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Volatile emission profile of strawberry (Fragaria x ananassa Duch.) plants (cvs. Polka and Honeoye)
damaged by cyclamen mite (Phytonemus pallidus Banks) or leaf beetle Galerucella tenella (L.) (cv.
Polka) was analyzed to determine the potential of these strawberry plants to emit herbivore-induced
volatiles. The total volatile emissions as well as emissions of many green leaf volatiles (e.g., (2)-3-
hexen-1-ol and (2)-3-hexenyl acetate) and methyl salicylate were greater from cyclamen mite-damaged
strawberry plants than from intact plants. Leaf beetle feeding increased emissions of monoterpenes
(2)-ocimene and (E)--ocimene, sesquiterpenes (E)-f-caryophyllene, (E,E)-a-farnesene, and ger-
macrene-D, and a homoterpene (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT) significantly. Nevertheless,
the naive generalist predatory mites, Neoseiulus cucumeris, Neoseiulus californicus, and Euseius
finlandicus did not prefer P. pallidus- or G. tenella-damaged plants over intact plants in a Y-tube
olfactometer, suggesting that these predatory mite species are not attracted by the herbivore-induced
volatiles being released from young strawberry plants.
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(Coleoptera: Chrysomelidae);  Neoseiulus cucumeris  (Acari: Phytoseiidae); Neoseiulus californicus
(Acari: Phytoseiidae); Euseius finlandicus (Acari: Phytoseiidae); strawberry; herbivore-induced VOCs;
tritrophic interactions

INTRODUCTION plant volatiles and their attractiveness to the third trophic level
(predators and parasitoids) have been examined for several

Strawberry plants emit a wide range of volatile organic tritrophic systems and plant specidd (-13). One of the best-

compounds (VOCs) from leaves, flowers, and fruits. Over 360 K tritroohic int " I bedth |
compounds have been identified in these fruits4), and these hown Trirophic Interactions concerns fima be (iseq us
volatiles account for a large proportion of the aromatic proper- lunatusL.), the two-spotted spider mitéf étranychus urticae

ties, scent, and taste, of individual cultivars. Strawberry leaves Koch, Acari: Tetranychidae) and a predatory mRéytoseiulus
can emit many alcohols, aldehydes, esters, aromatic methylPersimilisAthias-Henriot, Acari: Phytoseiidae}1). Predatory
salicylate (MeSA), and terpeneE){/3-ocimene, Z)-ocimene, mites use herbivore-induced VOCSs to locate their prey on other
linalool, a-farnesene, and germacrene-D g%, VOC emission ~ Plant species, e.g., lima bean, apple, and gertitald—16),

is dependent on abiotic factors such as temperature, light, water put it is not known whether similar behavior occurs in strawberry
and nutrient availability and biotic factors such as the presence plants.

of herbivores and pathogens @). The cyclamen mitePhytonemus pallidugBanks) (Acari:
When herbivores damage a plant, shortly after injury this Tarsonemidae), is a serious pest of strawbeti).(It feeds on

leads to the emission ofg@reen leaf volatiles (GLVs) derived  strawberry leaf fluids, preferring to attack young folded leaves.

via lipoxygenase cleavage of fatty acids followed later by the |t spreads rapidly if appropriate pest control measures are not

release of specific terpene volatiles {®). Herbivore-induced  taken. Chemical control oP. pallidusis difficult because of

the lack of effective and environmentally acceptable acaricides.
*To whom correspondence should be addressed. Phar@58 17 Also, the location of the mite in the folded leaves and crown of

163188. Fax:+358 17 163230. E-mail: Sari.Himanen@uku.fi. strawberry plants helps the mite avoid contact with the chemical

T University of Kuopio.
* Agrifood Research Finland. (18). Biological control of phytophagous mites by predatory
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mites is becoming more popular in both open-field and were putin separate growth chambers, where the conditions were the
greenhouse strawberry productid®(20). If predators respond ~ same as described before. The cyclamen mites were not removed from
to attractant VOCs and seek out their prey populations by foliage before VOC collection and behavioral assay.

following the volatile cues emitted by damaged plants, they _ Galerucella tenellavas collected from a strawberry field southeast
could avoid undamaged plants and concentrate on actual pes{:inland. Third-instar larvae were used in the experiment. Three larvae

problem sites, and this could lead to improved biological control /&' Placed on each cv. Polka strawberry plant(15), 90 days from
of pests. micropropagation, and the plants were put inside an insect propagation

. cage. Larvae were allowed to feed for 48 h. The leaf beetle-damaged
We examined the VOC spectrum of Polka and Honeoye, the yjants and the intact control plants were placed in separate growth

most common strawberry cultivars in open-field cultivation in - chambers with the same growing conditions as described begore.
Finland. Both cultivars have favorable cultivation and taste tenellalarvae were removed from foliage right before collection of
properties, and the VOCs emitted from the fruits have been VOCs.

studied previously4). New means to increase the efficacy of The predatory mitedNeoseiulus cucumeri@udemans) anéleo-
biological control of the cyclamen mite are needed, and thus, seiulus californicus(McGregor) were obtained from a commercial
this species was chosen as the mite herbivore species in thigsupplier (Koppert BV Netherlands). The mites were kept in the delivery
study. Two commercial mass-reafidoseiulupredatory mite ~ Packages with grain mites used as food &CAn the dark. For one of
species mostly used for biological control of cyclamen mite in the three separate tedts californicusandN. cucumeriswere starved

