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Headspace Analysis of the Volatile Oils of Agsstachet 
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Equilibrium headspace analysis in combination with gas chromatographylmass spectroscopy was used 
to identify volatile compounds released by the inflorescences and leaves from individual plants of 
Agastache foeniculum, Agastache rugosa, and putative hybrids. Methylchavicol was the major 
constituent in most populations tested. The inflorescences produced from 2 to 6 times more volatiles 
per gram than did the leaves. A. rugosa produced more volatiles than did A. foeniculum and had less 
diversity in its volatile composition. The putative hybrid was intermediate between the two proposed 
parents. The headspace analysis technique gave values comparable to those of traditional volatile oil 
extraction methods. 

INTRODUCTION 
Agastache foeniculum (Pursh) 0. Kuntze has been 

commercially cultivated as a source of nectar for honey 
bees (Apis mellifera L.) (Mayer et al., 1982). Populations 
of A. foeniculum and related species of Agastache have 
recently been evaluated as a part of a project to select 
superior nectar sources at  the North Central Regional Plant 
Introduction Station (NCRPIS) in Ames, IA (Widrlech- 
ner, 1992). 

The foraging choices of honey bees are influenced by 
many factors, such as floral aroma. Beker et al. (1989) 
showed that foraging bees could distinguish between two 
volatile oil chemotypes of Majorana syriaca L. Similar 
observations have been noted for Ocimum (Darrah, 1974) 
and Medicago sativa L. (Kauffeld and Sorensen, 1971; 
Loper et al., 1974). Pham-Delegue et al. (1989) recently 
used headspace analysis to identify components of the 
floral aroma of Helianthus annuus L. that allow bees to 
distinguish among different varieties. 

An evaluation of the essential oils of Agastache pop- 
ulations grown at  the NCRPIS has recently been conducted 
using gas chromatography of hydrodistillates (Charles et 
al., 1991). Evaluation determined that there are important 
interpopulational and interspecific differences in essential 
oil composition. The studies cited above suggest that such 
variation could have significant consequences for honey 
bee foraging preferences. 

Another factor that could influence bee preference is 
the Nasonov pheromone (Sladen, 1901). The Nasonov 
pheromone is a specific mixture of essential oils that honey 
bees spray onto nectar sources to mark and direct other 
bees to them (Sladen, 1901). The Nasonov pheromone 
contains seven compounds: (&citral (geranial), (2)-ci- 
tral (neral), nerol, geraniol, nerolic acid, geranic acid, and 
(E$)-farnesol, eachof which attracts honey bees (Williams 
et al., 1981). Nykhen et al. (1989) analyzed the essential 
oil of a Canadian population of A. foeniculum and found 
it to contain 0.1% geraniol. The presence of Nasonov 
pheromone components in the floral aroma of particular 
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populations of Agastache could bias bee preference and 
might be useful as a tool for researchers to select attractive 
types. 

The present study uses headspace analysis in combi- 
nation with gas chromatographylmass spectroscopy to 
identify volatile compounds given off by the leaves and 
inflorescences of individual plants of Agastache to assess 
the degree of inter- and intrapopulation aroma variability 
and also to determine whether components of the Na- 
sonov pheromone are present in the aromas of these plants. 

The results of this study are also compared with the 
findings of Charles et al. (1991) to determine if headspace 
analysis may be as effective as hydrodistillation in 
capturing essential oil components of Agastache. 

MATERIALS AND METHODS 

Headspace Sample Collection. Samples of Agastache foe- 
niculum, Agastache rugosa (Fisch. and C. A. Mey.) 0. Kuntze, 
and suspected rugosa X foeniculum hybrids were collected from 
a plot at the NCRPIS, Ames, IA. Five populations of A. foe- 
niculum (A3064, A3481, A4546, A4550, and A7569), two popu- 
lations of A. rugosa (A4721 and A4992), and three putative hybrids 
were used in this study (Table I). Single-plant samples were 
collected between 8:OO and 9:00 a.m., placed into plastic bags 
(containing a small amount of water to prevent wilting), and 
transported to the laboratory. Six to eight grams of inflores- 
cences or 7-9 g of leaves was accurately weighed and placed, 
without damaging the tissue, into glass sampling bottles that 
were 11 cm long by 4 cm in diameter. The bottles were 
immediately sealed with headspace sampling caps containing 
Teflon-coated septa and aluminum seals (Ong, 1988) and 
equilibrated at 20 O C  for 4 h before sampling. 

