates, and we accepted the hypothesis that within and between pop-
ulations woodrats tolerate more resin because they have a greater capacity for
glucuronide excretion.
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Key Words—Desert woodrats,Neotoma lepida, creosote bush,Larrea triden-
tata, tolerance, glucuronic acid, hippuric acid, sulfates, urine, pH, detoxification,
conjugates.

INTRODUCTION

Herbivores that feed on plants containing plant secondary metabolites (PSMs) can
manage owing to enzymes that metabolize the ingested toxins (Brattsten, 1992).
Freeland and Jansen (1974) proposed that the amount of PSMs that an individual
can ingest is related to its capacity to detoxify and eliminate PSMs. This capacity
is ecologically important because it constitutes a constraint on how much of a
food containing the PSM might be ingested, and so it can be used to predict diets
(Belovsky and Schmitz, 1991).

The ability of herbivores to cope with PSMs can result from: (1) the capacity
to habituate to aversive sensory properties of the PSM, (2) differential rates of PSM
absorption, (3) variation in target site sensitivity, and (4) the capacity to detoxify
PSMs, either by using different detoxification pathways or because of differences
in the specific kinetics of detoxification (Lindroth, 1988). This study relates primar-
ily to the fourth factor. Although there is a large body of literature on detoxification
pathways used by mammals, and their relative affinities and capacities as enzymatic
systems (Caldwell, 1986; Sipes and Gandolfi, 1991), there are three points that
deserve more attention. First, almost all detoxification pathways have been studied
with humans and laboratory and domestic mammals (Parke, 1968; Caldwell, 1986;
Sipes and Gandolfi, 1991) and very little in wild mammal–allelochemical systems
(McArthur and Sanson, 1993; Harju-Anu, 1996). Second, one of the major detox-
ification systems for the conjugation of phenolic compounds, glucuronidation, has
been one of the more extensively studied in laboratory mammal–drug systems.
A direct consequence of this is that glucuronidation usually is the only conjuga-
tion route studied in wild mammal–allelochemical systems (Lindroth and Batzli,
1983; MacCoubrey et al., 1997), although a few studies in birds measured other
conjugation pathways along with glucuronidation (Jakubas et al., 1993; Guglielmo
et al., 1996; Hewitt and Kirkpatrick, 1997). Third, researchers rarely determine
the maximum capacities of conjugation pathways or which pathways are induced
with toxin exposure and which are fixed at some constitutive level. Consequently,
there are few tests of the idea that the amount of PSMs that an individual can ingest
is related to its capacity to detoxify and eliminate them.

The general objective of this study was to establish the relationship between
the use of three detoxification mechanisms and urine pH and the tolerance of
desert woodrats (Neotoma lepida) from two populations to a mixture of naturally
occurring PSMs (mostly phenolics) from creosote bush (Larrea tridentata). The
detoxification mechanisms are phase II detoxification pathways that involve con-
jugation of endogenous substrates to toxin metabolites: glucuronidation, sulfation,
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and amino acid (glycine) conjugation to form hippuric acid. These were chosen
because: (1) they are the most common conjugation reactions in mammals; (2)
all three can be detected in urine; and (3) their respective endogenous moieties
(glucuronic acid, sulfate and glycine) can be limiting factors under nutritional
stress and hence detoxification could be compromised, or, if the need for moieties
exceeds their supply, the nutritional status of the animals may be compromised
(Sipes and Gandolfi, 1991; Guglielmo et al., 1996).

Urine pH and the three detoxification pathways we studied relate to acid–
base homoeostasis that may be affected by organic acids produced as a result
of the biotransformation and metabolism of PSMs (Foley et al., 1995). These
organic acids are ionized at physiological pH (Robinson et al., 1953). The resulting
hydrogen ion can be excreted in the urine or buffered. However, if the animal’s
buffering capacity is saturated, the pH of the urine will decrease.

The two populations of desert woodrats subjected to study came from the
Mojave desert (hereafter called Mojave woodrats) and from the Great Basin desert
(hereafter called Great Basin woodrats). While the natural diet of Great Basin
woodrats is mostly composed by Utah juniper (personal observation), the diet of
Mojave woodrats is composed of at least 22% of creosote bush in some areas
in the Mojave desert (Mangione et al., 2000). The leaves of creosote bush are
covered with a resin (Mabry et al., 1977) that makes up 10–25% leaf dry mass.
The resin is composed of 40% dry mass of nordihydroguaiaretic acid (NDGA) and
the remainder of the resin is a complex mixture of partiallyO-methylated flavones
and flavonols (Rhoades and Cates, 1976; Mabry et al., 1977). The resin is known
to deter feeding by arthropods and to complex with protein in vitro. NDGA fed
to laboratory rats at 0.5, 1, or 3% produced cysts in the kidney and vacuolation of
kidney tubular epithelium (Grice et al., 1968; Goodman et al., 1970). In a previous
study (Mangione et al., 2000), we found that there were differences in tolerance
to creosote bush resin between these two populations; Mojave woodrats ingested
more resin, and maintained body mass constant at higher concentrations of resin in
the diet. Possibly, the difference in tolerance relates to differences in detoxification
pathways used by woodrats from these two populations.

The specific goals of the study were: (1) to test whether desert woodrats rely
more on glucuronidation compared to sulfation and glycine conjugation (hippuric
acid), as occurs for other mammals; (2) to find the maximum capacities of each
detoxification route and its relationship with the maximum tolerance of resin in
the diet; (3) to establish whether the detoxification of the resin affects acid–base
balance of woodrats; and (4) to test whether the differential use of detoxification
routes explains the tolerance difference between the two populations of desert
woodrats studied earlier (Mangione et al., 2000).

We investigated the overall hypothesis that the amount of resin that individ-
uals can ingest is related to their capacity to detoxify and eliminate the PSMs
by testing a number of specific predictions, which are illustrated in Figure 1
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FIG. 1. Possible patterns between detoxification process(es) and toxin intake in two popula-
tions with different average maximum toxin tolerance. Plots a–c are based on the hypothesis
that the amount of resin that individuals can ingest is related to their capacity to detoxify and
eliminate the toxin. Plot d is based on the assumption that the detoxification process plays no
limiting role in determining toxin tolerance. (a) Animals from both populations absorb the
same proportion of toxin in food (same regression line), but animals from the more tolerant
population can ingest more resin and exhibit higher capacity for the detoxification process.
(b) Animals from the more tolerant population absorb a smaller proportion of toxin in food
(lower slope), excrete less detoxification products per unit resin ingested, and, therefore,
the maximum excretion rate of detoxification products may not be markedly different even
though tolerance to resin is different. (c) Animals from the more tolerant population absorb
less toxin per unit resin ingested, but also excrete more detoxification products. (d) Detox-
ification process is unrelated to toxin ingestion in animals from both more and less tolerant
populations because the process plays no limiting role in the maintenance of tolerance to
the toxin.

for the case of glucuronidation. First, there should be a correlation between glu-
curonides excreted and resin ingested per day. If animals from both populations
absorb the same proportion of toxin in food, then they will fall along the same
regression line, animals from the more tolerant population will tolerate more resin
(higher maximum tolerable resin intake) and exhibit higher maximum glucuronide
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excretion rate (Figure 1a). Alternatively, tolerance to the resin in animals from the
more tolerant population occurs because they absorb a smaller proportion of toxin
in food, excrete less detoxification products per unit resin ingested, and there-
fore maximum glucuronide excretion rate may not be markedly different even
though tolerance to resin is different (Figure 1b). If differences in both absorption
and detoxification are involved, then animals from the more tolerant population not
only absorb fewer toxins per unit ingested resin but also excrete more glucuronides
(Figure 1c). In either case (Figure 1b and c), in addition to salivary or intestinal
binding, a reduction in absorption rate of a toxin could be related to the presence
of an intestinal multidrug transporter system that may retard the absorption of the
toxin (Epel, 1998). If there were no correlation between resin ingestion rate and
reliance on a particular elimination process (Figure 1d), then we would reject the
hypothesis that the amount of resin that individuals can ingest is related to their
capacity to detoxify and eliminate toxin(s) by that process.

METHODS AND MATERIALS

Field Site and Sample Collection.Woodrats from the Mojave Desert were
trapped at three different sites near Beaver Dam in Grand County, Utah (37◦06′N,
113◦58′W). Woodrats from the Great Basin were trapped in two locations 70 km
apart at Jericho, Juab County, Utah (39◦57′N 112◦22′W) and Dugway, Tooele
County, Utah (40◦19′N 112◦57′W) (see Mangione et al., 2000 for details on trap-
ping methods). All woodrats were transported to the animal facility at the Univer-
sity of Utah and kept in quarantine for two to five months until they were tested
for Sin Nombre hantavirus (Dearing et al., 1998), after which they were trans-
ported to the Department of Wildlife Ecology, University of Wisconsin, Madison,
Wisconsin. Because detoxification enzymes require very short times for induction,
hours to at most three to five days (Sipes and Gandolfi, 1991), and there was no
induction of such enzymes, there was no concern for a reduction or alteration of
the woodrats’ capacity to detoxify creosote bush resin.

Animal Husbandry and Diet Preparation.Woodrats were housed in metal
cages (47× 30× 21 cm) with screened bottoms. The animals were provided with
cotton bedding and a ceramic bowl in which to nest. The room was kept at 21◦C
and 65% relative humidity. When not involved in experiments, woodrats were fed
rabbit chow ad libitum [Harlan Teklad 8630; 17.5% crude protein, 22.0% acid
detergent fiber (ADF), 2.5% fat] and 7.5% water. A slice of apple was given to the
animals once a week.

Creosote bush collection and resin extraction were performed as indicated
in Mangione et al. (2000) and resin was stored at 25◦C for up to seven months.
Resin-treated diets were prepared as follows: a known amount of resin (depending
on the desired concentration of resin in the diet) was dissolved in a volume of
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ethanol (95%) equal to 25% of the mass of the ground rabbit chow used in the
treatment. Control diet was prepared in the same manner without addition of resin.
The resin–ethanol solution and chow were thoroughly mixed, dried overnight at
room temperature, and pelleted. To prevent alteration of the properties of the resin
diet or palatability by the effects of heat and water (Price et al., 1980; Lindroth
et al., 1984; Dietz et al., 1994), the pellet machine was refrigerated using a plastic
bag filled with crushed ice and the amount of water added to make the pellets was
reduced by using a 60% ethanol solution. The final pellets were dried at room
temperature and stored in the freezer.

Feeding Trials.Two feeding trials were performed in this study. All ex-
perimental protocols were approved by the Research Animal Resources Center
(RARC), University of Wisconsin-Madison.

Experiment 1.Nine woodrats from the Mojave Desert, six males and three
females, and 8 woodrats from the Great Basin, three males and five females (five
from Dugway, Tooele County, Utah and three from Jericho, Juab County, Utah),
were exposed to increasing levels of resin following the procedure described by
Mangione et al. (2000). At the beginning of the experiment, woodrats were offered
rabbit chow with 0% resin and then switched sequentially to 1, 2, 3, 5, 7, and 9%
resin. The animals were exposed to each concentration for six days. This sequence
allowed the animals to habituate to the resin and permitted us to evaluate differences
between populations at low and high concentrations of resin. Fresh food and water
were offered daily. Body mass was measured daily, and animals were removed
from the experiment if they lost 15% of their initial body mass or showed signs
of sickness (e.g., swaying, not responding to sound or tactile stimuli, etc.). Water
was supplied in bottles, and water intake was measured daily by weighing bottles
and correcting for spillage and evaporation. Food intake was calculated daily by
subtracting the dried orts (uneaten food) from the amount of food offered. Daily
values of resin intake were calculated as the product of the amount of dry matter
ingested per day multiplied by the proportion of resin in the diet at that particular
level.

Urine was collected during days 2, 4, and six of each six-day treatment.
On these days, woodrats were restricted to a portion of their cage (16× 19×
20 cm) with a funnel that allowed the collection of uncontaminated urine. Urine
drained into an iced plastic vial to minimize bacterial growth and evaporation. The
temperature of the vial remained between 0 and 5◦C during a 24-hr period. Pilot
experiments showed that there were no differences in food intake when woodrats
were in either section of the cage (data not shown).

