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Close-Range Attraction of Female Oriental Fruit
Moths to Herbal Scent of Male Hairpencils

Abstract. A blend of ethyl trans-cinnamate, methyl 2-epijasmonate, methyl
jasmonate, and (R)-(—)-mellein, identified from the hairpencils of male Oriental fruit
moths, attracts sex pheromone-releasing females several centimeters away. The
chemicals thereby duplicate the behavioral effect elicited by hairpencil-displaying
males during courtship; the chemicals also produce the herbal scent emanating from

the hairpencils,

Males of the order Lepidoptera often
have accessory scent-producing organs,
which usually consist of groups of elon-
gated hairlike scales (hairpencils) that
are bundled into special pouches and
then everted and splayed in the vicinity
of a female during courtship (7). Volatile
chemicals identified from such struc-
tures (2—4) or from other specialized
scales (5) have been described, without
reference to the behavior elicited. Stud-
ies aimed at defining the behavioral roles
played by scent scales, including abla-
tion techniques (6), electroantennogram
(EAG) assays (7), trapping experiments
(8), or observational inferences (9), have
revealed that, in most species, courtship
pheromones exert a minimal observable
effect on female behavior. The lack of an
overt female response has hindered the
identification of chemicals producing be-
havioral responses. In rare instances,
behavior and chemistry have both been
elucidated, but in those instances the
compounds described evoked female
“‘acceptance’’ through inferred quies-
cence (/0) or abdominal extension (/1),
rather than attraction.

Courtship in the Oriental fruit moth,

Fig. 1. Male Oriental fruit moth everting his
hairpencil organs at the end of his abdomen
and attracting a female that is walking toward
him.

Grapholitha molesta (Busck), is unusual
among the Lepidoptera in that males
attract females after they themselves
have been attracted to the vicinity of a
female by a sex pheromone (/2). A few
centimeters from the female, the male
turns away and repeatedly extrudes and
retracts its abdominal hairpencils; pro-
pelling volatile chemicals over the fe-
male with wind generated from wing
vibration (Fig. 1). The female immediate-
ly walks toward the source of the odor
and with her head touches the tip of the
male’s abdomen, evoking from him a
copulatory attempt (12). The overt
movement of females toward displaying
males in this species provided the oppor-
tunity to define a lepidopterous court-
ship pheromone that attracts females.
With the use of behavioral and EAG
assays, we were able to identify a blend
of compounds that duplicates the activi-
ty of the natural pheromone. The com-
pounds are ethyl trans-cinnamate (1),
(R)-(—)-mellein (2), methyl jasmonate
(3), and methyl 2-epijasmonate (4) (Fig.
2).

Approximately 5000 male equivalents
(ME) of the hairpencil extract (/3) were
used for the isolation and identification
(14). The crude extract on filter paper
had a pleasant herbal odor, similar to
that of the forcibly extruded hairpencils
of living G. molesta males. Each 1000
ME was concentrated under nitrogen
and fractionated on a gas-liquid chroma-
tography (GLC) column [3 percent OV-
101 (15)] into 12 fractions (Fig. 2). The
only fraction to produce an EAG re-
sponse from female antennae [mean =
standard deviation (S.D.) = 0.60 = 0.20
mV; N =9] above background (0.07 =
0.05 mV; N =9) was fraction 3 (the
crude extract produced 1.25 = 0.31 mV;
N = 9) (14, 16). The compound from this
fraction was collected (approximate
yield 0.5 ng per ME) and identified as
ethyl trans-cinnamate (1) by GLC reten-
tion times, microhydrogenation, and di-
agnostic ultraviolet and mass spectra
(14, 17).

The fractions were tested for their
attractiveness to calling females in an
arena in moving air (/8). The test sam-
ples on filter paper were placed 4 cm
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Table 1. Behavioral responses of G. molesta females to compounds isolated from male

hairpencils (Fig. 2); N = 20 for each treatment.