Gas Chromatographic Analysis. Volatile analyses were 
performed on a Varian 3700 gas chromatograph equipped with 
an FID detector and a Hewlett-Packard 3390A integrator. A 
fused-silica (1.0-pm film thickness) DB-5 (0.25 mm i.d. X 30 m) 
capillary column (J&W Scientific, Folsom, CA) was used through- 
out this study. The column (nitrogen), makeup gas (nitrogen), 
oxygen, and hydrogen flow rates were 1.5,28.5,300, and 30 mL1 
min, respectively. The injector and detector temperatures were 
set at 200 and 250 "C, respectively. The oven temperature was 
programmed from 40 to 230 "C at 10 OC/min with an 8-min hold 
at 230 O C .  The detector sensitivity was 1 X amp/s. 

Sample Analysis. The method of Wilson et al. (1992) was 
used for all headspace analyses. A 5-mL Hamilton syringe was 

0021-8561/92/1440-1362$03.00/0 0 1992 American Chemical Soclety 



Volatile Oils of Agastache 

Table I. Origins of Agastacbe Populations 
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species DoDulation 
A. foeniculum 
A. foeniculum 

A. foeniculum 
A. foeniculum 

A. foeniculum 
A. rugosa 
A. rugosa 
putative hybrid 
putative hybrid 

A3064 
A3481 

A4546 
A4550 

A7569 
A4721 
A4992 
OH 
J1,J2 

origin 
Manitoba: Morden, cultivated plants at  the Agriculture Canada Research Station 
Michigan: Washtenaw Co., cultivated plants at  the Matthaei Botanical Gardens 
Ann Arbor: originally received from the University of Washington School of Pharmacy, Seattle 
Iowa: Story Co., cultivated plants grown by W. John Johnson, Rte. 4, Ames 
North Dakota: Barnes Co., Kathryn Quad, Little Yellowstone Co. Pk., T137N R58W, SW 1/4 of SW 

Minnesota: Cass Co., Powell Twp., 1.5 mi east of Backus on west side of Lindsey Lake 
commercial seed from Seeds Blum, Boise, ID 
Iowa: Polk Co., cultivated plants grown by Clifford Jantz, 4115 E. Garden Ave., Des Moines 
appeared in a row of A4992 in a test plot at the North Central Plant Introduction Station, Ames, IA 
observed in a population of open-pollinated seedlings grown from seed harvested from a row of A4721 

1/4 of Sec. 36, elevation 1330 ft; growing on edge of woods on east-facing slope with Solidago and Aster 

growing in a private garden, Ames, IA 

Table 11. Results of Headspace Injections from Single-Plant Samples of A. foeniculum Inflorescences (Data Are Expressed 
as a Percentage of Total Peak Area) 

retention A4546 inflor A7569 inflor A3064 inflor A3481 inflor A4550 inflor 
compd peak time, min l a  2 3 1 1 2 3 4 1 2 3 1 2 4  

a-pinene 1 6.69 6.0 -b 11.2 3.5 
a-camphene 2 6.97 6.8 - 11.1 2.9 
j3-myrcene 3 7.60 39.3 11.2 12.8 37.3 
a-limonene 5 8.32 8.7 50.4 24.5 
*C  6 8.38 12.3 - 22.8 