Experiment 2. Because some woodrats reduced their feeding rate and lost mass
when fed diets with resin (Mangione et al., 2000), we performed a second, pair-
fed control experiment to test whether variation in the excretion of glucuronides
in urine of desert woodrats was due to variation in resin intake only and not the
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reduction in food intake and mass loss. Four Mojave and six Great Basin woodrats
were fed resin-free food daily (pair-fed control woodrats) at the same rate they
were eating in experiment 1. Urine was collected for measurement of detoxification
products.

Determination of Detoxification Products.Urine samples from the sixth day
of each treatment (or from the last day a urine sample was taken if the animals
had to be taken out of the experiment) were collected and used for analyses
of conjugates. Urine samples were frozen at−25◦C until they were used. Glu-
curonides were determined following the colorimetric assay described by Jakubas
et al. (1993) and Blumenkrantz and Asboe-Hensen (1973). Briefly, urine sam-
ples were analyzed in duplicate. A urine sample (0.5 ml) was pipetted into a
culture tube placed in an iced water bath along with 3 ml of sodium tetraborate–
sulfuric acid solution (Blumenkrantz and Asboe-Hensen, 1973). The mix was
shaken by Vortex and returned to the iced water bath. Tubes were then heated
in a water bath at 100◦C for 10 min. After cooling, 50µl of the reagentm-
hydroxydiphenyl (Sigma, St. Louis, Missouri) was added to one set of sam-
ples (Blumenkrantz and Asboe-Hensen, 1973). A urine sample (blank) was pre-
pared, but the reagent was replaced by 50µl of 0.5% NaOH. A standard curve
was made with known concentrations of glucuronic acid (Sigma) between 25
and 250µmol. The absorbance was measured at 520 nm in a Beckman DU-64
spectrophotometer. All samples were diluted between 200- and 1000-fold, depend-
ing on the treatment.

Hippuric acid concentration was determined by high-pressure liquid chro-
matography (HPLC) (Chen et al., 1996) on a System Gold Nouveau (Beckman),
equipped with a controller (Detector Module 168) and a pump (126 Solvent Mod-
ule). The analytical column used was an Ultrasphere C18 (5µm) 250× 4.6 mm ID
(Beckman). Two solvents—ethanol (15%) in 20 mmol acetic acid (A) and methanol
(B)—were used (see Chen et al., 1996). The total run time was 29.5 min. The gra-
dient used was (%B): 0% at 0 min, 50% at 7 min, and 100% at 14.5 min. Between
14.5 and 19.5 min, B was maintained at 100% and then changed back to 0% at
24.5 min. A 20-µl injection loop was filled with 50µl to ensure the delivery of a
constant volume on every injection. Flow rate was 0.8 ml/min, and the separation
was performed at room temperature. The HPLC settings, elution time, and solvent
gradient were adapted from Chen et al. (1996) to ensure a good separation of
hippuric acid in our samples. Urine samples were diluted with a 1 Msodium ac-
etate buffer (pH 5.0 adjusted with glacial acetic acid) and filtered through 0.2-µm
Acrodisc filters (HPLC certified; Fisher Scientific, Chicago, Illinois). The dilution
factor varied with the level of resin in the diet. A standard curve was made with
known concentrations of hippuric acid (Sigma) ranging from 25 to 250 mg/liter.
Two standards were run with every batch of samples. To check for possible carry-
over during the runs, at least two blanks (mobile phase) were run every day, one
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following three samples (six runs), and the other at the end of the day. Duplicate
samples were monitored at 210 nm.

Sulfate esters were measured with a turbidimetric assay from Jakubas et al.
(1993) and Lundquist et al. (1980). Briefly, 1.5 ml of diluted urine (dilution varied
between 10 and 90 times the volume of urine sample available) was mixed with
300µl of an acidic barium chloride solution to precipitate inorganic sulfate. Af-
ter 5 min, the solution was centrifuged at 3000 rpm for 10 min. The supernatant
was decanted and 300µl of a 5% (mass per volume) solution of sodium car-
bonate was added to remove excess barium ions. The solution was centrifuged at
3000 rpm for 10 min, and 1.8 ml of the supernatant was pipetted into a culture tube
with 675µl of 10% (v/v) hydrochloric acid. The tube was topped with nitrogen
gas, sealed, and heated in an oil bath at 100◦C for 30 min. The hydrolysate was
cooled to room temperature, and three aliquots (750µl each) from each animal
were pipetted into test tubes. Two of the aliquots were mixed with Ba-PEG-reagent
(Lundquist et al., 1980), while the third was mixed with a PEG-8000 solution (150 g
PEG 8000/liter of deionized water) and served as a sample blank. After mixing,
samples were allowed to sit for 5 min before determining their absorbance at
600 nm. The 1%, 5%, and 7% treatments had to be discarded because of inconsis-
tent sulfate values when different dilutions were made on the same sample. This
could be an indicator that other factors may be influencing sulfate precipitation or
hydrolysis. The molar proportion of total conjugates represented by glucuronides,
sulfate, and hippuric acid was calculated for 0%, 2%, and 3% resin treatments,
because we measured all three conjugates. Molecular weights used were 194.1
for glucuronides (glucuronic acid), 179.2 for hippuric acid, and 96 for sulfate
conjugates.

An aliquot of the urine was used to measured pH (Acumet pH meter,
model 15). All measurements were taken at 24◦C with a pH pencil probe. Two
Mojave and one Great Basin woodrat had to be excluded from pH analysis due to
the low volume of urine collected.

Statistical Analysis.Relationships between detoxification product excretion
rate and either resin intake rate (experiment 1, as in Figure 2) or feeding rate
(experiment 2) were compared among the populations by analysis of covariance
(ANCOVA, factor= population; covariate= resin or food intake). Residuals were
normally distributed when values of excretion rate (milligrams per day) of glu-
curonides, hippuric acid and sulfates were natural log transformed; this transfor-
mation was not necessary in the case of urine pH. Interactions between covariate
and factor (i.e., differences in slope) were not significant (P > 0.05) and are not
reported.

Although regressions describe the relation between resin intake and conju-
gate excretion, each woodrat is considered three or more times [equal to the num-
ber of treatments (resin level)], and so the assumption of independency of data
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FIG. 2. Excretion of glucuronides as a function of resin intake. The solid line represents the
least-squares regression for Mojave woodrats, the dashed line represents the least-squares
regression for Great Basin woodrats. Each point represents one woodrat exposed to one
resin treatment. The numbers between the symbols in the legend represent the treatments
(i.e., percentage of resin in the diet) to which the woodrats were exposed.

points is violated. Therefore, we followed each ANCOVA with a repeated mea-
sures one-factor analysis of variance (ANOVA; factor= population, repeated mea-
sure= treatment resin level). This test was more conservative because it avoided
pseudoreplication and inflation of the degrees of freedom. Treatment resin levels
were compared by post-hoc contrasts (Wilkinson, 1992).

Statistical operations were performed according to Wilkinson (1992). In all
cases, values are expressed as mean± 1 standard error (SE) (N = number of
woodrats). Comparisons of means between populations were made by using the
t test. For all statistical comparisons, a value ofP < 0.05 was considered signifi-
cant, and 0.05< P < 0.1 was taken to indicate a trend.

RESULTS

Experiment 1: Effect of Resin Intake on Detoxification Pathways. Woodrats
from both populations maintained a relatively constant food intake and body mass
at a dietary level of 0% and 1% resin. Some Great Basin woodrats began losing body
mass on 2% resin (see Mangione et al., 2000 for detailed mass records). Woodrats
were removed from the experiment when eating diets with resin concentrations
ranging from 3% to 9% (Table 1). Sixty percent of woodrats were removed from
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TABLE 1. STATUS OFWOODRATSWHEN REMOVED FROM

EXPERIMENT 1

Body mass lost
Woodrata Treatmentb (% from initial) Observationsc

60 M 7 −5.1 diedd

53 M 3 −5.5 non responsivee

59 M 9 −5.7 non responsive
45 M 7 −10.6 non responsive
48 M 7 −12.1 swayingf

61 M 7 −12.4 swaying
89 G 3 −13.7 moved slowlyg

118 G 3 −15.0 non responsive
85 G 5 −15.0 non responsive
87 G 3 −15.6 moved slowly
34 G 5 −15.8 moved slowly
88 G 5 −16.8 moved slowly
49 M 7 −17.1 died
51 M 3 −17.4 moved slowly
33 G 5 −17.5 swaying
42 M 5 −20.1 moved slowly
94 G 5 −20.7 moved slowly

aM, Mojave woodrat; G, Great Basin woodrats.
bDiet resin level (percent) at which woodrats were removed from the
experiment.

cStatus of each woodrat was found at the time it was removed from the
experiment.

dWoodrat found dead in the cage.
eWoodrat did not respond to tactile or sound stimuli and did not move.
f Woodrat would sway when touched or when trying to move.
gWoodrat moved considerably slower than when it was in treatment
0% (control).

the experiment because they lost 15% or more of body mass, whereas 40% were
removed because they exhibited signs of illness before they lost 15% of their body
mass (Table 1). Some woodrats that lost only 5% of body mass were removed
because they became nonresponsive to tactile or sound stimuli, a sign of possible
postabsorptive toxicity.

The excretion of glucuronides was positively correlated with resin intake
whether controls (i.e., zero resin intake) were excluded (ANCOVAF1,59 =
50.22, P < 0.001) or included (F1,72 = 169, P < 0.001) (Figure 2). Individual
woodrats from both populations exhibited similar patterns of excretion in rela-
tion to intake because there was no significant difference by population in ei-
ther elevation (F1,59 = 0.98, P = 0.32) or slope. The influence of resin ingestion
on glucuronide excretion was also apparent in the repeated-measures ANOVA
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(F3,36 = 43.7, P < 0.001) where population as a factor had no effect (F1,12, = 1.4,
P = 0.26).

Excretion of hippuric acid was independent of resin intake whether con-
trols were excluded (ANCOVA,F1,59 = 0.44, P = 0.50) or included (ANCOVA,
F1,72 = 0.6, P = 0.44), but was nearly three times higher in Great Basin woodrats
(F1,59 = 18.05, P < 0.001) (Figure 3).

Sulfate excretion rate was independent of resin intake over the range mea-
sured (F1,20 = 2.75, P = 0.11), and there was no difference between popula-
tions (F1,20 = 0.48, P = 0.49) (Figure 4). However, sulfate excretion increased
with resin intake when controls (zero resin intake) were included (ANCOVA
F1,40 = 32.6, P < 0.001) (Figure 4). The repeated measure analysis on the 0%,
2%, and 3% treatments suggested that this increment reflects a resin ingestion-
dependent sulfate excretion up to a plateau value. The repeated measures anal-
ysis confirmed that there was a diet-dependent increase in sulfate excretion rate
(F2,20 = 18.2, P < 0.001) with no difference by population (F1,10 = 0.016,P =
0.9). The significant diet effect was between controls and the 2% resin treat-
ment (F2,10 = 7.5, P = 0.01), but not between the 2% and 3% resin treatments
(F2,10 = 0.75, P = 0.5).

Urine pH declined with resin intake rate whether controls (zero resin intake)
were excluded (F1,63 = 15.9, P < 0.001) or included (F1,78 = 14.1, P < 0.001)

FIG. 3. Excretion of hippuric acid as a function of resin intake. The solid line represents the
least-squares regression for Mojave woodrats, the dashed line represents the least-squares
regression for Great Basin woodrats. Each point represents one woodrat exposed to one
resin treatment. The numbers between the symbols in the legend represent the treatments
(i.e., percentage of resin in the diet) to which the woodrats were exposed.
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FIG. 4. Excretion of sulfates as a function of resin intake. The solid line represents the
least-squares regression for Mojave woodrats, the dashed line represents the least-squares
regression for Great Basin woodrats. Each point represents one woodrat exposed to one
resin treatment. The numbers between the symbols in the legend represent the treatments
(i.e., percentage of resin in the diet) to which the woodrats were exposed. The very lowest
value at around 200 mg of resin per day (filled triangle) was identified as an outlier, but the
ANCOVA is not substantially different whether it is included or excluded. The datum was
included in the final ANCOVA.

(Figure 5). Individual woodrats from both populations apparently exhibited the
same urine pH pattern in relation to resin intake because there was no difference
by population in either elevation (F1,63 = 1.8, P = 0.19) or slope. The influence
of resin ingestion on urine pH was also apparent in the repeated-measures ANOVA
(F3,36 = 13.6, P < 0.001), where population was not a significant factor (F1,12 =
3.53, P = 0.085).