- . . - for 24 h in eppendorf tubes at°€ before behavioral assaluseius
Finland (19) and one native S_peC|es, f_amlhar FO stra_lwberry finlandicus(Oudemans) was produced at Agrifood Research Finland,
VOCs, were chosen for behavioral testing. To investigate in

g . . > @t~ "1 Plant Protection. They were reared on strawberry with spider mites,
greater detail the potential of herbivore-induced VOC emission cyclamen mites, and pollen for 4 days prior to testing{28 °C, PAR

from strawberry plants, a leaf-chewing herbivoBslerucella approximately 40Q:mol m2 s%, and 16:8 light:dark period).
tenella(L.) (Coleoptera: Chrysomelidae), was introduced and  vOC Collection and Analysis. Prior to collection of volatiles, the

the nonprey response of the predatory mites was also tested. Irpeat and sand mixture from plant roots was washed with water without
this way we could detect repellency or attraction by the plant damaging the plant. The plant root system was then enclosed in a water-
volatiles induced by nonprey or if the predators were encouragedfilled glass tube, which was put in a 20 mL Erlenmeyer flask. The
to orientate toward higher concentrations of herbivore-induced Whole plant was then carefully placed in a 1 L glass vessel that was
terpenes. closed with a Teflon-sealed lid, avoiding touching the leaves. Intact

The aim of this study was to examine if cyclamen mite and and herbivore-damaged plants were handled separately to avoid any

leaf beetle damage would change the volatile emission s ectrumvoIatile contamination.
g g P All the glassware had been cleaned before use by placing it in an in

of strawberry plants. We also wanted to discover if there was oven at 120°C for 1 h. The Teflon-sealed lids had an inlet for ingoing

a tritrophic interaction between the strawberry plant, the pyyified air and an outlet carrying the outcoming sampling air. The
cyclamen mite, and a predatory mite and whether nonprey ajrflow was set to 0.220 L mirt for the ingoing air and 0.2 | mirt
herbivore feeding could affect the behavior of the predatory mite for the outcoming air, and the airflow was calibrated with a mini-Buck
species tested. We hypothesized that cyclamen mite feedingcalibrator (model M-5, A.P. Buck, Inc., Orlando, FL). Sampling air
could change the VOC profile of strawberry plants to such a was led through Teflon tubing to a stainless steel tube containing
degree that predatory mites would orientate toward prey- approximately 150 mg of Tenax TA-adsorbent (Supelco, mesh 60/80).

damaged plants by following the induced volatile cues. VOCs were collected at 24C (laboratory temperature) and 26thol
m~2s1 PAR for 1 h. VOCs were collected from five (cyclamen mite)

or six (leaf beetle) plants in the 48 h feedings and from a total of 10
MATERIALS AND METHODS plants in the 3-week feeding (repeated twice with 5 plants on both
Plant Material, Herbivores, and Predators. Micropropagated testing times) per treatment.
strawberry seedlings on agar, produced by the Agrifood Research The samples were analyzed with a gas chromatograpdss
Finland (MTT), Quality Plant Station Laukaa, cultivars Polka and spectrometer (Hewlett-Packard GC 6890, MSD 5973). Trapped com-
Honeoye, were planted in & 5.5 x 5 cm pots filled with peat and pounds were desorbed with a thermal desorption unit (Perkin-Elmer
sand (3:1) (Kekkild Y2 growing peat) 1.5 months after micropropa- ATD400 Automatic Thermal Desorption system) at 2&0for 10 min,
gation. The plants were grown in computer-controlled growth chambers cryofocused at-30 °C, and injected onto a HP-5 capillary column (50
(Bioklim 2600T, Kryo-Service Oy, Helsinki, Finland) &t19/12°C, m x 0.2 mm i.d.x 0.5-um film thickness, Hewlett-Packard) with
52/80% rh, 16 h:8 h light:dark period, and approximately 44500l helium as a carrier gas. The temperature program was as follows: 40
m~2 s~ photosynthetically active radiation (PAR) prior to the experi- °C 1 min, 5°C/min to 210°C, 20 °C/min to 250°C, 250°C 8 min.
ments.P. pallidus originated from mass rearing at Agrifood Research Compounds were identified by comparing their mass spectra with Wiley
Centre Finland, Plant Protection, and were reared on cv. Polka enclosedibrary and pure standards. Also, comparing the retention times to

in an insect propagation cage (3360 x 33 cm, two sides covered literature values (21, 22) verified identification. The volatiles were
with fine mesh) at 2428 °C approximately 40¢«mol m™2 s™* PAR quantified according to commercial reference substances (see Chemi-
and 16 h:8 h light:dark period. cals). When a compound whose standard was not available appeared,

The cyclamen mites were transferred with a fine brush to the the structurally most similar compound was used as a reference
youngest leaves of the seedlings using a stereomicroscope to ensursubstance. This was the case for (E)-f-ocimene ((Z)-ocimene as
that the tiny mites were not damaged during the transfer process. Thestandard), (E,E)-a-farnesene ((E)-f-farnesene as standard)Zp8e (
first experiment with 48 h mite feeding (describing the immediate hexenyl-2-methyl butanoate and (Z)-3-hexenyl tiglate ((Z)-3-hexenyl
induced response of the plant to cyclamen mite damage) was conductedutyrate as standard). Emissions dg)3},8-dimethyl-1,3,7-nonatriene
75—90 days after the micropropagation of the plants. The plants had (DMNT), acetic acid, 1-penten-3-ol, 6-methyl-5-hepten-2-one, and
6—11 leaves and approximately two runners per plant at that time. The germacrene-D were quantified by the amount of internal standard
experiment with approximately 3 weeks mite feeding damage was 1-chloro-octane (injected AL/tube, concentration 87,6 ngl). Emis-
performed twice. The first experiment started 45—60 days after sions were presented as ngtgiry wt h™2.
micropropagation, 1 week from planting (plants hae74eaves), and Behavioral Assay.Orientation behavior of individual female adult
the second 75—90 days after micropropagation, 45 days from planting E. finlandicusand both sexes of aduleoseiulusspecies predatory
(5—11 leaves, 2 runners). The mites were left to colonize the plants mites toward herbivore-damaged or intact plants was tested in a two-
for 21—-28 days. Fifteen and ten adult female mites were transferred arm Y-tube olfactometer. The Y-tube was made of transparent glass,
onto each plant in the 48 Im & 5) and 3-week feeding experiments ( with dimensions 5.5 cnx 5.5 cm x 5.5 cm for stem and arms, i.d.
= 10), respectively. The mite-damaged plants and intact control plants 0.5 cm, stem-arms angle 125-iltered air was directed to both arms
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of the Y-tube at a flow of 0.5 L min* through a 1 Lglass vessel