7 8.59 11.9 - 10.5 
linalool 8 9.47 - - 

10 10.28 - 2.6 
methylchavicol 12 11.16 - 23.2 14.7 7.4 * 13 11.24 5.3 - - - 
citral 14 11.71 4.8 - 4.7 
* 16 12.30 - - - - 
bornylacetate 17 12.60 - - - - 

j3-caryophyllene 22 14.71 - - - - 
23 14.89 - 

* 24 15.42 - - - - 
25 15.55 - - 11.7 3.5 

I-cadinene 26 15.66 5.1 - 3.9 
* 30 17.64 - - - - 
* 32 20.41 - 15.3 - - 

- 
- 

* - 
- - 

* - - 

- 

* 
* - - 

18 12.95 - - 14.0 - 
19 13.06 - 4.0 

* - - - 

* 
- 

a Individual plant number. No peak observed. Unknown compound. 

flushed three times with the equilibrium headspace of inflores- 
cences or leaves before a 2-mL sample was injected at a rate of 
1 mL/min. Liquid nitrogen was used to cryofocus the samples 
on column before the temperature program was begun. The split- 
ter (1:20) was turned on 30 s after the injection of the headspace 
sample. 

A 10-pL Hamilton syringe was flushed twice with 0.5 pL of the 
headspace volatiles above each of the pure standards [a-pinene, 
cy-camphene, j3-pinene, cy-limomene, j3-myrcene, bornyl acetate, 
eugenol, linalool, methylchavicol, methyleugenol, pulegone, j3- 
caryophyllene @)-citral, nerol, geraniol] followed by flushing 
with ambient air five times before 0.5 pL was injected into the 
injection port. The splitter (1:20) was turned on before volatile 
headspace standards were injected. 

Each headspace analysis of the leaves and inflorescences was 
replicated five times with one headspace sample taken from each 
of five sampling bottles. Standard compound headspace samples 
were replicated three times in the same manner as the plant 
samples. 

Methane was injected regularly to ensure that the septa and 
syringe seals were not leaking or the syringes plugged. 

Compound Identification. Identification of the headspace 
volatile composition of individual plants within each Agastache 
population was performed by (1) retention time comparison and 
co-injection with standard compounds, (2) Kovats indices com- 
parison with literature values, and (3) gas chromatography/mass 
spectroscopy (Adams, 1989; Jennings and Shibamoto, 1980). Two 
gas chromatograph/mass spectrometers were used in this study. 
A Hewlett-Packard 5970 Series mass spectrometer (Hewlett- 
Packard Co., Palo Alto, CA) coupled with a Varian Aerograph 
Series 1520 gas chromatograph was used for headspace volatile 
analysis. Because the mass spectrometers were less sensitive 

than the gas chromatograph, steam volatile oils (ASTA, 1985) 
were determined for dried bulk samples of A. foeniculum, A. 
rugosa, and the putative hybrids. Triplicate analyses were made 
for each bulk sample, and duplicate injections of each volatile oil 
sample were used to characterize the composition of each oil by 
gas chromatography/mass spectroscopy. The analyses of the 
volatile oils were performed by Chemical Instrument Services, 
Iowa State University, using a Finnigan 4000 with a Incos data 
system (Finnigan MAT, San Jose, CA). 

RESULTS 

Methylchavicol was found in the headspace of inflo- 
rescences and leaves in all but four samples (two inflo- 
rescences and one leaf sample from A. foeniculum and 
one leaf sample from a putative hybrid), representing all 
populations tested (Tables 11-V). a-Limonene was found 
in the headspace of leaves and inflorescences of all 
populations except the putative hybrids and A. foenic- 
ulum A3481 (inflorescences and leaves) and A7569 (in- 
florescences). Charles et al. (1991) also found that A. 
foeniculum A3481 leaves lacked a-limonene. a-Pinene 
was present in headspace of most populations of A. foe- 
niculum but absent in A. rugosa and putative hybrid 
populations. 