Experiment 2: Effect of Food Intake on Detoxification Pathways.Woodrats
fed diets with increasing resin concentration decreased their feeding rates by as
much as 50% (Mangione et al., 2000). We tested whether the variation in detoxi-
fication pathways and urine pH with resin intake (e.g., Figures 2, 4, and 5) might
be explained by decreases in feeding rate. Were this the case, glucuronide excre-
tion would increase with decreasing feeding rate on resin-free diet, whereas the
opposite pattern was found in woodrats from both populations (Figure 6, top),
i.e., increasing glucuronide excretion with increasing feeding rate (F1,34 = 16.5,
P < 0.001). Analogously, were this the case for urine pH, then it would decline
with decreasing feeding on resin-free diet, whereas it did not change with intake
rate in either population (F1,34 = 0.05, P = 0.83) (Figure 6, bottom). Overall, as
feeding rate changed, the extent of variation in detoxification or urine pH was nil
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FIG. 5. Relationship between urine pH and resin intake. The solid line represents the least-
squares regression for Mojave woodrats, the dashed line represents the least-squares re-
gression for Great Basin woodrats. Each point represents one woodrat exposed to one resin
treatment. The numbers between the symbols in the legend represent the treatments (i.e.,
percentage of resin in the diet) to which the woodrats were exposed.

or in the wrong direction and was very small compared to the much larger changes
in woodrats consuming increasing amounts of resin.

DISCUSSION

Detoxification Routes Used by Woodrats.Variation in detoxification can be
due to qualitative and quantitative differences (Hansen and Shane, 1994). Quali-
tative differences correspond to the use of different metabolic routes and the acti-
vation or deactivation of metabolic pathways. Quantitative differences are due to
variations in enzyme levels. Without simultaneous study of several possible detox-
ification pathways and the determination of their relative capacities, little progress
can be made in understanding the role of detoxification in setting the limits of
toxin ingestion (MacCoubrey et al., 1997).

In this study, we considerably advanced knowledge in these regards for
one natural herbivore–PSM system: desert woodrats consuming resin from cre-
osote bush. There were no major qualitative differences in detoxification path-
ways among individuals or populations; all three phase II detoxification routes
(glucuronidation, sulfation, and amination) were used to some degree by both
woodrat populations exposed to the resin. On resin-free diet, the molar excretion



P1: GKW/RKP P2: GKW

Journal of Chemical Ecology [joec] PP304-361110 November 30, 2001 13:30 Style file version Nov. 19th, 1999

2572 MANGIONE, DEARING, AND KARASOV

FIG. 6. Variation of glucuronides excreted (top) and urine pH (bottom) as a function of
dry matter intake in pair-fed control woodrats (see Methods and Materials). The solid line
represents the least-squares regression for Mojave woodrats, the dashed line is the least-
squares regression for Great Basin woodrats. Each point represents one woodrat restricted
to the same feeding rate it had during experiment 1 at a particular resin treatment. The
numbers between the symbols in the legend represent the corresponding treatments (i.e.,
percentage of resin in the diet), although in this experiment there was no resin in the diets.
The y axes of the figures match those in Figures 2 and 5 to permit comparison of these
excretion rates in woodrats on resin-free diet with those of woodrats eating resin-containing
diets.
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FIG. 7. Variation in the relative use of detoxification pathways versus percentage of resin
in the diet. Percentages on they axes were calculated as the ratio of the molar excretion
rate of each conjugate to the sum of the molar excretion rates of the three conjugates times
100. Each value is the average of a pool of 12 individuals from both populations.

rates of the three conjugates (glucuronides, glycine, sulfate) were similar (Figure 7).
Because glucuronides were the only conjugates that showed consistent increases in
excretion with increasing resin intake (c.f. Figures 2–4), glucuronidation became
proportionally more important than other conjugation pathways following resin
ingestion, coming to represent about 75% of total moles of conjugates excreted
(Figure 7). However, we do not know whether this is because of higher levels
of specific constitutive enzymes or induction of the specific enzymes involved.
Alternatively, reliance on glucuronidation may differ for woodrats reared on other
diets or physiological conditions (Price and Jollow, 1988, 1989; Nanbo, 1993),
or for woodrats possessing different gut microbial communities (Phipps et al.,
1998).

Does Detoxification Capacity Set the Limit on Resin Intake Rate? We found
no qualitative difference among woodrats to explain their differential tolerance
to creosote bush resin. We also, can reject a number of hypothetical quantitative
explanations.

We reject the hypothesis that the amount of resin that indiviuals can ingest is
related to their capacity to detoxify and eliminate toxin(s), because hippuric acid
excretion rates were independent of resin ingestion rates (Figure 3). Although the
level of hippuric acid in urine of Great Basin woodrats was significantly higher than
that in Mojave woodrats, this does not explain the latter’s greater tolerance to resin.
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Hippuric acid is a rather specific conjugate of benzoic acid. If benzoic acid is not a
metabolic product of a toxic compound(s), then there would be little relationship
between tolerance and hippuric acid excretion. It would be interesting to measure
excretion of other benzoic acid metabolites, e.g., flavanoids with different patterns
of hydroxylation such asm-hydroxybenzoic acid orm-hydroxphenyl propionic
acid (Harborne, 1991). In addition, there might be other phase II conjugations that
involve amino acids other than glycine, e.g., taurine (Caldwell, 1986). A good
approach to test this might be to assay urine for glycine and taurine (Konishi et al.,
1998; Phipps et al., 1998).

We reject the hypothesis that tolerance to resin is related to woodrat sulfation
capacity because sulfate excretion increased with resin intake up to a plateau at
200 mg resin/day (Figure 4), while woodrats continued to consume resin at two to
three times this level (Mangione et al., 2000) (Figure 2). The apparent saturation
of sulfation in woodrats seems consistent with the observation in other mammals
that conjugation with sulfate is a high affinity–medium capacity enzymatic system
(Sipes and Galndolfi, 1991).

Two physiological features related to detoxification, glucuronide excretion
and urine pH, were correlated with resin intake and consistent with our a priori
predictions that the amount of resin that individuals can ingest is related to their
capacity to detoxify and eliminate the PSMs (Figure 1). These correlations were not
artifactually related to variation in feeding rate (Figure 6). While Figures 2 and 5
illustrate how individual woodrats from the two populations respond to variation in
resin intake with regard to glucuronide excretion and urine pH, they are not effective
for testing whether a particular detoxification mechanism or buffer capacity might
be limiting, and, thereby, explain observed differences in resin tolerance among
individuals or between the two woodrat populations. To test this, we regressed each
individual’s maximum value for glucuronide elimination or minimum value for
urine pH against its maximum tolerable resin intake rate—the latter values were
taken from Mangione et al. (2000), although they correspond closely to maxima
from Figures 2 and 5.

The maximum excretion of glucuronides was positively correlated with maxi-
mum resin intake (ANCOVAF1,13 = 8.57, P < 0.012) (Figure 8, top). Individual
woodrats from both populations exhibited the same pattern of maximum glu-
curonide excretion in relation to maximum resin intake because there was no
difference by population in either elevation (F1,13 = 0.63, P = 0.44) or slope.
This corresponds with the prediction in Figure 1a. Furthermore, the mean maxi-
mum glucuronide excretion rate of Mojave desert woodrats, 143.8± 23.3 mg/day
(N = 9), exceeds that of the Great Basin desert woodrats, 67.0± 10.8 mg/day
(N = 8) (t15 = −2.86, P < 0.012). Therefore, in accord with Figure 1a, we can-
not reject the hypothesis that animals from both populations absorb the same
proportion of toxin in food and that woodrats within and between populations that
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FIG. 8. Maximum glucuronides excreted (top) and minimum urine pH (bottom) as a function
of resin intake. Each point represents an individual woodrat’s maximum resin intake rate
and corresponding maximum glucuronide excretion rate or minimum pH. The solid line
represents the least-squares regression for Mojave woodrats, the dashed line represents the
least-squares regression for Great Basin woodrats.

tolerate more resin do so because they have a greater capacity for glucuronide
excretion.

Instead urine pH can be considered an indicator of an animal’s acid–base
status and its capacity to detoxify and eliminate metabolites. These metabolites
are strong acids that may challenge the animal’s acid–base homeostasis (McLean
et al., 1993; Foley et al., 1995). However, the tolerance for resin ingestion does not
relate as well to urine pH as it does to glucuronide excretion. First, the lowest urine
pH of each individual was not correlated with the individual’s maximum tolerable
resin intake rate (ANCOVAF1,14 = 0.04, P = 0.84) (Figure 8, bottom). Second,
the reduction in urine pH to 8 observed in desert woodrats eating creosote resin
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seems modest compared to reductions to pH 7.4 that have been observed in other
woodrat species exposed to other PSMs (Dearing et al., 2000). Although urine pH
was decreased as woodrats ingested greater amounts of resin (Figure 5), we reject
the idea that they had to cease eating resin because they reached their capacity
to buffer blood from organic acids or to excrete H+ ions. Moreover, the smallR2

(0.22, Figure 5) suggests that some other factor might be involved in reducing of
uirne pH, such as diuresis (Garc´ıa Matilla et al., 1999).

In conclusion, we studied the relationship between three detoxification mech-
anisms and urine pH and the tolerance of desert woodrats from two populations to
a mixture of naturally occurring PSMs (mostly phenolics) in resin from creosote
bush. The excretion rate of two phase II detoxification conjugates, glucuronides
and sulfides, increased with increasing resin intake, while hippuric acid excretion
was independent of resin intake. The molar proportion of glucuronides in urine
was three times that of the other conjugates combined. Urine pH, a possible in-
dicator of an animal’s capacity to detoxify and eliminate metabolites, declined
with increasing resin ingestion. Based on an evaluation of variation in the three
detoxification pathways and urine pH in relation to resin intake, we rejected the
hypotheses that tolerance to resin intake is related to woodrat capacity for amina-
tion, sulfation, or pH regulation. However, we could not reject the hypothesis that
woodrats within and between populations that tolerate more resin do so because
they have a greater capacity for glucuronide excretion. This hypothesis might be
tested by feeding woodrats other compounds detoxified by this pathway, e.g., ben-
zoic acid, and testing their ability to further increase glucuronide excretion rate.
Another way to test whether glucuronidation can set the limits for tolerance to a
PSM might be by using specific inhibitors of glucuronyl transferase.

Interactions between herbivores and the PSMs they ingest are complex. There
may be other explanations for some of the patterns that we have observed. For
example, we did not evaluate how differences in gut microbial community structure
and function might influence detoxification, or whether different woodrats eating
the same amount of resin excrete similar amounts of a conjugate (e.g., sulfates)
even when they might actually differ in their metabolism of specific phenols in the
resin. Other possible mechanisms that might explain differences in tolerance, such
as differential absorption of PSMs, differences in other phase I and II detoxification
pathways, differences in target site sensitivity, and differences in the capacity to
habituate to aversive sensory properties of PSMs, remain to be studied.
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Abstract—High foliar phenolics are generally assumed to increase resistance
to insect herbivores, but recent studies show that tobacco lines modified to
over– and underexpress phenolics do not exhibit higher constitutive resistance
to caterpillars. This is contrary to the expectation that ingestion of tobacco
phenolics, particularly chlorogenic acid, should cause oxidative stress in her-
bivores. We investigated free radical production and antioxidant capacity of
fresh crushed leaves of tobacco lines exhibiting over a sixfold difference in
chlorogenic acid content to test whether high phenolic concentrations are asso-
ciated with increased production of reactive oxygen species (ROS). The ef-
fects of in planta phenolic levels on feeding behavior, growth, biochemical
markers of oxidative stress, and the antioxidant capacity of midgut fluid and
hemolymph were assessed in tobacco budworm,Heliothis virescens. The exper-
iments showed that high phenolic foliage was more prooxidant than low phenolic
foliage, but the net balance in crushed tissue was antioxidant in comparison to
buffer and the commercial antioxidant standard, Trolox. InH. virescens, the
antioxidant capacity of midgut fluid was also powerful, and caterpillars fed
high phenolic foliage did not exhibit the expected markers of oxidative stress
in midgut tissues (altered ascorbate ratios, disulfides, or total hydroperoxides).
Instead, hemolymph of larvae fed high phenolic foliage exhibited improved
total Trolox equivalent antioxidant capacity (TEAC). These results suggest
that the elevated foliar phenolics in some plants may have beneficial antiox-
idant properties for herbivorous insects, much as dietary phenolics do in
mammals.
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INTRODUCTION

Although plant phenolics are believed to play an important role in chemical de-
fense against herbivores, their specific physiological effects on insects are variable
and poorly understood (Harborne, 1985; Appel, 1993). They have been variously
described as antifeedants (Bernays et al., 1989; Wrubel and Bernays, 1990), di-
gestibility reducers (Feeny, 1976; but see Martin et al., 1987), and toxins (Bernays,
1981; Steinly and Berenbaum, 1985). One mechanism by which their toxicity is
thought to arise is via their propensity to produce reactive by-products when oxi-
dized (Felton et al., 1989; Ahmad, 1992; Appel and Schultz, 1992; Appel, 1993;
Barbehenn and Martin, 1994). These products include semiquinone radicals and
other reactive oxygen species (ROS) such as superoxide anion and hydroxyl rad-
icals, hydrogen peroxide, and singlet oxygen (Hodnick et al., 1989; Ahmad and
Pardini, 1990), that are generated during autooxidative processes and/or by the
action of plant oxidases during maceration of leaf tissues.