containing either the herbivore-damaged or intact strawberry plant. The
predator was placed at the end of the Y-tube and observed for 5 min
or until it made the final choice. The choice was recorded when the

predator had reached the end of one of the arms. The Y-tube was
cleaned with water and 70% ethanol after each predator to avoid the

occurrence of intraspecific signaling. Also, the tube was rotated 180

Himanen et al.

When comparing the relative proportions of individual
compounds as a percentage of the total emissiBrE)fa-
farnesene dominated the VOC profile of cv. Honeoye (Sup-
porting Information,Table S1). GLV emission was high from
both intact and damaged strawberry plants of both cultivars,
and no significant differences were observed between treatments.

after each predator, and the places of plants were switched after three Galerucella tenella-Induced VOCsThe VOC profile ofG.

tests. Six predatory mites were tested with the same plant pair.
After 48 h cyclamen mite feeding 39. cucumerisnites were tested

on both strawberry cultivars. In the 3-week mite-feeding testN6O

cucumerismites were tested on both cultivars in two separate testing

periods. On the second testing timeM0californicusmites were also

tested on cv. Honeoye and @D finlandicusmites on cv. Polka, and

tenelladamaged plants differed from the profile of intact Polka
plants by many specific compounds (Table 1). Leaf beetle-
damage induced emissions of several mono- and sesquiter-
penes: Z)-ocimene, E)-3-ocimene, DMNT, E,E)-a-farnesene,
(E)--caryophyllene, and germacrene-D. The emissions of GLVs
were not significantly altered byG. tenella feeding. The

the effect of starvation level in the response to volatiles was also studied proportions of induced terpenes of the total emission were higher

with 60 N. cucumerisand 60N. californicus. In the test with 48 h leaf
beetle damage, 98. cucumeriswere studied on cv. Polka.

Chemicals. The GLV standard used as a reference for VOCs
included 2-butanol-hexanal, Z)-3-hexenolp-heptanal, Z)-3-hexenyl
acetate, octanal, nonanalZ){3-hexenyl butyrate, decanal, methyl
salicylate, and 1-chloro-octane (Aldrich). The terpene standard included
o-pinene (Fluka)ps-pinene (Aldrich) S-myrcene (Sigma) 4)-ocimene
(Fluka), limonene (Sigma), linalool (Fluka), caryophyllene oxide
(Aldrich), and (E)-p-farnesene (Bedoukian Research).

Statistical Methods. Statistical analyses were performed using SPSS
11.5 for Windows statistical package. Depending on the homogeneity
of variances and normality of data, independent sampiest or in a
few cases ManaWhitney U for log(x+1) transformed VOC results
was used foP. pallidusresults. ARCSIN-transformed relative propor-
tions of compounds were tested by independent samplest.
Independent samplésest or Mana-Whitney U was used fofs. tenella
results. Nonparametrig? test was used for results of the Y-tube
olfactometer behavioral tests (intact vs damaged, equal orientation
assumed).

RESULTS

VOCs after 48 h of Cyclamen Mite Feeding.Cyclamen
mite-damaged strawberry plants emitted greater total VOC and
GLV emissions than intact plants from both cultivaigable
1). Cv. Polka also emitted more MeSA (= 0.016) from
herbivore-damaged plants than from intact plants. Emissions

with damaged plants than with intact plants.

Behavioral Assay.The predatory mite specié& cucumeris
N. californicus,and E. finlandicusdid not significantly prefer
cyclamen mite-damaged strawberry plants over intact plants or
vice versa on either cultivar after 48 h or 3 weeks of mite feeding
(Figure 1). Also, with nonprey leaf beetle damagdé,cucumeris
showed no preference between damaged or intact plants.
Furthermore, starving the predators before testing did not affect
the response of any species (Figure 1E, F,&hdl).

DISCUSSION

Herbivore-Induced VOCs. These results indicate that cv.
Polka strawberry plants respond to herbivore feeding by emitting
a different profile of VOCs depending on the damaging
herbivore species. Leaf beetle damage elicited de novo synthesis
of specific terpenoids. In particular, the emissions Bf-§-
ocimene and DMNT increased markedly. In contrast, cyclamen
mite damage, which mostly occurs on folded strawberry leaves
with little photosynthetically active leaf area, led to increased
release of GLVs, formed via the octodecanoid pathway from
the damaged plant surfac23)). Different herbivores are known
to trigger the release of different odor blends in other plant
species (24—26). These can be both qualitative, i.e., novel
compounds being emitted after herbivore damage, and quantita-

of individual mono- and sesquiterpenes showed an increasingtive, i.e., the ratio of blend components changitd, 25—26).
trend in response to damage, but statistical significances wereAll compounds detected have been identified previously from

found only with-pinene+ myrcene andg)-S-caryophyllene

on cv. Honeoye due to the large variability in amounts emitted
from individual plants. Polka emitted more total volatiles from
both intact (P= 0.032) andP. pallidus-damaged (P= 0.008)
plants than Honeoye.