Headspace volatiles from A. foeniculum contained 0.0- 
97.0% methylchavicol in the inflorescences and 0.0-90.2 % 
methylchavicol in their leaves (Tables I1 and 111). Methyl 
chavicol was also the dominant volatile in the headspace 
of the inflorescences and leaves of A. rugosa with 55.7- 
86.2 and 69.7-97.492, respectively (Table IV). The pu- 
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Table 111. Results of Headspace Injections from Single-Plant Samples of A. foeniculum Leaves (Data Are Expressed as a 
Percentage of Total Peak Area) 

retention A4546 leaves A3064 leaves A3481 leaves A4550 leaves 

Wllson et al. 

compd peak time, min 20 1 2 1 3 1 4 
- - 13.3 12.4 6.1 15.4 a-pinene 1 6.69 -b 

- - - - a-camphene 2 6.97 7.7 5.8 - 
8-myrcene 3 7.60 5.4 5.5 14.0 10.9 
a-limonene 5 8.32 1.5 17.7 7.2 - 
* C  6 8.38 

linalool 8 9.47 8.6 - - - - 
10 10.28 17.5 9.5 - - - - 

methylchavicol 12 11.16 90.2 63.9 27.9 16.4 42.0 36.3 * 13 11.24 - - - - - - - 
(E)-citral 14 11.71 18.6 - - - - - 
* 16 12.30 1.5 - - - - - - 
bornyl acetate 17 12.60 - - - - - - - 

18 12.95 1.5 11.3 8.2 10.2 - - * 19 13.06 - - - - - - - 
@-caryophyllene 22 14.71 2.0 13.3 8.5 - * 23 14.89 1.5 - - - - - - 

24 15.42 1.6 8.2 - - 
25 15.55 21.9 5.0 6.7 - 

8-cadinene 26 15.66 11.0 
30 17.64 9.0 

* 32 20.41 - - - - - - - 
a Individual plant number. No peak detected. Unknown compounds. 

- - - 
- - - 

- - - - - - - 
* - - 7 8.59 16.8 13.7 15.9 50.9 26.4 

- - 
* - 

- 

- 

* - 

- - - 

* - 
* - - - 

- - 

- - - - - - 
* - - - - - - 

Table IV. Composition of the Headspace from the Leaves and Inflorescences of A. rugosa 
76 of total peak area 

retention A4992 inflor A4721 inflor A4992 leaves A4721 leaves 
compd peak time, min 10 1 2 3 4 1 3 4 

- @-myrcene 3 7.60 0.5 2.2 -b 0.2 0.4 0.4 1.8 
a-limonene 5 8.32 11.9 33.2 25.0 20.1 19.8 2.6 17.7 24.4 
* E  9 9.63 0.6 - - - - - - - 
* - - 
* - - - - 

10 10.28 2.9 5.2 0.1 0.8 0.4 - 
11 10.58 1.8 - 

methylchavicol 12 11.16 86.2 55.7 57.0 75.1 73.8 97.4 79.7 69.7 
18 12.95 3.7 6.2 0.5 0.7 0.7 1.1 

8-caryophyllene 22 14.71 0.8 2.2 1.8 1.7 2.1 1.1 1.7 
24 15.42 4.9 - - 
27 15.78 0.7 0.2 - 
28 15.97 0.8 - - 
29 17.30 1.4 
31 18.08 0.8 0.3 - - - 

- - 

* - - 
- 

* - - 
* - - - 

* - - - 
* - - - - - - - 
* - - - 

- - - 
- - 
- - 

Individual plant number. No peak detected. Unknown compounds. 

Table V. Composition of the Headspace from the Leaves 
and Inflorescences of Putative Altastacbe Hybrids 

retention % of total peak area 
time, OH 53 OH J1 

comDd Deak min inflor inflor leaves leaves 
a-limonene 

methylchavicol 
(+)-pulegone 

methyleugenol 
8-caryophyllene 

8-cadinene 

* a  

* 

* 

* 
* 

5 
7 

12 
15 
17 
20 
22 
24 
26 
29 
32 

8.32 
8.59 

11.16 
11.86 
12.61 
14.08 
14.71 
15.42 
15.66 
17.30 
20.41 

75.2 16.6 
5.1 -b 

0.8 74.0 
6.1 - 
- 2.1 
- 2.4 
- 2.7 
0.9 2.1 
- - 

11.9 - 
- - 

73.1 
7.6 

- 
6.5 

12.8 
- 

Unknown compound. No peak detected. 