Evidence for the prooxidant model of toxicity comes primarily from artificial
diet experiments. When pure phenolics are presented in this manner, many reduce
growth and survival of caterpillars (Reese and Beck, 1976; Elliger et al., 1981;
Isman and Duffey, 1982a,b, 1983; Lindroth and Peterson, 1988; Felton et al.,
1989, 1992; Stamp et al., 1994; Stamp and Yang, 1996; Yang et al., 1996; Ali
et al., 1999). In the case of chlorogenic acid (CHA), a widespreado-dihydroxy
phenolic, reduced insect performance is due at least in part to the antinutritive
effects of oxidative by-products on dietary constituents. Aeration and addition of
polyphenol oxidases to the diet enhances CHA oxidation and increases the binding
of orthoquinones to nucleophilic groups of amino acids and proteins, which reduces
their nutritional quality and/or bioavailability (Felton et al., 1989, 1992; Duffey
and Felton, 1991; Bi et al., 1994).

It has generally been assumed that similar reactions occur in the insect diges-
tive tract, particularly in caterpillar midguts where the alkaline pH and oxidizing
redox potentials would promote the generation of harmful ROS. Such reactions
would result in direct oxidative damage to midgut lipids and proteins (Appel and
Martin, 1990; Summers and Felton, 1994; Appel, 1994). Summers and Felton
(1994) found elevated levels of biochemical markers of oxidative stress (lipid
peroxidation products, oxidized protein, and free iron) in midguts of caterpillars
fed artificial diets containing chlorogenic and caffeic acid. Addition of the an-
tioxidant ascorbic acid to the diet ameliorated some of these effects, suggesting
that their toxicity was due to prooxidant behavior. Barbehenn and Martin (1994)
showed that tannic acid is oxidized as it passes through the gut ofMalacosoma
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disstria, but notOrygia leucostigma, which is tolerant of high concentrations of
this polyphenolic.

Several recent attempts to demonstrate prooxidant effects of phenolics in
planta have produced results inconsistent with the prooxidant model and artifi-
cial diet experiments. In a series of experiments with transgenic tobacco (Nico-
tiana tabacum) lines modified to differentially express phenylpropanoid products,
Bi et al. (1997a), Eichenseer et al. (1998), and Ali et al. (1999) found no nega-
tive effects of high foliar phenolics on growth and survival ofManduca sextaand
Heliothis zea. These plants over- and underexpressed phenylalanine ammonia lyase
(PAL) through sense suppression by an introduced bean PAL2 transgene (Elkind
et al., 1990; Pallas et al., 1996; Howles et al., 1996) and exhibited a 6.8-fold differ-
ence in chlorogenic acid content and up to 84% difference in total flavonoid levels
(Bi et al. 1997a). Since these modifications to constitutive phenolic levels have
been shown to clearly influence resistance to fungal and viral pathogens (Maher
et al., 1994; Pallas et al., 1996), the absence of an effect on chewing herbivores
was unexpected.

The discrepancy between in planta experiments and artificial diet studies is
probably due to the complex chemical interactions among phenolics, plant oxi-
dases, and dietary nutrients and antioxidants that cooccur in fresh foliage (Bi et al.,
1997b; Ali et al., 1999). High levels of phenolics in plant foliage may fail to induce
prooxidant damage to herbivores if either oxidative reactions and ROS production
in macerated plant tissue do not occur to the same extent as observed in artifi-
cial diets or if herbivores feeding on foliage are better able to withstand oxidative
stress or damage than those on artificial diet. The purpose of the present study
was to reassess the prooxidant nature of phenolics in the context of fresh foliage,
rather than artificial diet. In order to appropriately interpret their effects on the
herbivore, we simultaneously measured behavioral and physiological responses
of H. virescens. We used transgenic tobacco lines modified to over- and under-
express foliar phenylpropanoids to manipulate in planta levels of phenolics. The
effects of phenol content on radical production (hydroperoxides) and total an-
tioxidant (quenching of the ABTS.+ radical) capacities of crushed foliage were
measured and compared to the antioxidant capacities ofH. virescensmidgut fluid,
hemolymph, and oxidative damage to the midgut. Feeding trials to measure ef-
fects of phenolics on preference, consumption, digestive efficiency and growth
were conducted. Our goal was to assess the degree to which foliar phenolic levels
correlate with free radical production and oxidative stress experienced by insect
herbivores. A strong correlation would support the prooxidant model of phenolic
toxicity and confirm the importance of herbivore traits such as gut physicochem-
istry and antioxidant defenses for circumventing plant chemical defenses. A weak
correlation would suggest that oxidative activation of phenolics may be of less
importance in antiherbivore defense.
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METHODS AND MATERIALS

Insects and Plants

Heliothis virescenslarvae were obtained from a colony maintained at the
University of Arkansas and reared on a wheat germ-casein diet or on greenhouse
grown transgenic tobacco (Nicotiana tabacum).

The generation of PAL modified tobacco lines and their phenotypic charac-
teristics have been described in detail elsewhere (Elkind et al., 1990; Pallas et al.,
1996; Howles et al., 1996). The 274-T4 line was developed from cv. Xanthi-nc
and exhibits reduced accumulation of PAL transcripts through sense suppression
(Elkind et al., 1990). The C-17 control lines have lost the bean PAL2 gene through
segregation and are thus operationally wild type. In Ox lines, the gene silenc-
ing was lost following selfing, so the resulting offpring exhibit much higher PAL
activity and elevated phenylpropanoid products compared to wild types (Howles
et al., 1996). Two additional transgenic lines were included as part of a paral-
lel study investigating the effects of salicylic acid (SA) on induced resistance to
insects. The NahG-10 line contains the bacterialNahG gene encoding salicylate
hydroxylase (Gaffney et al., 1993; Delaney et al., 1994), which removes SA after
it is synthesized. These plants have higher constitutive jasmonic acid levels and
greater induced resistance to herbivores, apparently because the inhibitory effect
of SA on JA has been removed (Felton et al., 1999). Crossing NahG-10 with Ox-
434 plants produced the Ox-NahG line, which exhibits elevated phenolics and
reduced SA.

Plants were propagated from stem cuttings and maintained in a green-
house in Redi-Earth Peat-Lite soil mix (Scotts-Sierra Horticultural Products Co.,
Marysville, Ohio). They were watered daily and fertilized with Osmocote (N-P-K
14:14:20, Scotts-Sierra Horticultural Products Co.) each month. The greenhouse
was lighted with high-pressure sodium lights (100 W) on 14 hr scotophase and a
day–night temperature of 27:19± 2◦C. Plants were used before they reached the
flowering stage.

Chemicals.Trolox (Hoffman-La Roche) (6-hydroxy-2,5,7,8-tetramethy-
chroman-2-carboxylic acid), ABTS [2,2′-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid)], bovine methemoglobin and all other reagents were obtained from
Sigma-Aldrich Chemical Co., St. Louis, Missouri.

Oxidizing Properties of Plant Foliage

Total Antioxidant Activity.The total antioxidant activity of aqueous leaf ex-
tract was measured relative to the antioxidant standard Trolox (TEAC assay) using
a modified ferryl myoglobin/ABTS assay (Miller and Rice-Evans, 1994). This
assay has been widely used as a general measure of antioxidant activity of food
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extracts, pure compounds in solution, or body fluids, and it is appropriate for
both aqueous and lipophilic systems (Rice-Evans et al., 1995, 1996). In brief,
the ABTS [2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] radical cation
is generated by the activation of metmyoglobin with hydrogen peroxide. Sup-
pression of the ABTS.+ blue-green chromophore by the sample of interest is
monitored spectrophotometrically and compared to the scavenging capacity of
Trolox, a standard antioxidant, under the same conditions. We used the assay as
described by Miller and Rice-Evans (1994) but used bovine methemoglobin in
place of metmyoglobin.

Total antioxidant activity of foliage of the six tobacco lines was assayed using
the following procedure: Two leaf discs were collected from two leaves on each of
10 individual plants of each line. Discs (9 cm) were punched from the second and
third fully expanded leaves below the apical terminal using a cork borer and placed
on ice. After fresh weights of the discs were recorded, each was crushed in 1 ml
of PBS buffer (0.005 M phosphate, 0.145 M NaCl, pH 7.4) using four strokes of
the end of a heavy steel cylinder at room temperature. Then 20µl aliquots of this
aqueous extract were assayed immediately for antioxidant activity. The total time
elapsed between the harvesting of the leaf discs and the assay was less than 45 min,
and spectrophotometric measures were initiated within 10 min of the time plant
tissue was crushed. Preliminary experiments showed that this method produced
reproducible values among discs from a single leaf. The 20µl of leaf extract,
buffer, or Trolox standard was combined in a standard 96-well microplate with
110µl of 0.02% methemoglobin solution (in PBS buffer at room temperature) and
110µl of ABTS solution (0.8 mg/ml) in buffer. After the initial absorbance at 590
was recorded, the reaction was initiated by the addition of 40µl of H2O2 in dH2O
(0.015%) and the increase in absorbance monitored for 20 min. All reactions were
performed in duplicate and a standard curve of Trolox (0.3, 0.43, 0.6, and 3.0 mM)
was run with each microplate.

Hydroperoxide Production in Macerated Leaves.To estimate free radical
generation in high and low phenolic tobacco foliage, total hydroperoxide (ROOH)
formation in macerated foliage of unwounded plants was measured using xylenol
orange, which forms a complex with the Fe3

+ produced by the hydroperoxide-
based oxidation of Fe2+ that can be quantified spectrophotometrically (Jiang et al.,
1992). Pairs of leaf discs were punched from fully expanded leaves and imme-
diately placed in test tubes containing either 2 ml ice cold 0.1 M KPO4 buffer
(pH 7.4) or buffer plus 900 units of catalase. Because catalase removes H2O2, the
difference between the values from the two tubes represents the portion of total
hydroperoxides specifically attributable to H2O2.

One leaf from the upper portion of each plant was sampled, but samples were
pooled such that each test tube contained three leaf discs from three plants and was
paired with a second tube (+ catalase) that contained the three corresponding discs
from the same plants. The tubes were left at room temperature for 1 hr before leaf
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discs were homogenized for 7 sec with an electric tissue grinder. Samples were
centrifuged at 10,000g for 4 min to settle the cellular debris.

Leaf sample supernatant (20µl) was combined in a microplate well with
180µl of a reagent solution containing 100µM xylenol orange, 250µM Fe2

+,
25 mM H2SO4, and 4 mM BHT in 90% methanol (v/v). After 30 min at room tem-
perature, the OD560 was recorded and compared to a standard curve prepared with
t-butyl hydroperoxide. Thus, the measure is a combined measure of constitutive
levels of hydroperoxides in leaf tissues as well as those produced by the leaf discs
during the hour after damaging.

Data Analysis.A three-way analysis of variance was used to partition varia-
tion in antioxidant activity among leaves, individual plants, and the transgenic lines.
Tukey’s test was used to identify treatments that differed. Variation in hydroper-
oxides generated in the absence of catalase across tobacco lines was analyzed by
one-way ANOVA followed by Tukey’s test. Levels of hydroperoxides generated
in the presence of catalase did not meet the assumptions for ANOVA so were ana-
lyzed separately using a Kruskal-Wallis analysis on ranks and a Student-Neuman
Keuls test to separate means.