In a comparison of the relative amounts of individual VOCs
present in the overall profile, the GL\Z}-3-hexenyl acetate
dominated the emission profile. It accounted for##4% and
75+ 2% and 68+ 4% and 70+ 3% of the total emissions on
intact and orP. pallidus-damaged Polka and Honeoye plants,
respectively.

VOCs after 3 Weeks of Cyclamen Mite FeedingAfter 3
weeks of mite feeding the variability in the emission of volatiles

a VOC profile of strawberry leave$(6) and were emitted
also from intact plants. This indicates that strawberry plants
respond mostly by changing the quantities of VOCs they emit
in response to cyclamen mite and leaf beetle feeding, not by
synthesizing novel compounds.

Cv. Polka emitted a greater total amount of VOCs than cv.
Honeoye, and this was correlated to its greater GLV emissions.
Both cultivars emitted qualitatively rather similar blends. The
extensive GLV emission from intact plants shows that straw-
berry plants emit theseg@ompounds as a characteristic feature
of their VOC profile 6, 6). The handling of plants during
preparation for VOC collection may also have resulted in some
mechanical damage to foliage, which could have slightly added

between damaged plants tested appeared to be quite largéo the observed GLV emissions. The amount of total GLV

(Supporting InformationTable S1). There were only a few
significant differences in the emissions of the individual
compounds. For cv. Polka, GLVs were induced by cyclamen
mite damageR = 0.029). Also, total VOC emissions were over
4-fold greater from damaged than from intact PolRa« 0.019).

emission varied quantitatively greatly between control treatments
of the individual experiments also, but cyclamen mite feeding
clearly increased the amounts of emissions.

The differential VOC emission noted in tlie pallidus and
G. tenellaexperiments is interesting in illustrating the differences

With Honeoye the total VOC and GLV emissions from between induced GLVs versus terpenes. Cyclamen mites
cyclamen mite-damaged plants were about 2-fold greater thandamaged the plant structure with their sucking, which resulted
from intact plants, but no statistically significant differences were in enhanced emission of GLVs, volatiles typically released in
detected. Only cyclamen mite-damaged plants emitted MeSA, response to both mechanical injury and herbivore feeding. Since
but the emission was quite minimal. feeding byG. tenella damages the leaf structure more than
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Table 1. VOCs Emitted (mean + SE, ng g~* dry weight h™1) from Intact and Cyclamen Mite-Damaged (48 h feeding) cv. Polka and Honeoye (N =
5) and Intact and Leaf Beetle-Damaged (48 h feeding) cv. Polka (N = 6) Strawberry Plants, and Contributions of Individual Compounds to Total
Emission (the compound emitted at the highest concentration set to 100)?

RT,? Polka Honeoye Polka
compound min RI¢ intact cyclamen mite damage intact cyclamen mite damage intact leaf beetle damage
acids, alcohols, aldehydes, and ketones

acetic acid 6.50 6224 59 + 25 48 £ 26 nd’ nd 92+19 9127

0.6 0.3 141 4.6
1-butanol 8.20 653 6.0+1.0 71+18 25+x11 59+17 18+34 18+4.0

0.1 <0.1 0.2 0.1 2.2 11
1-penten-3-ol 8.68 6834 15+54 2046 nd nd nd 16+9.4

0.1 0.1 0.3
heptanal 15.90 903¢ 7220 11+£12 82+23 17+£40 16+45 17+£19

0.1 0.1 05 0.2 2.7 14
6-methyl-5-hepten-2-one  19.02 987 44+038 51+06 24+08 48+15 34+22 44+14

0.1 <0.1 0.1 0.1 0.6 04
nonanal 23.27 11139 39+34 46+ 4.3 31+94 68 = 27 65+13 66 +5.4

05 0.3 18 0.8 9.6 5.7
decanal 26.70 12049 34+47 42 £5.7 34+15 74 +43 72+13 64+8.3

04 0.3 1.6 0.7 11.0 5.7

green leaf volatiles

(2)-3-hexenal 12.20 803 111 + 66 102+ 24 7715 68 + 28** 191+138 470 £ 251

1.0 0.6 0.5 0.8 5.7 9.3
(2)-3-hexen-1-ol 14.20 8554 2067 £ 275 5402 £ 703*** 861 + 315 3006 + 625* 2157 + 1160 3184 + 1947

22.9 31.0 40.6 37.0 36.7 50.0
(2)-3-hexenyl acetate 19.69 9919 9256 + 1446 17102 + 546* 2543 + 1284 8010 + 1500* 5006 + 2968 5588 + 2913

100.0 100.0 100.0 100.0 100.0 100.0
(2)-3-hexenyl butyrate 25.90 1187¢ 28+03 6.7 £ 0.6** 04+04 43114 nd 17+838

<0.1 <0.1 <0.1 0.1 0.3
(2)-3-hexenyl-2-methyl-  27.50 12179 56+13 11+0.9* 1.9+0.6 46+19 21+13 13+54

butanoate

0.1 0.1 0.1 0.1 <0.1 04
(2)-3-hexenyl tiglate 30.48 13224 9.7+14 16 £ 0.4* 72+29 14+£42 nd nd

0.1 0.1 0.4 0.2

terpenoids

a-pinene 17.50 942¢ 06+03 12+02 09+04 1707 nd nd

<0.1 <0.1 <0.1 <0.1
[-pinene + myrcene 19.20 981¢/986¢ 2.8+0.6 3.2+03 02+0.2 2.8 £0.4* 41+16 73+12