tative hybrids contained 0.8-74.0 % methylchavicol in the 
inflorescences and 0.0-8.4% in the leaves (Table V). The 
populations of A. foeniculum that were low in methyl- 
chavicol (0.&27.9 % ) contained greater amounts of a- 
pinene, myrcene, limonene, unknown peak 7, and unknown 
peak 25 (Tables I1 and 111). 

Myrcene was present in most populations of A. rugosa 
but not in the putative hybrids or the inflorescences and 

leaves of A. foeniculum A3064 or the leaves of A4546. 
Pulegone and methyleugenol were only found in popu- 
lations of the putative hybrid. Unknown peak 7 was absent 
in A. rugosa leaves and inflorescences, but it was present 
in one putative hybrid, in A. foeniculum A3481, A4550, 
and A7569, and in some plants from A4546 and A3064. 
Caryophyllene was found in all inflorescences of A. ru- 
gosa and in two of the putative hybrids; only the inflo- 
rescences from A. foeniculum A3481 contained caryo- 
phyllene (Tables 11-V). 

Only three A. foeniculum populations (A4546, A3064, 
and A7569) contained individual plants, which produced 
one of the Nasonov components [(E)-citral] on the in- 
florescences or leaves as identified by headspace analysis. 
Citral was not found in the volatile oils from bulked Agas- 
tache population samples. 

The identified compounds in the headspace volatiles of 
A. foeniculum, A. rugosa, and the putative hybrids 
accounted for from 60 to 93% of the total volatiles for 
inflorescences and from 58 to 100% of the total volatiles 
from the leaves. The average total area of the headspace 
samples per gram of fresh weight of inflorescences (in- 
tegration units per gram) was 942 OOO for A. rugosa, 150 0oO 
for A. foeniculum, and 185 OOO for the putative hybrids. 
In contrast, the average total area per gram of fresh weight 
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of leaves was 562 OOO, 71 600, and 29 100 for A. rugosa, A. 
foeniculum, and the putative hybrids, respectively. In 
general, the inflorescences produced 2-6 times more vol- 
atiles per gram of fresh weight than did the unbroken 
leaves. 

These headspace volatile data were supported by the 
results of the volatile oil analysis of inflorescences, which 
obtained 1.946% volatile oil for A. rugosa, 0.745% for A. 
foeniculum, and 1.548% for the putative hybrid. The 
putative hybrid produced amounts of volatile oil that were 
intermediate between those of the two proposed parents. 
This observation supports the hypothesis that these plants 
are interspecific hybrids between A. foeniculum and A. 
rugosa. 

There were 75 peaks found in the volatile oils obtained 
from the Agastache spp. Eighteen of these compounds 
[a-pinene, a-camphene, sabinene, 8-pinene, 8-myrcene, 
a-limonene, methylchavicol, 6-cadinene, (+)-pulegone, bor- 
nyl acetate, eugenol, methyleugenol, 8-caryophyllene, 
spathulenol, caryophyllene oxide, linalool, phytol1 have 
been identified by mass spectroscopy. Charleset al. (1991) 
also reported the presence of these compounds in the 
volatile oil of Agustache spp. 

DISCUSSION 

There was a tremendous diversity in the compounds 
released by both infloresences and leaves of A. foenicu- 
lum, but there was less diversity in A. rugosa and the 
putative hybrids. In agreement with previous studies 
(Charles et al., 19911, methylchavicol was the only com- 
pound to occur in the majority of the populations. 

In A. foeniculum, the compounds found in the inflo- 
rescences differed greatly from even those found in the 
leaves of the same plant, whereas in A. rugosa and putative 
hybrids, the compounds in inflorescences and leaves of 
the same plant were usually similar. Our results for A. 
rugosa were similar to those reported by Maffei and Sacco 
(1987) for peppermint (Mentha X piperita L.). 