Insect Feeding Trials

Performance.Standard gravimetric nutritional budgets were calculated for
fifth-instarH. virescensfed over- (Ox) and underexpressing (T4) tobacco. Larvae
were reared on artificial diet until they reached the premolt stage (head capsule
slipping and not feeding). They were then weighed, placed individually into plastic
tubs containing a preweighed tobacco leaf, and maintained at 28◦C on a 16L:8D
cycle. Each tub was lined with moistened paper towel, and leaves were replaced
every 48 hr or as needed. Only fully expanded leaves from the upper part of the
plant were used. Uneaten leaf material and frass were dried and weighed to the
nearest 0.1 mg. A wet/dry conversion factor was calculated from 10 randomly
selected leaves from each tobacco line from which a 9-mm disc was punched from
the tip of each leaf with a cork borer.

After 72 hr, larvae were harvested and hemolymph samples collected (see
below), after which the larvae were killed by freezing. It is unlikely that hemolymph
removal affected dry mass. Carcasses were oven-dried at 70◦C and weighed when
they reached constant weight. Growth, consumption, and approximate digestibility
(AD = consumption/consumption-egested) were calculated on a dry weight basis.

Feeding Preference.A 12- to 36-hr feeding preference assay with paired
choices of leaf discs was performed on the following: Ox vs. C17, Ox vs. T4, and
C17 vs. T4 with 16–24 replicates per test. At least 10 plants per treatment were
represented in each test. A pair of leaf discs was punched from a newly expanded
leaf using a 9-mm-diam. cork borer and arranged alternately with another pair from
a different treatment plant in a 10-× 1-cm plastic petri dish. Dishes were lined
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with moistened filter paper, and discs were held in place by impaling them on the
upright points of four thumbtacks inserted through the bottom of the filter paper.
An individual fourth-instar larva was placed in the center of each arena and allowed
to feed for 12–36 hr until it had eaten 30–80% of the available food. Uneaten leaf
disc material was digitally scanned using a Hewlett Packard flatbed scanner and
the area in pixels quantified with SigmaScan Image software (Jandel Corporation,
San Rafael, California). Differences in the area of leaf material consumed were
assessed using at test.

Oxidative Status of Herbivore Tissues.Three biochemical indicators of ox-
idative stress were examined in midgut tissue: total and reduced ascorbic acid,
hydroperoxide formation, and total disulfides. Larvae were reared on detached
leaves until they reached the fourth and fifth instars; then they were transferred to
potted plants in the greenhouse for an additional four days before midgut tissues
were assayed. Five to 10 larvae were placed in net bags for a total of five to seven
plants per treatment. After larvae were harvested, the midguts were dissected, sep-
arated from the lumen contents, rinsed with 0.01 M KPO4 buffer, and pooled in
groups of three midguts per replicate. The number of larval replicates per plant
varied from 1 to 3. After tissue samples were weighed in pretared tubes, they were
homogenized (3 midguts/ml 0.01 M KPO4 buffer) and immediately assayed as
described in Summers and Felton (1994).

For total and reduced ascorbic acid, 300µl of midgut homogenate was added
to a microcentrifuge tube containing 300µl of 10% metaphosphoric acid [to
stabilize the ascorbic acid (AA)]. For total AA, 100µl of sample was then combined
with 125µl sodium phosphate buffer (0.05 M, pH 8.4, with 3 mM EDTA, and 25µl
of 10 mM dithiothreitol (DTT) to reduce dehydroascorbic acid (DHA) to AA. After
10 min, excess DTT was removed by adding 25µl of 5.0 mM N-ethyl malemide
(NAM), and 100µl of 10% trichloroacetic acid, 100µl of 44% o-phosphoric
acid, 100µl of 4% 2,2′-dipyridyl in 70% ethanol, and 50µl of 3% FeCl3 were
added to the incubation mix. After 40 min at 40◦C, tubes were centrifuged and the
OD520 of the supernatant was measured against a standard curve of total ascorbic
acid by using a Cambridge 7520 microplate reader. To determine reduced AA, a
parallel incubation was performed, except that 175µl of sodium phosphate buffer
(without EDTA) was used and no DTT or NEM was added. DHA was calculated
by subtracting reduced AA from total AA.

Total hydroperoxides (ROOH) were measured using methods modified from
Jiang et al. (1992): 20µl of midgut homogenate was combined in a microplate
well with 180µl of a reagent solution containing 100µM xylenol orange, 250µM
Fe2
+, 25 mM H2SO4, and 4 mM BHT in 90% methanol (v/v). After 30 min. at room

temperature, the OD560 was recorded and compared to a standard curve prepared
with t-butyl hydroperoxide.

Total disulfides were measured following the method of Anderson and
Wetlaufer (1975) as modified in Summers and Felton (1994). In a microplate
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well, 50µl of homogenate was combined with 50µl 6 N NaOH and incubated for
30 min at room temperature. Then 100µl of 6 N H3PO4 was added, the plate was
shaken thoroughly, and 20µl of 2.5 mM DTNB (5,5′-dithio-bis-(2-nitrobenzoic
acid) in 0.05 M sodium acetate was added. After an additional 20 min, the OD420

was measured.
The antioxidant activity of midgut fluid was assayed using the ferryl myoglo-

bin–ABTS assay. Intact midguts were rinsed with saline to remove any contaminat-
ing oxidases from hemolymph, then slit longitudinally and their contents (including
peritrophic envelope) placed in a tared microcentrifuge tube. Preliminary experi-
ments revealed that the midgut content preparations had very strong antioxidant
activity, so after weighing to the nearest 0.1 mg, samples were diluted with 10
times their mass in volume (milliliters per milligram) with distilled water. After
centrifugation for 2 min at 14,000g, 20µl of the supernatant was used in the ABTS
assay. Tubes were kept on ice until the time of the assay, which was performed
at room temperature. The assay was replicated with nine larvae fed high phenolic
(Ox) plants, nine led low phenolic (T4) plants, and six fed wild-type (C17) plants.
Treatment effects on the quantity of ABTS radical formed after 10 min were tested
using a one-way ANOVA.

Antioxidant activity of hemolymph from larvae fed high- (Ox) and low-
phenolic (T4) plants for 72 hr (used in the nutritional performance experiment)
was also measured by using the ABTS radical formation assay. Larvae were chilled
and a drop of hemolymph collected from a proleg into a cold ceramic dish. Assays
were initiated within 5–10 min because hemolymph tended to coagulate quickly.
Undiluted hemolymph (20µl) was used in the ABTS assay using the same methods
described above for foliage and midgut fluid. Samples from nine larvae from the
Ox treatment and 10 from the T4 treatment were assayed. A Mann-Whitney rank
sum test was used to test for significant differences in the rate of radical formation
after 20 min.

RESULTS

Antioxidant Properties of Plant Foliage.Aqueous leaf extracts from all the
tobacco lines exhibited antioxidant activity that inhibited the rate of ABTS radical
formation relative to the phosphate buffer control (Figure 1) over a 20-min incuba-
tion period. Three-way analysis of variance showed significant differences between
tobacco lines (P < 0.001), individual plants (P < 0.006), and leaves (P < 0.001).
An all pairwise multiple comparison (Tukey’s test) showed that the low-phenolic
line (T4) had the strongest antioxidant properties, particularly in comparison to the
high phenolic lines (Ox and Ox-NahG) and the wild-type control (C17). Although
the high phenolic line (Ox) was more proxidant than the wild-type, this differ-
ence was not statistically significant. The NahG plants exhibited an intermediate
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FIG. 1. Antioxidant capacity of macerated tobacco foliage as indicated by suppression of
ABTS radical formation in vitro. The effects of saline buffer and 0.4 mM Trolox are included
for comparison. The T4 tobacco line is lowest in phenolic content (PAL sense-suppressed),
Xanthi, C17, and NahG are intermediate, and Ox and OxNahG are PAL overexpressing
lines. Letters indicate significant differences atP < 0.05 (ANOVA followed by all pairwise
multiple comparison Tukey’s test).

antioxidant activity that was not significantly different from the wild-type control
(Xanthi).

Total hydroperoxides were also lowest in the T4 underexpressing lines
(Figure 2). The addition of catalase to the homogenization mixture did not uni-
formly decrease hydroperoxide levels in foliar samples, so no further attempt
to estimate or analyze H2O2 production was made (values obtained from tubes
containing catalase were analyzed separately from those without catalase and
differed in significance levels, but otherwise produced comparable results). One-
way analysis of variance of tubes without catalase (means separated by Tukey’s
test) showed the T4 underexpressing lines accumulated significantly fewer hy-
droperoxides than the Ox-NahG and NahG lines. Hydroperoxides appeared to
be lower in the Ox and C17 lines but the differences were not significant at
P = 0.05.

Caterpillar Feeding Trials.Larvae consumed more T4 leaf material than Ox
during the trial (t test, P < 0.001), but did not differ in mass gained/day (t test,
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FIG. 2. Total hydroperoxides produced in macerated leaf tissues. The T4 tobacco line is low-
est in phenolic content (PAL sense-suppressed), Xanthi, C17, and NahG are intermediate,
and Ox and OxNahG are PAL overexpressing lines. Letters indicate significant differences
at P < 0.05 (all pairwise multiple comparison (Tukey’s test).

P = 0.093) and final mass of T4 larvae was only slightly higher (t test,P = 0.064)
(Table 1). The underexpressing leaves were more digestible than overexpressing
(P = 0.003). The dry masses of Ox and T4 leaf discs were not significantly dif-
ferent (3.59± 0.69 for Ox and 3.32± 0.89 for T4), suggesting that the ratio of
water to lignin did not differ substantially.

In the choice trials, larvae also preferred T4 leaf discs over wild-type con-
trols (C17) (P < 0.001,N = 22) and overexpressing (Ox) lines (P < 0.00,N =
19), indicating that the increased consumption of T4 foliage is due in part to

TABLE 1. FEEDING AND GROWTH PERFORMANCE OFFIFTH-INSTAR H. virescensFED

PAL OVEREXPRESSING(OX) AND UNDEREXPRESSING(T4) TOBACCO FOR72 HOURS

Consumption Final mass Mass gained Digestibility
(mg) (mg) per day (mg) AD N

Ox (overexpressed) 154.9± 20.0 47.5± 5.1 10.5± 1.7 0.49± 0.05 12
T4 (underexpressed 283.8± 22.9 58.6± 2.9 14.0± 1.0 0.68± 0.03 15

t test;P < 0.001; P = 0.064; P = 0.093; P = 0.003.
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phagostimulatory effects. Interestingly, larvae did not discriminate between the
wild-type control and overexpressed (Ox) lines (P = 0.313, N = 23).

Oxidative Status of Herbivore Tissues.Midguts of caterpillars fed different
tobacco lines did not differ in total midgut ascorbic acid (P = 0.235), reduced
ascorbic acid (P = 0.104), dehydroascorbic acid (P = 0.578), hydroperoxides
(P = 0.368), or disulfides (P = 0.491) (Table 2). Undiluted midgut fluid exerted
strong antioxidant properties, completely preventing formation of the ABTS radi-
cal (as strongly as Trolox) for over 40 min. There was no significant difference in
antioxidant activity of diluted midgut fluid (1:10 dilution) of caterpillars fed wild-
type, and over- and underexpressing tobacco (Figure 3). However, caterpillars fed
high phenolic tobacco (Ox) for 72 hr had stronger hemolymph antioxidant activity
than those fed the underexpressing plants (T4) (P = 0.005, Mann-Whitney Rank
sum test,N = 9, Ox andN = 10, T4). (Figure 4).

FIG. 3. Antioxidant capacity ofH. virescensmidgut fluid (diluted 1:10) as indicated by
suppression of ABTS radical formation in vitro. The effects of buffer and two concentrations
of Trolox (0.04 and 3.0 mM) are included for comparison. Larvae were fed detached leaves of
T4 (low phenolic content, PAL sense-suppressed), C17 (intermediate), or Ox (high phenolic,
PAL overexpressing) tobacco. There were no significant differences among caterpillars fed
different tobacco lines.
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FIG. 4. Antioxidant capacity ofH. virescenshemolymph as indicated by suppression of
ABTS radical formation in vitro. The effects of buffer and two concentrations of Trolox
(0.04 and 3.0 mM) are included for comparison. Larvae were fed detached leaves of T4
(low phenolic content, PAL sense-suppressed) or Ox (high phenolic, PAL overexpressing)
tobacco for 72 hr prior to the assay. Letters indicate significant differences atP < 0.05
(t test).