Authentic Percent walking Percent walking to Percent touching
comi- upwind 0.5 ¢cm from source source
pound*®
(1 ng Au- Au- Au-
of each then- Crudet Blank then- Crude Blank then- Crude Blank
substance) tic tic tic
1 55% 55% 20 35 50% 15 15 40 15
2 15 55% 20 5 45 15 5 40 10
3 20 55% 10 5 50% 0 5 50% 0
4 20 70% 15 20 50% 15 5 45 15
1+2 30 65% 15 20 60 5 10 60% 5
1+3 25 40 10 15 30% 0 5 25 0
1+4 80+ 65% 10 601 55% 10 501§ 55% 10
1+2+3 60% 554 0 35% 304 0 30% 15 0

*Compound 1 was obtained from the Aldrich Chemical Co.: 2, from Imperial Chemistry Industries.
Compound 3 is a synthetic racemic mixture obtained from International Flavors and Fragrances and

compound 4 was isolated from lemon peels (/4)

11 ME

iResponse under same behavior significantly

different from the blank according to a chi-square 2 x 2 test of independence with Yates® correction (P <
05). §Response under same behavior significantly greater than that to 1 alone (P < .05)

upwind of individual 4- to 5-day-old fe-
males, and the females were scored for
their rapid walking toward, and touching
of, the paper. Fraction 3 produced a
significant amount of upwind walking by
females compared to that produced by
the solvent blank (/9), and synthetic 1
was the only compound to elicit signifi-
cant female attraction (Table 1). A blend
of 1 plus fractions 6 and 7 resulted in
greater attraction than was elicited by 1
alone (20).

Pure compound 2 was obtained direct-
ly from fraction 4 (~ 20 ng per ME) and
was identified as (R)-(—)-mellein by ul-
traviolet, nuclear magnetic resonance,
and mass spectra, as well as by determi-
nation of the optical rotation (74, 21).
Despite its predominance in the extracts,
mellein (2) was inactive by itself in bioas-
says (19) (Table 1), and fraction 4 did not
elicit an EAG response above back-

ground (0.16 = 0.08 mV; N = 9). How-
ever, a blend of 2 plus 1 and 3 was as
attractive to calling females as crude
extract (Table 1).

Fractions 6 and 7 produced most of the
extract’s herbal odor and when mixed
with 1 increased the attraction of G.
molesta females. Compound 3 was iden-
tified as methyl jasmonate from fraction
6 (~ 0.3 ng per ME). It was purified by
preparative GLC on 3 percent XF-1150
{15) and characterized (/4, 22) by mi-
croozonolysis, microhydrogenation, and
mass spectral comparisons with an au-
thentic sample (International Flavors
and Fragrances). Compound 3 was be-
haviorally inactive by itself and in com-
bination with 1, but a blend of 3 plus 1
and 2 attracted a significant number of
females toward the source (Table 1).

Compound 4 was obtained from frac-
tion 7 (~ 0.01 ng per ME), purified on
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Fig. 2 A GLC tracing (OV-101) of Skellysolve B-extracted, excised hairpencils showing

fractions collected for bioassays and further isolation and identification
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XF-1150, and identified as methyl 2-
epijasmonate (/4, 23) by microhydrogen-
ation, GLC retention times, mass spec-
trometry, and epimerization to 3 in the
presence of p-toluenesulfonic acid. It
was behaviorally inert by itself, but sig-
nificantly increased attraction of female
G. molesta when combined with 1 (Table
1).

In this report, we have characterized
the male moth hairpencil compounds
that are active in attracting female
moths. These compounds have not pre-
viously been found in the Lepidoptera.
Ethyl frans-cinnamate is similar to 2-
phenylethanol, which has been found in
the hairpencils of a number of lepidop-
teran species (3). Mellein is a fungal
metabolite (24) and has been found in a
number of ant species (25). Methyl jas-
monate, a constituent of jasmine oil, is
known in the perfume industry as the
queen of aroma. It closely resembles cis-
jasmone, which was identified by Petty
et al. (4) from hairpencils of the butterfly
Amauris ochlea.

It is not known whether G. molesta
are dependent on their various fruit and
nut host species for immediate precur-
sors to the hairpencil herbal-scented
compounds. Initial studies indicate that
G. molesta hairpencils from males
reared on an artificial diet do not possess
the characteristic herbal odor or the
GLC peaks 1, 3, and 4 of hairpencils
from males reared on their usual diet of
small green apples.