With A. foeniculum, the compounds found in leaves 
often differed from those found in the inflorescences of 
the same plant. Variation in the chemical composition 
between leaves and inflorescences within the same plant, 
as demonstrated by A4450 plant 1 (methylchavicol; 47 % 
inflorescences and 0% in the leaves), and between plants 
within the same population (9.4-47 7% methylchavicol; 0- 
46.6% a-limonene) are not unusual for Lamiaceae and 
other plant species. Guenther (1949) reported marked 
differences in essential oil quantities and composition for 
leaves and inflorescences of both Saluia officinalis L. and 
Saluia sclarea L. Cinnamon bark, leaves, and roots have 
well-documented major differences within the same plant 
(Richard, 1991). Cluster analysis failed to reveal a 
characteristic pattern of variation among samples of A. 
foeniculum. 

In this study, the only identified compounds found in 
A. foeniculum that were not found by Polak and Hixon 
(1945) and Nykhen et al. (1989) in their studies with 
dried samples were camphene and myrcene. Charles et 
al. (1991) also found camphene is A. foeniculum and 
myrcene in A. foeniculum and A. rugosa. Nyklinen et al. 
(1989) found myrcene but not camphene in A. foenicu- 
lum. The present study and Nykiinen et al. (1989) also 
found sabinene in A. foeniculum, whereas Charles et al. 
(1991) did not. 

The relative lack of diversity in the volatiles of A. ru- 
gosa agrees with the findings of Vogelmann (1983) and 
Charles et al. (19911, who found that different populations 
of A. rugosa are genetically very similar. Fujita and Fu- 
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Table VI. Comparison of Headspace and Volatile Oil 
Compositions of Inflorescences of Agastacbe 

volatile constituent,' % 
compd headspace volatile oil Charles et al. (1991) 

methylchavicol 
I* 39.4 
2 69.6 
3 74.0 

1 9.75 
2 0.66 
3 

myrcene 

limonene 
1 12.37 
2 22.0 
3 45.9 

50.4 
12.6 
15.2 

2.51 

0.34 

2.16 
4.27 
6.49 

a Averaged across all accessions evaluated. * 1, A. 
A .  rugosa; 3, putative hybrids. 

57.60 
80.53 
73.82 

0.39 
0.30 
0.68 

1.78 
5.97 
9.12 

foeniculum; 2, 

jita (1973) found a single population of A. rugosa that 
differed sharply in volatile composition from most other 
populations. 

An examination of the volatile compounds present in 
the headspace of the putative hybrids may provide 
evidence in support of their hybridity. Of the 11 com- 
pounds listed for the putative hybrids in Table V, four are 
found in both A. foeniculum and A. rugosa, four in A. 
foeniculum but not in A. rugosa, one in A. rugosa but not 
in A. foeniculum, and two in neither A. foeniculum nor 
A. rugosa. However, an analysis of extracted volatile 
compounds found these two compounds in the bulk 
samples of A. foeniculum and A. rugosa at  or below 1%. 

Using the same hybrids from this study, Senechal(1990) 
used isozyme analysis to establish the parentage of the 
putative hybrids. His study strongly suggests that the 
putative hybrids are A. rugosa X foeniculum. 

The headspace analysis technique yielded a total of 32 
compounds with 75 compounds by extraction techniques. 
This finding is not unusual (Jennings and Filsoof, 1977; 
Leahy and Reineccius, 1984; Takeoka et al., 1985; Wilson 
et al., 1992). The headspace technique yielded a higher 
relative percentage of lower-boiling compounds such as 
myrcene and a-limonene (Table VI) than the high-boiling 
compounds such as caryophyllene and spathulenol. Head- 
space, however, yielded comparable values to extraction 
for compounds such as methylchavicol (Table VI). 