DISCUSSION

Our experiments show thatH. virescenslarvae are relatively unaffected by the
8- to 10-fold range of variation in PAL (phenylpropanoid) expression in tobacco
(Bi et al., 1997a; Ali et al., 1999). Although consumption and digestibility were
lower on overexpressing plants, they resulted in very modest (not significant)
reductions in growth with no indications of oxidative stress as a causal factor.
These observations are in contrast to predictions from in vitro model systems and
artificial diet experiments that chlorogenic acid, the predominant soluble phenolic
in tobacco leaves should have strong negative, prooxidant effects on herbivores
(Isman and Duffey, 1982a,b, 1983; Lindroth and Peterson, 1988; Felton et al.,
1989, 1992; Stamp et al., 1994; Stamp and Yang, 1996; Yang et al., 1996). In
fresh plant tissue, CHA’s prooxidant effects appear to be ameliorated by the strong
overall antioxidant nature of crushed foliage and the beneficial effects of dietary
phenolics on antioxidant defenses of caterpillars. The demonstration that high
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levels of oxidizable plant phenolics in foliage are not necessarily prooxidant when
encountered by herbivores in their natural context has important implications for
understanding the mode of action and biological activity of phenols that are often
presumed to function in antiherbivore defense.

Our results indicate that high free radical activity in foliage does not nec-
essarily translate into oxidative damage to herbivores. Although high phenolic
lines (Ox, Ox-NahG) in our study exhibited measurably elevated hydroperoxide
formation, all of the lines were strongly antioxidant compared to saline buffer,
which is presumably neither pro- nor antioxidant. The overall antioxidant ca-
pacity of the chemical milieu of crushed foliage is clearly important for de-
termining the biological impact of prooxidant phenols on herbivores. The net
oxidative balance in crushed foliage depends on the predominant types of phe-
nolics and phenolases present and can vary substantially among plant species.
Hoover et al. (1998a,c) compared the effects of monophenols, catecholic phe-
nols, tannins, peroxidase (POD), and polyphenoloxidase (PPO) activity on free
radical generation in crushed cotton, tomato, and lettuce foliage. While some
monophenols (ferulic andp-coumaric acids), the polyphenolic tannin quebracho,
and mixtures of phenolics prone to redox cycling (CHA and rutin) enhanced free
radical generation in the presence of POD, other combinations (e.g., monophe-
nolics with catecholic phenolics) exhibited antioxidant properties. For example,
chlorogenic acid, rutin, and catechin applied to foliage in mixtures had strong
antioxidant properties and decreased free radical generation in crushed foliage
by 30–60% (Hoover et al., 1998c). The tendency of this combination of pheno-
lics to be antioxidant may explain why tomato fails to inhibit baculoviral disease,
in spite of being rich in phenolics (Hoover et al., 1998b). Our results with to-
bacco differ somewhat in that we measured higher free radical production in high
phenolic lines, but tobacco appears to be similar to tomato in that the overall
nature of crushed foliage is strongly antioxidant. This may be a general pattern
for solanaceous plants, which are rich in CHA and rutin, but also have smaller
amounts of ferulic acid (Waiss et al., 1981; Isman and Duffey, 1982a,b; Bi et al.,
1997a).

The powerful antioxidant capacity ofH. virescensmidgut fluid appears to
represent an additional and significant barrier to ROS generation in the gut lumen,
suppressing ABTS radical formation as strongly as the commercial antioxidant
Trolox. Its antioxidant activity was much stronger than that of macerated leaf
tissues, suggesting that caterpillars have biochemical mechanisms for enhancing
the antioxidant properties of gut fluid. Possible mechanisms include the secretion
of antioxidants such as glutathione, ascorbate, and uric acid (Summers and Felton,
1994; Mathews et al., 1997; Barbehenn et al., 2001) or enzymes such as catalase
(Felton and Duffey, 1991), ascorbate peroxidase (Mathews et al., 1997) or glucose
oxidase, which can deplete molecular O2 from the gut lumen (Eichenseer et al.,
1999; Johnson and Barbehenn, 2000).
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One of the more surprising results was the positive effect of PAL overex-
pressing foliage on the total antioxidant capacity of caterpillar hemolymph. This
is the first demonstration of a positive antioxidant benefit of dietary phenolics
for herbivorous insects, although there is a huge body of literature demonstrat-
ing protective antioxidant effects of phenolics in green tea, red wine, and green
vegetables in mammalian systems (reviewed in Kahl, 1991; Frei, 1994; Hertzog
et al., 1997; Maxwell, 1997). Many phenols act as chain-breaking antioxidants
(Takahama, 1985; Pincemail et al., 1986), prevent oxidation of lipids by chelating
catalytic metal ions such as Fe and Cu (Afansas’e et al., 1989), and inhibit LOXs,
POs, and other oxidases responsible for free radial production (Gryglewski et al.,
1987; Moroney et al., 1988; Hoover et al., 1998a,b). They may also induce antiox-
idant defenses in caterpillars to levels that exceed the immediate need, resulting in
higher overall antioxidant capacity of hemolymph and other tissues. In caterpil-
lars, superoxide dismutase (SOD) is inducible and increases rapidly in response
to dietary prooxidants, including the phenolic quercetin (Pritsos et al., 1988; Lee
and Berenbaum, 1989; Ahmad and Pardini, 1990). Finally, it should be noted
that the antioxidant benefit could be due to an unknown trait other than phenolic
concentration that covaries with PAL expression. For example, high levels of the
phenolic salicylic acid can suppress wound-induced responses by inhibiting the
wound-signal cascade (Felton et al., 1999). This mechanism is not likely to have
been important in our experiments because caterpillars were fed detached leaves or
foliage from unwounded plants, but the possibility that PAL modification altered
other biochemical pathways warrants further investigation.

Although our experiments do not support the hypothesis that high in planta
concentrations of CHA have prooxidant effects on caterpillar tissues, PAL over-
expression did alter feeding behavior and digestive responses ofH. virescensin
other ways. In the choice experiments, larvae showed a clear preference for low
phenolic foliage. In this regard,H. virescensdiffers fromM. sexta, which does not
discriminate between PAL over- and underexpressing foliage (Eichenseer et al.,
1998) and is not deterred by similar concentrations of CHA presented on artifi-
cial substrates (Boer and Hanson, 1987; Wrubel and Bernays, 1990). Early instar
H. virescenslarvae may respond differently; although late instar diet-reared larvae
preferred and consumed more low phenolic foliage and grew at a slightly faster
rate (this study), early instar growth and survival on underexpressing lines is poor
(Ali et al., 1999). Possibly early instar larvae are more sensitive to host-specific
phagostimulants than mature larvae.

Overexpression of PAL was also associated with reduced digestibility of
leaves to caterpillars. Although reduced protein quality and inhibition of digestive
enzymes are symptoms associated with ROS from phenolic oxidation, given our
measures of the strong antioxidant capacity of crushed foliage, midgut fluid, and
the positive oxidative balance of hemolymph and midgut epithelium, we believe
the reduced digestibility is more likely related to changes in lignin content. Lignin
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is formed by the polymerization of phenylpropanoids and is directly correlated
with PAL expression (Elkind et al., 1990; Bate et al., 1994; Sewalt et al., 1997).

In summary, the results of this study show that the efficacy of prooxidant
phenolics against herbivores is not easily predicted from foliar concentrations
and artificial diet bioassays. Thus, from a plant’s perspective, increased alloca-
tion to phenylpropanoid synthesis (through PAL) may not increase resistance to
herbivores; in fact, it may have the opposite effect since some phenol mixtures
can provide beneficial antioxidant properties. The demonstration of antioxidant,
rather than prooxidant, effects on leaf-chewing caterpillars represents a previously
unrecognized beneficial effect of phenolics on insects and emphasizes the need to
examine their biological activity in the appropriate phytochemical context, rather
than as single dietary additives, to fully understand their ecological role in plant
herbivore interactions.
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Abscisic acid, 327
Absolute configuration, 945
Acer rubrum, 1011, 2519
Acer saccharum, 1963, 2519
Aceraceae, 2519
Acerophagus coccois, 2205
Acetylenes, 313
Acomys, 1953
Acrosternum hilare, 1821
Acylcyclohexane-1,3-diones(2-), 517
Adaptive phenotypic plasticity, 593
Adhesion, 831
Adsorption, 285
Aedes aegypti, 161
Aenasius vexans, 2205
Aggregation pheromone, 1203
Agraaulis vanillae, 1219
Agricultural Soils, 81
Alarm, 109
Alarm cue, 1249
Alarm pheromones, 1657
Alarm signals, 533, 1249, 1641, 1667
Aldehydes, 569
Alder leaf litter, 161
Alevin, 1775
Algae, 2265, 2289
Aliphatic acids, 569
Alkaloid, 33, 93, 151, 343, 945, 1105, 1713,

1729, 1749
Alkanes, 1805
Allelochemical, 125, 243, 393, 611, 623, 633,

1691, 2365
Allelochemical degradation, 1701
Allelochemical translocation, 1701
Allelopathic effects, 623
Allelopathins, 383
Allelopathy, 81, 125, 383, 393, 411, 611, 747,

807, 1701, 2365
Alliaria petiolata, 1585
Alliaria , 1575

Allomone, 203, 953
Allyl-4,5-dimethoxyphenol(2-), 953
Alticinae, 2399
Amaranthus, 2013
Amaranthus retrofluxus, 807
Amblyomma variegatum, 471
Amides, 581
Amino acids, 19, 175, 2013, 2547
Amphibians, 45
Amphipod, 1249
Anabasine, 945
Anal gland secretion, 2473
Anitfeedant, 965, 2255
Anomala osakana, 2183
Ant, 109, 945
Ant dispersal, 2029
Ant plants, 581
Anthocyanins, 273
Anthonomus rubi, 1203
Antioxidants, 2583
Anti-predator behavior, 45, 533, 1641, 1657,

2289, 2495
Antitermitic activity, 717
Ant-plant association, 1979
Ant-plant interactions, 2029
Aphaenogaster, 945
Aphid behavior, 2531
Aphid, 243, 273, 359, 1749
Aphididae, 1749
Aphthona, 2399
Apidae, 69
Aposematic, 203
Araceae, 517
Arhopalus tristis, 1091
Arid environment, 1953
Artificial diet, 359
Asteraceae, 313, 985
Athalia rosae, 2507
Atlantic salmon, 2339
Atta bispheaerica, 109
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Atta capiguara, 109
Attractants, 1, 233, 471, 979, 1091, 1119,

1943, 2053
Attraction, 1930
Avoidance behavior, 1249

Bacteria, 807, 2265
Bactrocera papayae, 953
Bactrocera tryoni, 871, 889
Bait, 979
Barbarea stricta, 2507
Bark, 1091
Bark beetles, 697
Beaver, 1011, 2473
Beet army worm, 2013
Beetle, 217, 499, 1105, 2399
Behavior, 33, 647
Benzoxazin-3-ones(1,4-), 359
Benzylisoquinoline alkaloids, 93
Betula pendula, 1049
Bidens, 313
Bioassays, 161, 383, 1899
Biological activity, 383, 2265
Biological control, 831
Biotic defense, 1979
Biotransforming enzymes, 845
Bisabolene epoxide, 1821
Blood, 979
Bloodroot, 1713, 1729
Boraginaceae, 2553
Botrytis cinerea, 831
Braconidae, 33
Branta canadensis, 725
Brassica napus, 593
Brassica nigra, 2507
Brassica oleracea, 2235
Brassicaceae, 2507
Brazilian Atlantic forest, 93
Brinjal, 1867
Brook charr, 1641, 1775
Brown treesnakes, 979
Brown trout, 1641
Brushtail opossums, 1029, 1077
Bryopsis sp., 2289
Buccal gland secretion, 1277
Bulk-soil and rhizosphere bacteria, 807
Bullfrogs, 1667
Buprestidae, 633
Butyl acetate, 831

