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ABSTRACT A novel mechanism of reciprocal behavioral
agonist-antagonist activities of enantiomeric pheromones
plays a pivotal role in overcoming the signal-to-noise problem
derived from the use ofa single-constituent pheromone system
in scarab beetles. Female Anomala osakana produce (S, Z)-5-
(+)-(l-decenyl)oxacyclopentan-2-one, which is highly attrac-
tive to males; the response is completely inhibited even by 5%
of its antipode. These two enantiomers have reverse roles in
the Popillia japonica sex pheromone system. Chiral GC-
electroantennographic detector experiments suggest that A.
osakana and P. japonica have both R and S receptors that are
responsible for behavioral agonist and antagonist responses.

To achieve chemical communication in an environment rich in
potential chemical cues, insects must overcome the signal-to-
noise problem by filtering out a large amount of background
noise. In moths, filtering is achieved by using blends of similar
compounds, where the specific signature represented by the
whole mixture is sine qua non to elicit sexual behavior (1). In
marked contrast, some species of Coleoptera (2, 3) have sex
pheromone systems composed of a single constituent; such
communication channels seem a priori highly prone to noise
interference from the environment. Nevertheless, these semio-
chemicals have by and large at least one chiral center, and
chirality plays a major role in determining pheromone speci-
ficity. I report here that two scarab beetle species (Coleoptera:
Scarabaeidae) achieve single-component chemical communi-
cation by a novel mechanism based on the reciprocal behav-
ioral agonist-antagonist activities of the two enantiomers of a
single chiral compound. The Osaka beetle, Anomala osakana
Sawada, produces and responds only to (S, Z)-5-(+)-(1-
decenyl)oxacyclopentan-2-one, the activity of which is com-
pletely inhibited by the presence of its enantiomer. On the
other hand, it has been previously reported (4) that the
Japanese beetle, Popillia japonica, produces and responds only
to the (R)-stereoisomer of this lactonic pheromone, with the
activity highly inhibited by its antipode.

MATERIALS AND METHODS
Analytical Procedures. GC was carried out on a Hewlett-

Packard 5890 II Plus instrument equipped with a split/splitless
injector, an electronic pressure control, a flame ionization
detector, and an HP 3365 Series II Chemstation. High-
resolution GC analyses were performed with polar and non-
polar capillary columns, HP-Innowax and HP-5MS (30 m x
0.25 mm x 0.25 gm), respectively. These columns were
operated at 70°C for 1 min, increased to 230°C at a rate of
10°C/min, and held at this temperature for 10 min. Chiral
resolution was achieved on a capillary column having a tri-
fluoroacetylated y-cyclodextrin phase, Chiraldex GTA (20
m x 0.25 mm: 0.125 ,um; Astec, Whippany, NJ), operated at

150°C and with a (helium) head pressure of 2.5 kg/cm2 (9.42
ml/min; 119 cm/s). Low-resolution MS was carried out with an
HP 5890 II Plus gas chromatograph linked to a mass selective
detector (Hewlett-Packard; model MSD 5972). GC with elec-
troantennographic detection (EAD) was performed according
to the method of Struble and Arn (5). An HP 5890 Series II
Plus gas chromatograph was modified to have the effluent
from the capillary column split into EAD and flame ionization
detector (3:1 ratio). Beetle antennae were placed in a previ-
ously described acrylic stage (6); this 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 (Hewlett-Packard). The flame
ionization detector, and EAD signals were acquired with the
HP Chemstation. Chiral GC-EAD was performed with an
active 2nd order Butterworth high-pass filter as described (7).

Extraction and Purification of the Natural Pheromone.
Airborne volatiles of 100 field-collected female beetles were
trapped with Super Q in an all-glass aeration apparatus,
extracted with hexane, and concentrated to 1 female-
equivalent/,ul. Crude airborne volatiles of females were sub-
jected to flash column chromatography on a silica column
[eluant, ether (0-100%) in hexane], and the activity was
monitored by GC-EAD. The sex pheromone was recovered
along with a phthalate ester contaminant in the hexane/ether
(80:20) fraction.

Syntheses. (S)- and (R)-Japonilure were obtained from
L-and D-glutamate, respectively, according to a previously
reported method (4). The optical purity of the two enanti-
omers was >97% enantiomeric excess, as established by chiral
GC.