An advantage of the headspace technique is that air 
concentrations of volatiles can be related to physiologically 
active levels of compounds observed to affect bee pref- 
erence. The headspace technique uses smaller samples, 
is faster than standard methods, and can be used to screen 
individual plants. Headspace techniques require no 
heating or extraction solvents and may produce fewer 
artifacts. However, the volatiles collected by headspace 
must be concentrated about 2-fold to obtain a positive 
identification by GC/MS. 

Work needs to be done to determine which, if any, of 
these compounds other than citral attract honey bees. 
Another component of the headspace of one plant of A. 
foeniculum, bornyl acetate, has recently been shown to 
stimulate the antennae of honey bees (Thiery et al., 1990), 
but this olfactory stimulation has not been correlated with 
attractiveness. 

The diversity of essential oils within A. foeniculum 
suggests that selecting plants on the basis of their olfactory 
attractiveness to honey bees may be feasible. Such 
selection, however, is desirable only if the plants selected 
also excel at nectar production. The great variation within 
populations of A. foeniculum as well as among them could 
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indicate that heritability for production of these com- 
pounds is low or that perhaps there is genetic variation 
both within and among these populations for the pro- 
duction of specific volatile compounds. These hypotheses 
remain to be tested. 

ACKNOWLEDGMENT 

We thank I. D. Turner and W. D. Wilson for their 
technical assistance and J. E. Simon for the methylchav- 
icol standard. 

LITERATURE CITED 

Adams, R. P. Identification of Essential Oils by Zon Trap Mass 
Spectroscopy; Academic Press: New York, 1989. 

ASTA. Steam Volatile Oil, Method 5 (Modified Clevenger 
Method). In Official Analytical Methods of the American 
Spice Trade Association; American Spice Trade Association: 
Englewood Cliffs, NH, 1985; pp 8-11. 

Beker, R.; Dafni, A.; Eisikowitch, D.; Ravid, U. Volatiles of two 
chemotypes of Majorana syriaca L. (Labiatae) as olfactory 
cues for the honeybee. Oecologia 1989, 79,446-451. 

Charles, D. J.; Simon, J. E.; Widrlechner, M. P. Characterization 
of essential oil of Agastache species. J. Agric. Food Chem. 
1991,39,1946-1949. 

Darrah, H. H. Investigation of the cultivars of the basil (Oci- 
mum). Econ. Bot. 1974,28,63-67. 

Fujita, S. I.; Fujita, Y. Miscellaneous contributions to the essential 
oils of plants from various territories XXXIII. Essential oil 
of Agastache rugosa 0. Kuntze. Yakugaku Zasshi 1973,93, 
1679-1681. 

Guenther, E. Individual essential oils of the Labiate. In The 
Essential Oils of the Plant Families Rutaceae and Labiatae; 
Van Nostrand: New York, 1949; Vol. 3. 

Jennings, W. G.; Filsoof, M. Comparison of sample preparation 
techniques for gas chromatographic analysis. J. Agric. Food 
Chem. 1977,25,440-445. 

Jennings, W. G.; Shibamoto, T. Qualitative Analysis of Flavor 
and Fragrance Volatiles by Glass Capillary Gas Chroma- 
tography; Academic Press: New York, 1980. 

Kauffeld, N. M.; Sorensen, E. L. Interrelations of honeybee 
preference of alfalfa clones and flower color, aroma, nectar 
volume, and sugar concentration. Res. Pub1.-Kans., Agric. 
Stn. 1971, No. 163,l-14. 

Leahy, M. M.; Reineccius, G. A. Comparison of methods for the 
analysis of volatile compounds from aqueous model systems. 
In Analysis of Volatiles Methods and Application; Shreier, 
P, Ed.; de Gruyter: Berlin, 1984; pp 19-47. 

Loper, G. M.; Waller, G. D.; Berdel, R. L. Olfactory screening of 
alfalfa clones for uniform honey bee selection. Crop Sei. 1974, 
14, 120-122. 

Maffei, M.; Sacco, T. Chemical and morphometrical comparison 
between two peppermint notomorphs. Planta Med. 1987,53, 
214-216. 