Cactus, 2126
Cadinene, 2399
Cadinol, 717
Caffeoylserine, 2205
Callithrix flaviceps, 93
Canavanine, 19
Carambola fruit borer, 1855
Carbon dioxide, 871, 889
Carbon nutrient balance, 725
Carbonyl defense, 203
Cassida stigmatica, 985
Caste, 109
Castor canadensis, 1011
Castor fiber, 2473
Castor sacs, 2473
Castoreum, 2473
Cataglyphys niger, 927
Catfish, 2305
Cattle poisoning, 151
Cedrela salvadorensis, 137
Cedrelanolide, 137
Cedrol, 717
Cellular residue, 979
Cellulose discs, 1963
Cellulose triacetate, 487
Cephidae, 1841
Cerambycidae, 633, 1091, 1151
Ceratosolen solmsiarchali, 1930
Chaconine, 1749
Chamomile, 2553
Chaparral, 371
Chemical attraction, 1930
Chemical camouflage, 1787
Chemical cues, 45, 533, 1667, 2321, 2495
Chemical defense, 581, 725, 1749, 1979
Chemical ecology, 93, 633
Chemical orientation, 2305
Chemical recognition, 2029
Chemical signal, 189, 1953, 2305
Chemoreception, 1963
Chilean lizards, 1677
Chiral HPLC, 2153
Chlorochroa ligata, 2067
Chlorochroa sayi, 1177
Chlorochroa uhleri, 2067
Chlorogenic acid, 807, 965
Chromatography, 2365
Chrysomelidae, 647, 985, 1105, 2553, 2399
Cicer arietinum, 965
Cis-epoxides, 2153
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Cistus iadanifer, 411, 611
Close-range pheromone, 1133
Clove, 1617
Coccinella septempunctata, 33
Coccinellidae, 33
Coevolution, 633, 2029
Coleoptera, 33, 217, 419, 633, 647, 995, 1151,

1203, 2427
Colletotrichum, 2265
Colony defense, 569
Colony takeover, 1787
Colony, 109
Colorado potato beetle, 1105
Competition, 593
Composition, 2547
Conjugates, 2561
Conophthorin, 487
Conotrachelus nenuphar, 1
Constraints, 593
Contact sex phermone, 1133
Coptotermes formosanus, 717, 1617
Cordia curassavica, 2553
Corn stalk borer, 1879
Correlation, 2547
Costa Rica, 581
Costs of defense, 593
Costs, 1077
Cotesia glomerata, 2235
Cotton, 679, 2013
Coupled gas chromatographic-electro-

antennographic detection, 1547, 1841
Crambidae, 2097
Creosote bush, 2561
Cross-adaptation, 443
Cross-coupling algicides, 257
Croton californicus, 203
Crucifer, 1575
Cruciferae, 1585
Crustacea, 1249
Cucumis sativus, 807
Cues, 45, 533, 1667, 2321, 2495
Curculionidae, 1203
Cuticular hydrocarbons, 1133, 1229, 1787,

1805, 2126
Cyanobacteria, 2265
Cyanoglucoside, 1585
Cytochrome P450, 1763

Defense, 203, 499, 569, 581, 593, 679, 725,
1713, 1749, 1979, 2235

Defensive glands, 1219
Defoliation, 151
Delphinium barbeyi, 151
Dendroctonus pseudotsugae, 217
Depsipeptides, 2289
Desert woodrats, 2561
Detection, 233
Detoxification, 845, 1077, 2561
Diacetoxy-12,13-epoxy-3,7-dihydro-

xytrichothec-9-en-8-one(4,15-)
859

Diacetoxyscirpenol, 859
Diacetylnivalenol(4,15-), 859
Diel periodicity, 1163, 2053
Diel periodicity of pheromonal communication,

431
Diet cues, 45
Diet, 1063, 1657
Dietary requirements, 1535
Diexpoxyhenicosene, 2153
Dihydrofarnesoate(3-), 1177
Dihydrophenanthrenes(9,10-), 257
Dihydroxy-7-methoxy-1,4-benzoxazin-3-

one(2,4-), 1691
Dihydroxytrichothec-9-en-8-one(7-), 859
DIMBOA, 359
Dimethyl-(1′,4′-hexadienyl)-1,2-epoxy-1-

methylcyclohexane(1′,5′), 1821
Dimethyl-2-pentadecanol(3,7-), 733
Dimethyl-2-tridecanol(3,7-), 733
Dimethylheptadecane(7,11-), 431
Dina parva, 1249
Dinocampus coccinellae, 33
Dioprionidae, 733, 1561
Diprion pini, 733
Diprionol, 733
Diptera, 871, 889
Disruptant, 217
Disturbance cues, 533
Dodecenol((E)-8-), 2042
Dodecenol((Z)-8-), 1855
Dodecenyl acetate((E)-8-), 2042
Dodecenyl acetate((Z)-8-), 1855
Dorsal gland, 2461
Dose-response, 2427
Douglas-fir beetle, 217
Drosophila, 2126
Drying tests, 779
Dwarf hamster, 1259, 1277
Dynamics, 393
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EAG, 2109
Ecdytolopha aurantiana, 2042, 2053
Ecological relevance, 517
Ectal mandibular glands, 569
Egg parasitoid, 499
Egg recognition, 1151
Egg yolk, 1775
Elaiosome, 1713
Electroantennogram, 33, 871, 2109
Electroolfactogram, 443
Electrophysiology, 889, 1963
Elevation, 1713
Elm leaf beetle, 499
Elysia rufescens, 2289
Emergence, 1775
Emmenanthe penduliflora, 371
Encyrtidae, 2205
Endo-brevicomin, 487
Environment, 343
Environmental odorants, 871, 889
Enzyme, 1899
EPG, 2531
Epoxy-2-methyloctadecane(7R, 8S)-cis-7,8,

1163
Epoxy-octadecane,(7R,8S)-cis-7,8, 1163
Essential oils, 717, 2553
Esters, 1575
Ethyl 2,3-dibromo-3-phenylpropanoate, 2255
Ethyl transcinnamate, 2255
Eucosma notanthes, 1855
Eugenol, 1617
Euphorbiaceae, 203
Eurytoma amygdali, 2169
Eurytomidae, 2169
Exo-brevicomin, 487
Exocrine glands, 203, 919
Exocrine secretion, 69, 1259, 1277, 1575
Exomala orientalis, 2183
Extraction methods, 2553

Farnesyl esters, 2461
Feeding behaviors, 1953
Feeding deterrents, 1063, 1105, 1575, 2277,

2519
Feeding inhibition, 1575
Feeding preference, 1963
Feeding stimulants, 1063
Ferruginol, 717
Ficus hispida, 1930
Field tests, 907, 1879

Fig volatile, 1930
Fire ants, 2439
Fire, 371, 1091
Fitness, 1535
Flavonoids, 779, 1575, 1585
Flavonols, 2519
Flea beetle, 2399
Flight dispersal, 2427
Floral attractant, 1119
Flourensia cernua, 2265, 2277
Folin-Ciocalteus, 1899
Folin-Denis assay, 761
Food conditioning, 1011
Food processing, 1011
Forager bees, 919
Foraging, 979
Foraging behavior, 979, 1911
Forest tent caterpillar, 2519
Formica gnava, 1787
Formica occulta, 1787
Formicidae, 109, 1575, 1787, 1805
Formicinae, 1229, 1575
Fractionation, 2265
Frontalin, 487
Fungal ecology, 831
Fungal spores, 831
Fungi, 859, 2265
Fur, 1535
Fusarium equiseti, 859

Galerucella, 1943
Gallates, 2519
Gammarus, 1249
Garlic mustard, 1575
Gas chromatography, 647, 2461
GC-EAD, 1547, 1841, 2042, 2097
GC-MS, 2365
Gekko monarchus, 953
Genetic diversity, 747
Genetically modified organism, 2583
Geographic variation, 313
Geometridae, 431
Geophagy, 285
Geranylacetone, 1547
Geranylgeranyl acetate, 69
Germacrene-D, 1203
Germination inhibition, 371
Germination, 411, 831, 1701
Gestalt, 927
Glucose conjugate, 1077
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Glucosinolates, 243, 2507
Glucuronic acid, 2561
Glycoalkaloids, 1105, 1749
Gossypium hirsutu, 2013
Grandisol, 487
Grandlure, 1203
Green algae, 2289
Greenbug, 53
Green-leaf volatiles, 217, 995, 1911, 1943
Growth-differentiation balance hypothesis, 343
Guam, 979
Gustation, 1105
Gustatory preference thresholds, 1997

Hairpencils, 2053
Hamamelis virginiana, 1011
Hayata, 717
Headspace analysis, 1911
Health maintenance, 285
Helianthus annuus, 807
Heliocoverpa armigera, 965, 1119
Heliothis virescens, 965
Heliothis, 2583
Hemolymph, 2507
Heptacosene ((Z)-9-), 1133
Heptatoxicity, 953
Herbivore-prey relationship, 2289
Herbivory, 581, 593, 725, 1595, 1749, 1763,

1979
Heteroptera, 1133
Heterospecific chemical signals, 1953
Hexacedenyl acetate ((E)-11-), 1867
Hexadecanediol diacetate(1,15-), 1219
Hexadecanediol diacetate(1,16-), 1219
Hexadecenol(E)-11-, 1867, 2097
Hexadecenol(Z)-11-, 2097
Hexanol(1-), 995
Hexenyln-hexanoate, ((E)-2-), 2449
Hexyl n-hexanoate, 2449
Hill reaction inhibitor, 137
Himachalene, 2399
Hippodamine, 33
Hippuric acid, 2561
Hogna helluo, 2495
Holocrine glands, 1677
Homoptera, 2205
Honeybees, 919
Hordeum vulgare, 53
Horseshoe crab, 2321
Host selection, 663, 697, 985, 995, 1063, 2013

Host volatiles, 1, 697
Host-habitat location, 1535, 1547
HPLC, 161, 2547
Hydrocarbons, 919, 927, 1133, 1229, 1575,

1787, 1805, 2126, 2169
Hydrodynamics, 2305
Hydrogen peroxide, 53
Hydrophyllaceae, 371
Hydroxamic acids, 359, 2531
Hydroxybenzoic acid, 1701
Hyla regilla, 1667
Hylobius abietis, 2255
Hymenoptera, 33, 69, 733, 1561, 1575, 1841,

1911, 2169, 2205, 2507
Hyphenation, 2365

Iabial glands, 919
Indices, 411
Indole-3-acetic acid, 327
Induced defense, 593, 2235
Induced resistance, 273, 2531
Induced responses, 273, 547
Induction, 679
Inhibition, 1879
Insect herbivory, 593, 1595, 1749
Insect resistance, 2583
Insect-plant co-evolution, 2029
Interspecific competition, 1163
Introduced predators, 1667
Intrspecific aggressiveness, 1229
Ipstypographus, 2427
Iris hexagona, 327
Iron, 285
Isoflavonoids, 965
Isoquinoline alkaloids, 1713
Isothiocyanates, 243
Ixodid tick, 471

Janus integer, 1841
Jasmonic acid, 327, 499, 1729
Judaicin, 965
Juncus effuses, 257

Kahalalide F., 2289
Kairomone, 517, 633, 1119, 2495
Ketones, 523

Labial gland secretion, 175, 189
Ladybird, 243
Larrea tridentate, 2561
Larval development, 1535
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Larval-habitat location, 1535, 1547
Larvicidal activity, 161
Lasiocampidae, 2519
Lathromeris ovicida, 663
Lavandulol, 1203
LC-MS, 2365
Leaching, 1011
Leaf beetle, 1105
Leaf-cutting ants, 109
Leech, 1249
Lepidoptera, 1535, 1547, 1879, 1911, 2042,

2097, 2109, 2153, 2519
Lettuce, 747
Leucinodes orbonalis, 1867
Leucomalure, 2153
Light, 313
Ligninlike compounds, 161
Limonoid, 137
Limulus polyphemus, 2321
Lineatin, 487
Liolaemus, 1677
Lodgepole pine, 2255
Lower terpenes, 2553
Lycosidae, 2495
Lymantria dispar, 1163
Lymantria fumida, 1163
Lymantria monacha, 1163
Lymantriidae, 2153

Maackiain, 965
Macaranga, 1979
Macrodactylus subspinosus, 419
Maize, 359
Malacosoma disstria, 1963, 2519
Male annihilation, 235
Male vibration, 1133
Mammalian pheromones, 1259, 1277
Mammalian semiochemicals, 1259, 1277
Mandibular gland, 109
Manduca sexta, 547, 1063
Mark-release-capture, 1561
Mass spectrometry, 2153, 2365, 2461
Mating behavior, 2053
Mating disruption, 2109
MCH, 217
Mechanical damage, 547
Mediterranean fruit fly, 233
Meliaceae, 137
Meliponinae, 69
Meloidogyne incognita, 859