Bioassays and Field Tests. Laboratory bioassays were per-
formed in plastic cages (20 x 30 cm; 5 cm high); after 10 males
were transferred to the arena, pieces of filter paper (2 x 2 cm)
loaded with the synthetic lactone or solvent only (control) were
set inside the arena, and behavior was observed for 30 min.
Gathering on the pheromone -source and/or attempting cop-
ulation were the two criteria for male positive responses. After
each test, new cages were used and males were randomly
redistributed in the new arenas. Field tests were carried out in
the Hamamatsu Sea Side Golf Club (Iwata, Shizuoka, Japan)
on June 29-30, 1995. Chemicals (1 mg) were incorporated in
plastic pellets (4-5 mm in diameter) made of polyethylene-
vinyl acetate, which gave a release rate of 950 ng/h at 25°C
(determined by trapping the released pheromone on a Super
Q column). The pellets were loaded on sticky plates traps (20 x
20 cm), and tests were run with the traps distributed in
randomized complete blocks with four replicates. Field exper-
iments for evaluation of the effect of other species' phero-
mones on the capture of the soybean beetle (Anomala rufo-
cuprea) were carried out in Tsukuba (July 20 to August 28,
1995) with funnel traps distributed in randomized complete
blocks with four replicates. In one area, traps were baited with

Abbreviation: EAD, electroanntenographic detector.
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methyl (Z)-5-tetradecenoate (6 mg), (R, Z)-5-(-)-(1-octenyl)-
oxacyclopentan-2-one (1 mg), and a combination of both
compounds. In another area, (R, Z)-5-(-)-(1-octenyl)-
oxacyclopentan-2-one was replaced by (R)-japonilure. Cap-
ture data were transformed to log (x + 1) before differences
among means were tested for significance byANOVAwith JMP
software, Version 2 (SAS Institute, Cary, NC). Treatments
followed by the same letters are not significantly different at
the 5% level in the Tukey-Kramer honestly significant differ-
ence test.

RESULTS AND DISCUSSION
Utilizing male antenna of A. osakana as the sensing element,
the GC-EAD profile of the airborne volatiles of females
showed the occurrence of a single EAD-active peak at 16.46
min, which was almost undetected by the flame ionization
detector (Fig. 1).
By GC-MS, this compound was found to be indistinguish-

able from (R, Z)-5-(1-decenyl)oxacyclopentan-2-one [(R)-
japonilure]. However, in a laboratory bioassay, males did not
show any behavioral response to synthetic (R)-japonilure. This
dilemma was solved when it was determined that males were
highly attracted to the (S)-enantiomer of this lactone (Fig. 24),
whereas the (R)-stereoisomer was found to be a behavioral
antagonist (Fig. 2B).
Chromatography of the isolated natural product on a chiral

capillary column, Chiraldex GTA, revealed that females pro-
duce only the (S)-enantiomer. The natural product gave the
same retention time (18.2 min) as the synthetic (S)-
stereoisomer [the (R)-enantiomer appeared at 15.1 min].
Fortunately, the phthalate ester contaminant did not interfere
with the stereochemistry assignment.

Field tests showed that catches of males in sticky traps baited
with the (S)-stereoisomer were completely inhibited by the
addition of only 5% of the (R)-enantiomer. Response to the
(R)-enantiomer alone did not differ significantly from that of
unbaited control traps (Fig. 3).

It has been demonstrated by single cell recording experi-
ments that pheromone-specific receptors in scarab beetles
respond only to the naturally occurring enantiomer of the
relevant pheromone, and that the nonnatural stereoisomer
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remained undetected by these receptors (8). The existence of
putative receptors specific to the nonnatural enantiomer has
been suggested by the fact that electroantennogram (EAG)
responses (summed recording of the activity of many recep-
tors) are elicited by the nonnatural pheromone. However, in
EAG experiments alone there is an element of ambiguity
resulting from the fact that no synthetic chiral compound is
100% enantiomerically pure. Japonilure, for example, has not
been obtained in optical purity higher than 99%; such a
sample, when submitted to an antennal preparation, may
stimulate receptors tuned to the minor antipode, if they exist.
One way to expose an antenna to one enantiomer completely
devoid of its antipode is by use of a recently developed chiral
GC-EAD system (7), which takes advantage of the power of
chiral resolution to generate highly purified enantiomers in the
gas phase. In chiral GC-EAD, male antennae of both the
Japanese and Osaka beetles responded to the two enantiomers
of japonilure with peaks of different intensities but similar
shapes (Fig. 4). If the behavioral antagonist were merely a
mimic of the agonist, peaks of different shapes would be
expected due to the different affinities that the two ligands
would be expected to have for the pheromone-binding protein
[for a comparison, see the response of Supella longipalpa to its
natural sex pheromone, (R R)-supellapyrone and to an
epimeric mimic, the (S, R)-stereoisomer (7)]. These findings
suggest that male antennae of the Osaka and Japanese beetles
have different receptors tuned to each stereoisomer. It is worth
noting that males of the two species responded more strongly
to the stereoisomer produced by conspecific females (Fig. 4).