<0.1 <0.1 <0.1 <0.1 0.4 0.6
(2)-ocimene 20.86 1025¢ 04+04 33+21 21+11 89+57 nd 31+ 540

<0.1 <0.1 0.2 0.1 2.1%
limonene 20.92 1030 32+06 52+08 2009 35+10 05+05 24+13

<0.1 <0.1 0.1 0.1 0.2
(E)-p-ocimene 21.28 10386  81+53 40 + 20 10£23 151 + 136 28+11 1140 + 189**

0.1 0.2 0.7 1.7 85.4*
linalool 23.12 1092¢ nd nd nd nd nd 454 £ 225

28.2
(3E)-4,8-dimethyl-1,3,7-  23.68 10979 nd nd nd nd nd 76 £ 7.3
nonatriene
6.4%

(E)-p-caryophyllene 34.22 1428¢ 59+20 75+25 nd 7.8 +2.4% nd 47 + @rx*

0.1 <0.1 0.1 3.9*
(E,E)-o-farnesene 35.39 1485¢ 12£22 18£3.6 12+£13 11£3.6 3010 240 + 52**

0.1 0.1 11 0.2 26.1
germacrene-D 35.55 14937 20+20 9437 13+£07 26+22 53+25 294 + 66**

<0.1 0.1 0.1 03 24.3*

aromatic compounds

MeSA 26.95 1192 06+04 46+0.9* nd nd nd 08+0.8

<0.1 <0.1 0.2
total GLVs 11451 + 1745 22639 £ 1132*%** 3420 + 1590 11107 + 2115* 7356 + 4090 9272 5076
total monoterpenes 15+59 53+23 16 +4.0 168 + 142 33+12 1636 + 376**
total sesquiterpenes 2059 3%5+75 13+18 45+ 22 36+12 581 £ 105%+*
total emissions 11660 + 1769 22922 + 1093*** 3527 £ 1617 11495 + 2213* 7748 £ 4120 11890 + 5192

a Asterisks indicate significant differences between control (intact) and herbivore-damage treatments (independent samples t-test or Mann—Whitney U test): *P < 0.05,
#*Pp < 0,01, **P < 0.001. ? Retention time. ¢ Retention index. ¢ Reference (24). € Reference (23) Not detected.

sucking by the cyclamen mite, a considerable increase in GLV Thus, the GLV release from the leaf surface might be less than
emissions would also be expected afertenellaattack. Thus, that emitted in response to other leaf-chewing herbivores.
it is surprising that the anticipated increase in GLV emission Terpene emissions, on the other hand, were greatly induced by
from G. tenella-damaged plants did not occur. The leaf beetle G. tenelladamage. Monoterpene emissions were elevated 50-
does not break the leaf structure totally since gnawing of leaf fold and sesquiterpenes 16-fold. This is assumed to be attribut-
mesophyll does not damage the upper epidermis of the leaf.able to changes in the plant’s metabolic pathways. GLVs
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Herbivore damage  Intact P No since no further studies on metabolomics have been conducted.
An=25 & , L However, it indicates that strawberry does have the ability to
B)n=27 I I ] 0.841 3 emit specific terpene volatiles in high amounts, similar to the
o ; i o degree of GLV emissions.
E)n =54 I ) 0.057 6 Behavioral Assay.The predatory mite species tested did not
;’):f‘g‘; - ! LTl respond to the odor d®. pallidus-damaged strawberry plants,
Hyn=49 [ . ] 0.199 11 so we could not establish any tritrophic interaction between a
hn=50 I . 1000 10 strawberry plant, the cyclamen mite, and three of the mite’s
100 50 0 50 100 predators. The tested predatory mite species are all generalists
% of predatory mites attracted to intact or damaged and all prey on cyclamen mite3Q—32). E. finlandicushas
strawberry plants previously been reported to use plant volatiles in detection of
Figure 1. Orientation of predatory mite individuals tested in the Y-tube its prey miteOligonychus ununguisn Querqusspecies (33).
olfactometer to intact or herbivore-damaged strawberry plants, number It has also been able to target its preferred prey species, the
of no choices detected, and P values of a y>-test (equal orientation to European red spider mit&gnonychus ulmi), in preference to
treatments assumed). (A-G) N. cucumeris. 48 h cyclamen mite (CM) T. urticaein response to herbivore-induced VOCs on apple
damage on (A) Polka and (B) Honeoye: 3-week CM damage on (C) Polka leaves. For this pghawor to occur it was esse.ntlal that there
and (D) Honeoye; 3-week CM damage and 24 h starvation of predators had to be a sufficiently large number of prey-infested apple
before testing on (E) Polka and (F) Honeoye; (G) 48 h leaf beetle damage leaves emitting attractant VOC24). Also,N. californicushas
on Polka. (H) N. californicus: 3-week CM damage on Honeoye and 24 the capacity to respond to prey-associated volatiles (15), and it
h starvation of predators before testing. (I) E. finlandicus: 3-week CM has been observed to use volatiles to orientate toward a
damage on Polka and 24 h starvation of the predators before testing. complementary food source, the pollen necB)(N. cucumeris

has been significantly more attracted to chrysanthenidem{

released from cell membrane are known to be emitted rapidly Fanthema morifoliumplants damaged by western flower thrips
after injury, but terpene synthesis and release is slower and mord-rankliniella occidentalis compared to intact plants in an
prolonged (9,10). The herbivore damage had occurred for 48 olfgctqmeter (35). The response was attributed to the greater
h before we analyzed the emissions, allowing time for terpene Mmissions of germacrene-D from damaged plants. In our study
synthesis to be activated, 23). Since the collections of VOCs ~ With strawberry plants the differences in emissions of single
were performed in the morning, a time when the herbivores cOmpounds were either too small or not specific enough to
were not very actively feeding, GLV emissions were not induced attract these generalist predators. The total VOC emission
to any massive extent but the more stable terpene emission wadncreased significantly in response Ro pallidusdamage; this
detected. was attributable to the increase in the GLV emission. GLVs do