Mayer, D. F.; Johansen, C. A.; Bach, J. C. Land-based honey 
production. Am. Bee J. 1982,122,477-479. 

Wllson et al. 

Nykhen,  I.; Holm, Y.; Hiltunen, R. Composition of the essential 
oil of Agastache foeniculum. Planta Med. 1989,55,314-315. 

Ong, G. The influence of packaging, temperature, and light on 
the color and flavor retention of paprika, rosemary, thyme 
and tarragon. M.S. Thesis, Iowa State University, Ames, IA, 
1988; 148 pp. 

Pham-Delegue, M. H.; Etievant, P.; Guichard, E.; Masson? C. J. 
Sunflower volatiles involved in honeybee discrimination among 
genotypes and flowering stages. J.  Chem. Ecol. 1989,15,329- 
343. 

Polak, E. H.; Hixon, R. M. The volatile oil from Lophanthus 
anisatus Benth. J. Am. Pharm. Assoc. 1946,35,24&243. 

Richard, H. Spices and condiments I. In Volatile Compounds 
in Foods and Beverages; Maarse, H., Ed.; Dekker: New York, 
1991; 437 pp. 

Senechal, N. P. Evaluation of native perennial lamiaceae as 
sources of nectar for honey bees. M.S. Thesis, Iowa State 
University, Ames, IA, 1990; 111 pp. 

Sladen, F. W. L. A scent organ in the bee. Br. Bee J. 1901,29, 

Takeoka, G.; Ebeler, S.; Jennings, W. Capillary gas chromato- 
graphic analysis of volatile flavor compounds. In Charac- 
terization of Measurement of Flavor Compounds; Bills, D. 
D., Muasinan, C. J., E&.; ACS Symposium Series 289; American 
Chemical Society: Washington, DC, 1985; pp 95-108. 

Thiery, D.; Bluet, J. M.; Pham-Delegue, M. H.; Etievant, P.; 
Masson, C. Sunflower aroma detection by the honeybee study 
by coupling gas chromatography and electroantennorgraphy. 
J. Chem. Food. 1990,16,701-711. 

Vogelmann, J. E. A biosystematic study of Agastache section 
Agastache (Labiatae). Ph.D. dissertation, IndianaUniversity, 
West Lafayette, IN, 1983; 303 pp. 

Widrlechner, M. P. A field evaluation of native mint family plants 
as honey bee forage in Iowa. In Proceedings of the Twelfth 
North American Prairie Conference: Recapturing a Van- 
ishing Heritage; Smith, D. D., Jacobs, C. A., Eds.; University 
of Northern Iowa Press: Cedar Falls, IA, 1992; pp 39-42. 

Williams, I. H.; Pickett, J. A.; Martin, A. P. The Nasonov 
pheromone of the honeybee Apis mellifera L. (Hymenoptera, 
Apidae). Part 11. Bioassay of the components using foragers. 
J. Chem. Ecol. 1981, 7, 225-237. 

Wilson, L. A.; Turner, I. D.; Wilson, W. D.; Pesek, C. A.; Duncan, 
H. J. Analytical methods for the evaluation of spice quality. 
J. Agric. Food Chem. 1991, submitted for publication. 

142-143, 151-153. 

Received for review March 23, 1992. Accepted May 27, 1992. 
Mention of commercial brand names does not constitute an 
endorsement of any product by the USDA-Agricultural Research 
Service or cooperating agencies. 

Registry No. a-Pinene, 80-56-8; a-camphene, 79-92-5; 8- 
myrcene, 123-35-3; a-limonene, 13886-3; linalool, 7870-6; me- 
thylchavicol, 140-67-0; (E)-citral, 141-27-5; citral, 5392-40-5; 
bornyl acetate, 76-49-3; 8-caryophyllene, 87-44-5; 6-cadinene, 483- 
76-1; (+)-pulegone, 89-82-7; methyleugenol, 93-15-2. 