Melolonthinae, 419
Merostomata, 2321
Messor, 945
Metabolism, 1077
Methodology, 1701
Methyl (2E,6E)-farnesoate, 2067
Methyl (E)-5-2,6,10-trimethyl-5,9-

undecadienoate, 2067
Methyl (E)-6-2,3-dihydrofarnesoate, 1177, 2067
Methyl chavicol, 697
Methyl citronellate, 1177
Methyl eugenol, 953
Methyl jasomonate, 547, 679, 2531
Methyl salicylate, 1911
Methyl-5-hepten-2-olesters(6-), 1219
Methyl-5-hepten-2-one(6-), 1219
Methylcyclohex-3-en-1-one(3-), 217
Methylheptadecane(7-), 431
Methyl-Z-7-octadecene(2-), 1163
Metopolophium dirhodum, 359
Microorganisms, 1701
Microwave, 2353
Midgut, 2583
Mineral bioavailability, 1763
Miridae, 1133, 2449
Mixture, 807
Mode of action, 19
Monachalure, 1163
Monimiaceae, 93
Monitoring, 1, 907
Monochamus, alternatus, 1151
Monochamus, 633
MS-MS, 2365
Mutualism, 581, 2029
Myrmecophyte, 2029
Myrrhine, 33
Myzus persicae, 1749

Natural products chemistry, 1617
Nectar, 2547
Nematicide, 859
Neodiprion sertifer, 733
Neoleucinodes elegantalis, 2097
Neotoma lepida, 2561
Neotoma, 845
Nestmate recognition, 927
Nezara viridula, 1821
Nicotiana attenuata, 547
Nicotiana, 2583
Nitriles, 1911
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Nitrogen, 1749
Noctuidae, 1879
Noegobius melanostomus, 443
Nonanal, 1547
Non-host volatiles, 217, 995
Non-protein amino acid, 19
Nootkatone, 1617
Norditerpenoid alkaloids, 151
Nortriterpenoid, 137

Octadecanoid pathway, 547
Octadecen-4-olide((Z)-9-), 1841
Octadecene((Z)-7-), 1163
Octanol(3-), 995
Octen-3-ol(1-), 471
Octyl n-butyrate, 2449
Odor avoidance, 1029
Odor-binding protein, 2183
Olfaction, 647, 871, 889
Ontogenetic constraints, 547
Oomyzus gallerucae, 499
Operophtera brumata, 1595
Oreina cacaliae, 647
Oscillatoria, 2265
Ostariophysan fishes, 1657
Ovarian fluid, 2339
Oviposition, 985,1091, 2013
Oviposition behavior, 1151
Oviposition scar, 1151
Oviposition-deterring pheromone, 1151
Oxidation products, 69
Ozone, 1049

Pachycoris stalli, 203
Pacific treefrogs, 1667
Pardosa milvina, 2495
Partner-plant recognition, 2029
Partner-plant selection, 2029
Pentacosadiene ((Z,Z)-6,9-), 2169
Pentacosene((Z)-9-), 1133
Pentatomidae, 203, 1177, 2067
Pest management, 1029
PH, 1899, 2561
Phacelia brachyloba, 371
Phacelia campanularia, 371
Phacelia grandiflora, 371
Phacelia minor, 371
Phacelia tanacetifolia, 371
Phagostimulants, 175, 189
Phenanthrenes, 257

Phenolic acid mixtures, 807
Phenolic acids, 125
Phenolic glycosides, 1595
Phenolics, 83, 383, 393, 411, 611, 623, 761,

1049, 2461, 2519, 2583
Phenotypic plasticity, 343, 593
Phenylheptatriyne, 313
Pheromone chirality, 431
Pheromone inactivation, 1879
Pheromone inhibitor, 1879
Pheromone, 109, 791, 1133, 1151, 1177, 1203,

1259, 1277, 1657, 2067, 2321, 2449
Pheroprax©R , 2427
Philodendron guttiferum, 517
Phlorotannins, 1899
Phodopus sungorus sungorus, 1259, 1277
Photoenvironment, 313
Phratora, 1943
Phyllotreta, 2399
Phytic acid, 1763
Phytochemical variation, 313
Phytochemicals, 779
Phytohormones, 327
Phytotoxicity, 137, 383, 393, 411, 807, 1729,

2365
Pieridae, 1575
Pieris, 1575, 1585
Pieris brassicae, 2235
Pieris rapae, 1063, 1911
Pig weed, 2013
Pine weevil, 2255
Pinus contorta, 2255
Pinus radiata, 1091
Pinus sylvestris, 2255
Piper cenocladum, 581
Plant allocation theory, 761
Plant defense, 499, 679, 1713
Plant extracts, 2277
Plant growth inhibitor, 19
Plant induced defense, 2235
Plant residues, 393
Plant resistance, 359, 1763
Plant secondary compounds, 845, 1077
Plant-animal interactions, 2277
Plodia interpunctella, 2109
Poa pratensis, 725
Poaceae, 53, 359
Pogonomyrmex barbatus, 1805
Polar extracts, 1963
Polistes dominulus, 569
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Polycose, 1997
Polyergus breviceps, 1787
Polynesian rat, 1029
Polyphagy, 1595
Polyphenolic compounds, 761, 1899
Polyvinlypolpyrrolidone, 1899
Popillia japonica, 419, 2169
Populus tremuloides, 1963, 2519
Postpharyngeal gland, 927
Potato, 1105, 1749
Precloacal pores, 1677
Precoccinelline, 33
Predation, 45, 533, 581, 979, 1775
Predator, 1667, 2495
Predator diet, 1657
Predator inspection, 1657
Predator odors, 1029
Predator recognition, 1667
Predator-prey, 1249
Preparative chiral liquid chromatography, 487
Primary attraction, 697
Primary metabolite, 1763
Priming odors, 2339
Prostaglandin F2α-2339
Protease inhibitors, 547, 593
Pseudococcidae, 2205
Puccinellia arctica, 725
Puccinellia langeana, 725
PVPP, 1899
Pyralidae, 2109
Pyrrolizidine alkaloids, 343

Queen killing, 1787
Queen pheromone recognition, 2439

R/FR, 313
Radish, 1701
Rainbow trout, 1641
Rana catesbeiana, 1667
Rana sylvatica., 45
RAPD, 747
Rat repellents, 1029
Rattus exulans, 1029
Rattus rattus, 1029
Receptor, 889
Receptor neuron, 1105
Receptor type, 871
Red maple, 1011, 2519
Redd, 1775
Relative taste preferences, 1997

Release rates, 2427
Repellent, 1091, 1617
Reproductive behavior, 1177, 2067
Reproductive character displacement, 1163
Reproductive isolating mechanisms, 431
Reticulitermes, 189, 2265
Rhizosphere bacteria, 807
Rhopalosiphum padi, 53, 2531
Rice leaf bug, 2449
Root exudates, 1691
Root-knot nematode, 859
Round goby, 443
Rumex crispus, 611
Rutelinae, 419

Sacciform cells, 533
Sacoglossan mollusks, 2289
Salicaceae, 2519
Salicin, 1077
Salicylates, 779, 1595
Salicylic acid, 327
Salinity, 327
Salix, 779
Salixspp., 1595
Salmonidae, 1641
Salmonids, 2339
Sampling range, 1561
Sanguinaria canadensis, 1713, 1729
Sanguinarine, 1729
Saturnia spp., 791
Sawfly, 1841, 2507
Scarabaeidae, 419, 2183
Schedorhinotermes, 189
Schizaphis graminum, 53
Scolytidae, 217, 633, 995, 2427
Scots pine, 2255
Scutelleridae, 203
Seasonal variation, 313
Seasonal, 1585
Seasonality of flight, 431
Secondary metabolism, 343
Secondary metabolite, 845, 1077, 1763
Secretion, 69, 175, 189, 919, 1259, 1575, 2473
Seed eating, 93
Seed respiration, 137
Selenastrum, 2265
Selenastrum capricornutum, 257
Semiochemical, 33, 419, 679, 1029, 1259, 1277,

1535, 1547, 1943, 2235, 2531
Senecio vulgaris, 343
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Sensilla, 889
Sensory plasticity, 1063
Serum, 979
Sesamia calamistis, 663
Sesamia nonagrioides, 1879
Sesquestration, 2507
Sesquiterpenes, 499, 523, 2399, 2439
Seven-spot ladybird, 33
Sex pheromones, 443, 907, 1821, 1841, 1855,

1867, 1879, 2042, 2053, 2097, 2153, 2169,
2449

Sexual dimorphism, 443
Shade, 1729
Sheep, 2277
Ship rat, 1029
Shoots, 125
Short-rotation coppice, 1943
Signal peptide, 2183
Silver birch, 1049
Sinapis alba, 2507
Siparuna guianensis, 93
Sipha flava, 273
Size discrimination 2495
Skin glands, 2473
Slave-maker, 1787
Slimy sculpin, 1775
Smoke, 1091
Snow-secretion, 2473
Soaking, 1011
Social wasps, 569
Solanine, 1749
Solanum tuberosum, 1749
Solenopsis geminata, 2439
Sorghum, 81
Sorghum halepense, 273
Source-sink relations, 547
Speciation, 2126
Species diagnosis, 1575
Species recognition, 2126
Species specificity, 1575
Spermathecal gland, 1151
Spiny mouse, 1953
SPME, 1133
Spodoptera exigua, 679, 965, 2013
Spodoptera frudiperda, 965
Spodoptera littoralis, 965
Springene, 2461
Stereochemistry, 2153
Steroid hormones, 2339
Steroid, 443

Stored-product, 2109
Strawberry blossom weevil, 1203
Stress, 327
Styloconic sensilla, 1963
Sucrose esters, 371
Sugar maple, 2519
Sugars, 175
Sulfates, 2561
Sun and shade leaves, 1963
Superparasitism, 663
Suplementary sacculi, 1277
Surface chemistry, 285
Surface waxes, 985
Sustainable agriculture, 2365
Swimming behavior, 2305
Synergism, 383
Synomones, 499
Synonomy, 431
Systemic induction, 499

Tagetes erecta, 1119
Taiwania cryptomerioides, 717
Tall larkspur, 151
Tanacetum vulgare, 985
Tannins, 725, 761, 779, 1899, 1979
Task specificity, 919
Task-related, 1805
Taste, 1063, 1105
Tayassu pecari, 2461
Telenomus isis, 663
Tephritidae, 871, 889
Termite mounds, 285
Termites, 175, 189, 2265
Terpene, 69, 2553
Terpenoids, 137, 203, 1911
Tetradecadienal(4E-9Z-), 791
Tetradecatrienyl acetate(3E,8Z,11Z-3,8,11-),

907
Tetradece((Z)-9-), 791
Tetramorium bicarinatum, 1229
Thin-layer chromatography, 175
Tick, 471
Tineidae, 1535, 1547
Tineola bisselliella, 1535, 1547
Tolerance, 2561
Tomato, 2097
Tortricidae, 2042
Toxicants, 1617
Toxicity, 243
Trade-offs, 581
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Trans-coniferyl alcohol, 953
Trans-conophthorin, 995
Transgenic plants, 2583
Traps, 979, 1091
Trembling aspen, 2519
Trichothecene, 859
Tricosadiene(Z,Z)-6,9-, 2169
Tricosatriene, (Z)-3,(Z)-6,(Z)-9, 2097
Trifluoromethyl ketones, 1879
Trifolium subterraneum, 411
Trigonotylus caelestialium, 2449
Triticum aestivum L., 125, 807, 1691
Tritrophic interactions, 243, 1911, 2235
Tropiduridae, 1677
Trypsin Inhibitors, 593
Tuta absoluta, 907

Ulmus minor, 499
Unsaturated hydrocarbons, 2169
Untanned animal pelts, 1535
Urine and feces, 1953
Urine, 2339, 2561
UV radiation, 313

Variation, 313, 1585, 2547
Venom secretion, 2439
Ventilation, 443
Ventral gland secretion, 1259
Verbenone, 487, 995
Vetivaria zizanioides, 523, 1617

Vetiver oil, 523
Vetivone, 1617
Volatile semiochemicals, 679
Volatiles, 1, 33, 217, 697, 831, 995, 1911, 1930,

1943, 2235
Vulpia, 383, 393

Weed, 747
Weed management, 2365
Weed suppression, 125, 1691
Weibull function, 411
West Africa, 663
Wheat, 125, 747, 1691
White-lipped peccary, 2461
Wild oats, 747
Willow, 779, 1595
Wind tunnel, 647
Wind-tunnel flight, 419
Witch hazel, 1011
Wolf spider, 2495
Wood frogs, 45
Wood rats, 845
Wounding, 593

Xiphosura, 2321
XPS, 285

Yeasts, 831
Y-tube bioassay, 1177
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