It is not known how these two species, which share a
common habitat in Japan, have evolved to produce a single-
enantiomer pheromonal system and have receptors tuned to
both stereoisomers. Clearly, males would benefit from adap-
tations that help to avoid wasting mating effort pursuing
females of the wrong species. Inhibition by the other species'
pheromone, whether it is an enantiomer or even a different
molecular structure, would be a likely solution to this problem.
As a matter of fact, I have evidence that the sex pheromone of
one scarab beetle species elicits a negative behavioral response
in allospecific receivers. Such is the case with the soybean
beetle, A. rufocuprea, that co-occurs with the cupreous chafer,
Anomala cuprea, and the Japanese beetle, P. japonica. Field
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FIG. 1. Parallel flame ionization detector and EAD chromatograms obtained from airborne volatiles of A. osakana females (1 female-

equivalent/day) separated on an HP-5MS capillary column. A male antenna was used as the sensing element. The expanded area of the EAD-active
peak is displayed on the top of the figure.
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FIG. 2. Male average (n = 5) responses (gathering on the source and tentative copulation) in a laboratory bioassay. (A) Comparative responses
of (S)-, (R)-japonilure and control. (B) Effect of the addition of 10% of the (R)-enantiomer on the activity of the (S)-stereoisomer.

experiments showed that the captures of A. rufocuprea males
in traps baited with its synthetic sex pheromone (identified in
ref. 9), methyl (Z)-5-tetradecenoate (34.3 ± 16.6 beetles per
trap per day), were dramatically higher than catches in traps
baited with a combination of its pheromone plus (R, Z)-5-(-)-
(1-octenyl)oxacyclopentan-2-one, the major constituent of A.
cuprea sex pheromone system (1 ± 0.9 males per trap per day)
(10). Also, I observed that (R)-japonilure blocked male re-
sponse in the soybean beetle.

It is also possible that there may have been selection
pressure on females of an ancestral species to shut off the
production of one enantiomer that would attract males of the
wrong species and the present behavioral antagonism is a
remnant of a past interaction. Evidence has been found in
moths suggesting that a component that at one time could have
been part of a pheromone blend has switched from agonist to
behavioral antagonist (11). Also, species that can produce a
specific mixture of enantiomers have been previously found
among moths (12-14) and bark beetles (15). However, there is
sometimes a lack of receptors tuned to one of the enantiomers
(12, 13) and only one of the antipodes is behavioral antagonist
to allospecific receivers. By contrast, the Osaka and the
Japanese beetle have receptors tuned to both stereoisomers,
each species produces only one enantiomer and is inhibited by
minute amounts of its antipode.
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FIG. 3. Catches of A. osakana males in traps baited with enantio-
merically pure (S)-japonilure. Responses to the (R)-stereoisomer and
to the (S)-enantiomer contaminated with its antipode (5%) were not
significantly different from the control.

From an anthropomorphic perspective, stereochemical dis-
crimination may be considered the ultimate refinement in
chemical communication (for a review, see ref. 16). The case
of the Osaka and Japanese beetles is the first one where its
importance in a reciprocal behavioral agonist-antagonist con-
text is clearly demonstrated. Nevertheless, there is evidence in
the literature to suggest that this phenomenon may occur in
other species of Coleoptera (17-19) and Lepidoptera (20). The
pheromone of the Western corn rootworm, Diabrotica virgi-
fera, has been identified as 8-methyl-2-decyl propanoate (17).
When the four possible stereoisomers were tested in the field,
it was observed that Diabrotica barberi was attracted to the (2R,
8R)-isomer and inhibited by the (2S, 8R) (18), while Diabrotica
longicornis was attracted by the (2S, 8R)- and inhibited by the
(2R, 8R)-stereoisomer (19). However, the natural pheromones
of the latter two species have never been isolated and char-
acterized. On the other hand, enantiomers of (3Z, 9Z)-cis-6,7-
epoxynonadecadiene have been identified as one of the sex
pheromone constituents of two moth species, Colotoispennaria
and Erannis defoliaria (20). The addition of the antipode in
equal proportion to the naturally occurring enantiomer de-
creased, but did not completely inhibit male response to the
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FIG. 4. Enantiomeric resolution of (R)- and (S)-japonilure on a
chiral capillary column (a). Parallel EAD responses of male antennae
of A. osakana (b) and P. japonica (c) to the two enantiomers.
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enantiomer produced by conspecific females. This is probably
due to the fact that in these species, the chiral compound is just
one constituent of a multicomponent pheromone system.
Thus, an antipode antagonist effect might be better tolerated
than in a single-constituent sex pheromone system.
Although the agonist and antagonist roles of enantiomers in

the Osaka and Japanese beetles provides a species-specific
chemical signal with the use of a single chiral structure,
temporal isolation also plays an important role in partitioning
the sexual communication channel between these species. The
Japanese and Osaka beetles share the same habitats in parts of
the mainland of the Japanese archipelago, but the flight
activity of the latter species occurs primarily during the hour
after sunset whereas the former is active mainly during daylight
hours.
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