With the spider mitel. urticaedamage, emission of induced not attract nor repep. persimilis(ll), and our results_ suggest
VOCs is known to increase as the density of spider mites and they do not alter the behavior of our predator species either.
the damaged leaf area increas@g-{29). Compared to the The feeding of a nonprey speci€s tenellaon strawberry
spider mite damage on full-grown leaves, the leaves attackedPlants caused no significant orientationNfcucumerigpreda-
by the cyclamen mite are the youngest and smallest andtory mites toward damaged or intact strawberry plants, although
represent only a small proportion of the total leaf area. The initial & slight repellent effect toward damage was detected (ratio
number of cyclamen mites in the 48 h experiment, 15 per plant, d@amaged:intact 40:6@,= 0.068). This demonstrates that higher
triggered higher VOC emission than normally occurs in intact emission of E)-5-ocimene or DMNT that could have acted as
plants, though this level of infestation is not thought to be olfactory cues, as has been reportedRopersimilis}* did not
harmful to either plant vigor or yield (17). If greater cyclamen attract the species studied. Volatiles emitted from lima bean
mite densities were needed to enhance the VOC emission ofleaves infested by a nonprey herbivoBpédoptera exigyehave
strawberry plants also, then the VOCs emitted after 3 weeks of previously repellecP. persimilisat high nonprey density but
cyclamen mite attack, i.e., where progeny of transferred adult attracted at a lower densit@¢—37). Also, no response has been
females increase the mite density, should have exceeded théecorded 29). Therefore, it might well be the blend, the various
amount of VOCs at 48 h damage, but this was not the case.amounts of compounds present at a certain ratio, rather than
This could be explained by the fact that though cyclamen mite the maximal concentration of a single compound to which the
density is higher, the feeding only damages a small proportion predator respond29, 38). Our results indicate that low density
of total leaf area, in contrast to spider mite damage, which of nonprey leaf beetles did not alter the VOC profile of cv.

typically spreads over the whole vegetative biomass. Polka strawberry plants to such a degree to alter the behavior
In the 3-week cyclamen mite feeding experiment, cv. Hon- Of N. cucumeris.
eoye emitted major amounts of the sesquiterpebd)ca- Associative learning of prey-finding cues typically is a trait

farnesene from both intact and damaged plants. Thus, emissiorof specialist predators, whose prey species live on many different
of (E,E)-o-farnesene seems to be connected to factors other tharhost plants, e.g., t®. persimilis (16). P. persimilishas been
continuousP. pallidusfeeding. This was also a cultivar-specific  reported to use monoterpen&y-{3-ocimene, linalool, DMNT,
response since no increase in tigH)-o-farnesene emission and MeSA to locate its hostll). For generalist predators,
was observed from cv. Polka. (E,E)-o-Farnesene has beenimpact of learning can be differential. No previous experience
identified as a compound commonly emitted from strawberry with a particular plant and prey species was required for host
leaves (6). In previous studies the same type of metabolic finding by E. finlandicus(24). Also,N. cucumerisvas able to
contribution has been observed with MeSA. Emission of MeSA orientate to volatiles from rust mite (Aceria tulipae) infested
increased 10-fold from flowering to the time after removing tulip bulbs without any previous experience of that volatile
the fruits, and at the same time an increase in resistance to spidespectrum (39). However, e.g., for the generalistesia glom-
mite T. urticaewas detected (6). The function of this elevated erata, previous experiences were obligatory for attraction toward
(E,E)-o-farnesene release in this context has remained puzzlingherbivore-damaged plants (40). One of the reasons for weak
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prey locating in this study could be the predators’ unfamiliarity ~ (10) Turlings, T. C. J.; Lengwiler, U. B.; Bernasconi, M. L.; Wechsler,
with the VOC profile of young strawberry plants, since the mass- D. Timing of induced volatile emissions in maize seedlings.
reared predators never encountered the typical VOCs emitted Planta 1998,207, 146—152.

from strawberry plants. Our results indicate that inexperienced (1) Dicke, M.; van Beek, T. A.; Posthumus, M. A.; Ben Dom, N.;
N. cucumerisand N. californicuspredatory mites are not able van Bokhoven; H.; de Groot, A. E. Isolation and identification

. . . of a volatile kairomone that effects acarine predator-prey
to orientate toward their prey, the cyclamen mite, on young interaction: Involvement of host plant in its productionChem.

strawberry plants by following induced volatile cues. This Ecol. 1990 16. 381—396.

emphasizes the need for testing the influence of previous (12) Turlings, T C J.; Tumlinson, J. H.; Lewis, W. J. Exploitation
experience on the prey-finding ability of theeoseiuluspecies. of herbivore-induced plant odors by host-seeking parasitic wasps.
Our testecE. finlandicuswere experienced predators, but they Sciencel990,250, 1251—1253.

still were not able to orientate toward cyclamen mite damage (13) Vuorinen, T.; Nerg, A.-M.; lbrahim, M. A.; Reddy, G. V. P,;
on strawberry plants. This indicates that the tritrophic interaction Holopainen, J. K. Emission oPlutella xylostella-induced

to cyclamen mite damage does not occur even though this compounds from cabbages grown at elevated & orientation
species had undergone a learning period with strawberry’s VOC EggZ‘ViOF of the natural enemié¥ant Physiol 2004 135 1984~

environment. Since strawberry does possess the potential for
emitting induced VOC:s, it would be advisable to do similar
tests using more specialized predatory mites, égthoseius