THOMAS C. BAKER*
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Department of Entomology,
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References and Notes

1. M. C. Birch, in Pheromones, M. C. Birch, Ed.
(North-Holland, Amsterdam, 1974), p. 115; J
Weatherston and J E Percy, in Advances in
Invertebrate Reproduction, K. G. Adiyodi and
R. G Adiyodi, Eds (Peralam-Kenoth, India,
1977), p. 295

2. J. Meinwald, Y. C Meinwald, J. W. Wheeler,
T. Eisner, L. P. Brower, Science 151, 583
(1966); J. Meinwald, Y. C. Meinwald, P. H.
Mazzocchi, ibid 164, 1174 (1969); ] Meinwald,
W. R. Thompson, T. Eisner, Tetrahedron Lett
38, 3485 (1971); J. Meinwald, C J. Borlak, D
Schneider, M. Boppré, W. F. Wood, T. Eisner,
Experientia 30, 721 (1974); C. C. J. Culvenor
and J. W. Edgar, ibid. 28, 627 (1972); J R
Clearwater, J. Insect Physiol 18, 781 (1972); G
G. Grant, U. E. Brady, 1. M. Brand, Ann
Entomol. Soc. Am. 65, 1224 (1972); J. A. Edgar,
P. A Cockrum, B. B Carrodus, Experientia 35,
861 (1979)

3. R. T. Aplin and M. C. Birch, Experientia 26,
1193 (1970); J. A. Edgar, C C. J. Culvenor, G.
S. Robinson, J. Aust. Entomol. Soc 12, 144
(1973); M.. Jacobson et al., Experientia 32, 964
(1976); H. J. Bestmann, O. Vostronsky, H.
Platz, ibid. 33, 874 (1977).

4. R. L. Petty, M. Boppté, D. Schneider, J. Mein-
wald, Experientia 33, 1324 (1977).

5 L Lundgren and G. Bergstrom, J. Chem. Ecol
1,399 (1975); . A. Edgar, C. C. J. Culvenor, T
E. Pliske, ibid. 2, 263 (1976); K. Honda, ibid. 6,
867 (1980)

SCIENCE, VOL. 214




6.

20

21

22,

23

J. Myers and L. P. Brower, J. Insect Physiol.
15, 2117 (1969); M. Birch, Anim. Behav. 18, 310
(1970); G. G Grant, Experientia 30, 917 (1974);
Ann. Entomol Soc. Am. 69, 445 (1976); S
Gothilf and H. H. Shorey, Environ. Entomol. 5,
115 (1976); K. Hirai, Appl Entomol. Zool. 12,
347 (1977); E. Thibout, C. R. Acad. Sci 287,
1141 (1978); T. Ono, Appl. Entomol Zool 14,
432 (1979): R. L. Rutowski, J Comp. Physiol.
115, 75 (1977); J. Chem. Fcol. 6, 13 (1980)

D. Schneider and U. Seibt, Science 164, 1173
(1969): G. G. Grant, Nature (London) 227, 1345
(1970): Ann. Entomol. Soc. Am. 64, 1428 (1971):
M. C. Birch, Nature (London) 233, 57 (19713: T
L. Payne and W. E. Finn, J. Insect Physiol. 23,
879 (1977): Y. S. Chow, M. S. Mayer. J. H.
Tumlinson, Bull. Inst. Zool. Acad. Sin. 19, 27
(1980)

. K. H Dahm, D. Meyer, W. E. Finn, V. Rein-

hold, H. Réller. Naturwissenschaften 58, 265
(1971); W. E. Finn and T. L Payne. Southwest.
Entomol. 2, 62 (1977)

J. R. Clearwater, J Insect Physiol 18. 781
(1972): T. E. Pliske, Ann Entomol Soc. Am
68, 143 (1975); P. M. Barrer and R. J. Hill, Int. J.
Invertebr. Reprod. 2, 59 (1980).

T. E. Pliske and T. Eisner. Science 164, 1170
(1969)

J W. Grula, J. D McChesney, O. R. Taylor
Jv . J Chem. Ecol. 6. 241 (1980)

. T C. Baker and R..T. Cardé, Ann Enzomo[

Soc. Am. 72, 173 (1979)

Each male’s paired hairpencils plus claspers
were snipped and immersed in a small vial of
Skellysolve B for several minutes. The extract
was then separated from the residue and main-
tained at —20°C until use.
R. Nishida, T C. Baker,
Chem. Fcol., in press

W. L. Roelofs, J

. OV-101 is methyl silicone on 100- to 120-mesh

Gas-Chrom Q: 2-m glass column (inside diame-
ter, 4mm): 150°C. XF-1150 is cyanoethyl methyl
silicone on 100- to 120-mesh Chromosorb W-
AW-DMCS:; 2-m glass column (inside diameter,
2 mm); 185°C.