(14) Vuorinen, T.; Nerg, A.-M.; Holopainen, J. K. Ozone exposure
triggers the emission of herbivore-induced plant volatiles, but
does not disturb tritrophic signallingnviron. Pollut. 2004 131,

rhenanugOudemans)41) andP. persimilis Our current results 305—311.
suggest that manipulation of strawberry volatile profiles and (15) Ljusia, J.; Pefiuelas, J. Emission of volatile organic compounds
emissions, e.g., with elicitors42), would not be likely to by apple trees under spider mite attack and attraction of predatory
increase the efficiency of the tested predatory mites in the control mites. Exp. Appl. Acarol2001,25, 65-77.
of cyclamen mites. (16) Krips, O. E.; Willems, P. E. L.; Gols, R.; Posthumus, M. A_;
. . . . Dicke, M. The response éfhytoseiulus persimilig spider mite-

Supporting Information Available: ~ Table S1 VOCs Emit- induced volatiles from gerbera: influence of starvation and
ted (meant+ SE, ng g' dry weight ') from Intact and experienceJ. Chem. Ecol1999,25, 2623—2641.
Cyclamen Mite-Damaged (2128 days feeding) cv. Polka and  (17) Alford, D. V. The effect offarsonemus fragariag¢immermann
Honeoye (N= 10) Strawberry Plants, and Contributions of (Acarina: Tarsonemidae) on strawberry yieldan. Appl. Biol.
Individual Compounds to Total Emission (the compound emitted 1972,70, 13-18.
at the highest concentration set to 100). This material is available (18) Tuovinen, T. Integrated control of the strawberry mighy-
free of charge via the Internet at http://pubs.acs.org. tonemus pallidus) in the Nordic multi-year growing systéwta

Hortic. 2000,525, 389—392.

LITERATURE CITED (19) Tuovinen, T. Biological control of strawberry mite: a case study.

Acta Hortic.2002,567, 671—674.
(1) Hamilton-Kemp, T. R.; Archbold, D. D.; Loughrin, J. H.; Collins, ~ (20) Cross, J. V.; Easterbrook, M. A.; Crook, A. M.; Crook, D.;

R. W.; Byers, M. E. Metabolism of natural volatile compounds Fitzgerald, J. D.; Innocenzi, P. J.; Jay, C. N.; Solomon, M. G.
by strawberry fruitJ. Agric. Food Chenil 996,44, 2802-2805. Natural enemies and biocontrol of pests of strawberry in northern
(2) Ulrich, D.; Hoberg, E.; Rapp, A.; Kecke, S. Analysis of and central EuropeBiocontrol Sci. Technol2001, 11, 165—
strawberry flavour-discrimination of aroma types by quantifica- 216.
tion of volatile compoundsZ. Lebensm.-Unters.-Forsch.1897, (21) Davies, N. W. Gas chromatographic retention indices of mono-
205, 218—223. terpenes and sesquiterpenes on methyl silicone and Carbowax
(3) Gomes da Silva, M. D. R.; Chaves das Neves, H. J. Comple- 20M phasesJ. Chromatogr. A1990,503, 1-24.
mentary use of hyphenated purge-and-trap gas chromatography (22) Stein, S. E. “Retention Indices” by NIST Mass Spec Data Center.
techniques and sensory analysis in the aroma profiling of In NIST Chemistry WebBopKIST Standard Reference Database
strawberries (Fragaria ananassa). Agric. Food Chem1999, Number 69; Linstrom, P. J., Mallard, W. G., Eds.; National
47, 4568—4573. Institute of Standards and Technology: Gaithersburg, MD, June
(4) Hakala, M. A.; Lapveteldinen, A. T.; Kallio, H. P. Volatile 2005 (http://webbook.nist.gov).
compounds of selected strawberry varieties analyzed by purge (23) Dudareva, N.; Pichersky, E.; Gerschenzon, J. Biochemistry of
and trap headspace GC-M$. Agric. Food Chem2002, 50, plant volatiles.Plant Physiol.2004,135, 1893—1902.
1133—1142. (24) Sabelis, M. W.; van de Baan, H. E. Location of distant spider
(5) Hamilton-Kemp, T. R.; Andersen, R. A.; Rodriguez, J. G.; mite colonies by phytoseiid predators: demonstration of specific
Loughrin, J. H.; Patterson, C. G. Strawberry foliage headspace kairomones emitted byretranychus urticaeand Panonychus
vapor components at periods of susceptibility and resistance to ulmi. Entomol. Exp. Appl1983,33, 303—314.
Tetranychus urtica&och. J. Chem. Ecol1988,14, 789—796. (25) Takabayashi, J.; Dicke, M.; Posthumus, M. A. Variation in
(6) Hamilton-Kemp, T. R.; Rodriguez, J. G.; Archbold, D. D; composition of predator-attracting allelochemicals emitted by
Andersen, R. A.; Loughrin, J. H.; Patterson, C. G.; Lowry, S. herbivore-infested plants: relative influence of plant and her-
R. Strawberry resistance fetranychus urtica&och: Effects bivore. Chemoecology 991, 2, 1-6.
of flower, fruit and foliage removatcomparisons of air- vs. (26) De Moraes, C. M.; Lewis, W. J.; Paré, P. W.; Alborn, H. T.;
nitrogen-entrained volatile compoundsChem. Ecol1989 15, Tumlinson, J. H. Herbivore-infested plants selectively attract
1465—1473. parasitoidsNature 1998,393, 570—573.
(7) Takabayashi, J.; Dicke, M.; Posthumus, M. A. Volatile herbivore-  (27) Krips, O.; Willems, P.; Gols, R.; Posthumus, M.; Gort, G.; Dicke,
induced terpenoids in plant-mite interactions: variation caused M. Comparison of cultivars of ornamental cr@erbera jame-
by biotic and abiotic factors]. Chem. Ecol1994,20, 1329— sonii on production of spider mite-induced volatiles, and their
1354. attractiveness to the predat®hytoseiulus persimilisl. Chem.
(8) Gouinguené, S. P.; Turlings, T. C. J. The effects of abiotic factors Ecol. 2001,27, 1355—1372.
on induced volatile emissions in corn plarant Physiol 2002 (28) Maeda, T.; Takabayashi, J. Production of herbivore-induced plant
129, 1296—-1307. volatiles and their attractiveness t®hytoseiulus persimilis
(9) Paré, P. W.; Tumlinson, J. H. De novo biosynthesis of volatiles (Acari: Phytoseiidae) with changes dfetranychus urticae
induced by insect herbivory in cotton plan®ant Physiol.1997, (Acari: Tetranychidae) density on a plaAppl. Entomol. Zool.