. W L.Roelofs, in Crop Protection Agents, Their

Biological Evaluation, N. R. McFarlane, Ed.
(Academic Press, New York, 1977)

. Retention times on GLC (OV-101 and XF-1150)

coincided with those of authentic ethyl wrans-
cinnamate (Aldrich Chemical Company), where-
as authentic ethyl ¢is-cinnamate (/4) gave differ-
ent retention times. The ultraviolet spectrum
(extinction coefficient 15,000 at wavelength
maximum of 270 nm in Skellysolve B) and mass
spectrum of 1 were identical to those of ethyl
trans-cinnamate.

The conditions in the sheet metal observation
arena (25 by 25 cm) were 20°C; relative humidity
60 to 80 percent; light intensity, 700 lux: and
laminar wind flow. 71 cm/sec. A sample (I pl) of
solution containing either 1 ng of synthetic or |
ME of natural extract followed by 5 pl of
Skellysolve B were placed onto a filter paper (5
by 7 mm; Whatman No. 1) skewered to a metal
thumbtack. After the solvent evaporated in front
of the exhaust tube at the downwind end, the
thumbtack was placed with forceps so that the
paper hung just above the surface 4 cm upwind
of a female. Females were scored on four points:
whether they (i) walked upwind and touched the
paper; (i) walked upwind but did not touch the
paper (iil) began walking upwind; or (iv) did not
move at all during a 10-second exposure to the
treatment.

. Eleven percent of females walked upwind in

response to 3 ME of fraction 4, compared to 3
percent for Skellysolve B blank (not significant-
ly different at P < 05 according to a chi-square
2 x 2 test of independence with Yates® correc-
tion); 29 percent walked upwind in response to
fraction 3 (significantly different at P < 05);
N = 35 for all treatments.

Eighty percent of females walked upwind in
response to 10 ng of 1 plus 3 ME of fractions 6
plus 7, compared to 45 percent in response to 10
ng of 1 alone (significantly different at P < .05
according to a chi-square 2 X 2 test of indepen-
dence with Yates’ correction); the response to
Skellysolve B blank was 13 percent; N = 40 for
all treatments.

The optical rotation of 2 gave a negative sign
[aly = —133°, at a concentration of 0.0 g/ml in
chloroform  Since H. Arakawa, N. Torimoto,
and Y. Masul [Liebigs Ann. Chem. 728, 152
(1969}] determined the absolute configuration of
(—)-mellein to be R, compound 2 also has the R
configuration,

Compound 3 had GLC retention times on OV-
101 identical to the authentic Z isomer and
different from the authentic E isomer.
Compounds 3 and 4 produced similar mass
spectra, yielded different” hydrogenated prod-

SCIENCE, VOL 214, 18 DECEMBER 1981

24,

25

ucts, and 4 was readily epimerized to 3 [E.
Demole and M. Stili, Helv. Chim. Acra 45, 692
(1962); H. Tamka and S. Torii, J. Org Chem
40, 462 (1975); H. Fukui. K. Koshimizu, Y.
Yamazaki, S. Usudo, Agric Biol Chem 41, 189
(19773).

E. Nishikawa, J. Agric. Chem. Soc. Jpn. 9,772
(1933); E. Yabuta and Y. Sumiki, ibid. p. 1264;
E. L Patterson, W. W. Andres, N Bohonos,
Experientia 22, 209 (1966); D. C Aldridge, S
Galt, D. Giles, W. B. Turner, J Chem. Soc
(1971), p. 1623;R. J. Colew, J. H Moore, N. D
Davis, J. W. Kirksey. U. L. Diener, J. Agric
Food Chem. 19, 909 (1971).

J. M. Brand, H. M. Fales, E. A. Sokoloski, }. G
MacConnel, M. S. Blum, R M. Duffield, Life
Sci. 13, 201 (1973).

26 Supported by NSF grant PCM 78-13241. We

thank W. Meyer for performing most of the
bioassays; F. Wadhams, K. Poole, and B Car-
ney for rearing the insects; International Flavors
and Fragrances for the sample of methyl jas-
monate; and D. Aldridge (Imperial Chemistry
Industries), N. Davis (Auburn University), and
J. Moore (University of North Alabama) for the
sample of mellein

Present address: Division of Toxicology and
Physiology, Department of Entomology, Uni-
versity of California, Riverside 92521

Present address: Pesticide Research Institute,
College of Agriculture, Kyoto University, Kyo-
to, Japan

18 May 1981; revised 27 August 1981

1361