114, 1161-1167. 2001,36, 4752.



8630 J. Agric. Food Chem., Vol. 53, No. 22, 2005

(29) Horiuchi, J.; Arimura, G.; Ozawa, R.; Shimoda, T.; Takabayashi,

J.; Nishioka, T. A comparison of the responsedefranychus
urticae (Acari: Tetranychidae) andPhytoseiulus persimilis

(Acari, Phytoseiidae) to volatiles emitted from lima bean leaves

with different levels of damage made Byurticaeor Spodoptera
exigua (Lepidoptera: Noctuidae)Appl. Entomol. Zool2003,
38, 109—-116.

(30) McMurtry, J. A.; Croft, B. A. Life-styles of phytoseiid mites
and their roles in biological controhnnu. Rev. Entomoll997,
42, 291-321.

(31) Schausberger, P. Comparative investigations on the effect of

different foods on development and reproductioiofblyseius
aberransOud. andA. finlandicusOud. (Acari: Phytoseiidae).
J. Appl. Entomol1992,113, 476—486.

(32) Castagnoli, M.; Simoni, S.; Nachman, G. Short-term changes in

consumption and oviposition rates Bieoseiulus californicus
strains (Acari: Phytoseiidae) after a diet shifkp. Appl. Acarol.
2001,25, 969—983

(33) Sun, X.; Yin, S.; Li, B.; Sun. X. G.; Yin, S. Y.; Li, B. Studies
on the interrelationship amor@ligonychus ununguisost plants
and Amblyseius finlandicusScientia Silv. Sin2002, 38, 76—
81.

(34) Collier, K.; Albuquerque, G.; Eiras, A.; Blackmer, J.; Araujo,
M.; Monteiro, L. Olfactory stimuli involved in prey location by
Neoseiulus californicugMcGregor) (Acari: Phytoseiidae) on
apple and alternative host planiéeotrop. Entomol2001, 30,
631—-639.

(39)
Response of western flower thriggankliniella occidentalisand
its predatorAmblyseius cucumeri® chrysanthemum volatiles
in olfactometer and greenhouse trialssect Sci. Appl1998,
18, 139—144.

(36) Shimoda, T.; Dicke, M. Volatile stimuli related to feeding activity
of nonprey caterpillarsSpodopteraexigua, affect olfactory

Manjunatha, M.; Pickett, J. A.; Wadhams, L. J.; Nazzi, F.

Himanen et al.

response of the predatory miéytoseiulus persimilisl. Chem.
Ecol. 1999,25, 1585—1595.

(37) De Boer, J. G.; Snoeren, T. A. L.; Dicke, M. Predatory mites
learn to discriminate between plant volatiles induced by prey
and nonprey herbivoreénim. Behav2005,69, 869—879.

(38) Bruce, T. J. A.; Wadhams, L. J.; Woodcock, C. M. Insect host
location: a volatile situationlrends Plant Sci2005,10, 269—
274.

(39) Aratchige, N. S.; Lesna, |.; Sabelis, M. W. Below-ground plant
parts emit herbivore-induced volatiles: olfactory responses of a
predatory mite to tulip bulbs infested by rust mit&sp. Appl.
Acarol. 2004,33, 21-30.

(40) Geervliet, J. B. F.; Vreugdenhil, A. |.; Vet, L. E. M.; Dicke, M.
Learning to discriminate between infochemicals from different
plant-host complexes by the parasitof@istesia glomeratand
C. rubeculataHymenoptera: Braconidaegintomol. Exp. Appl.
1998,86, 241—252.

(41) Tuovinen, T. Phytoseiid mites on cultivated berries in Finland.
In The Acari: physiological and ecological aspects of Acari-
host relationships; Kropczynska, D., Boczek, J.,Tomczyk, A.,
Eds.; Dabor: Warsaw, 1995; pp 240—247.

(42) Loivamdki, M.; Holopainen, J. K.; Nerg, A.-M. Chemical
changes induced by methyl jasmonate in oilseed rape grown in
the laboratory and in the field. Agric. Food Chem2004,52,
7607—7613.

Received for review March 25, 2005. Revised manuscript received
August 29, 2005. Accepted September 4, 2005. This work was supported
by the Research Council for Biosciences and Environment, the Academy
of Finland (T.V. and J.K.H., decision no. 202300), and Berry- & Garden
Know-Howcentre, Suonenjoki, Finland (http://www.berryknow-how-
centre.fi/intro.asp) (S.H).

JF050676J



