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Abstract Gilbert (1976) suggested that male-contributed
odors of mated females of Heliconius erato could enforce
monogamy. We investigated the pheromone system of a
relative, Heliconius melpomene, using chemical analysis,
behavioral experiments, and feeding experiments with labeled
biosynthetic pheromone precursors. The abdominal scent
glands of males contained a complex odor bouquet, consist-
ing of the volatile compound (E)-β-ocimene together with
some trace components and a less volatile matrix made up
predominately of esters of common C16- and C18-fatty acids
with the alcohols ethanol, 2-propanol, 1-butanol, isobutanol,
1-hexanol, and (Z)-3-hexenol. This bouquet is formed during
the first days after eclosion, and transferred during copulation
to the females. Virgin female scent glands do not contain
these compounds. The transfer of ocimene and the esters was
shown by analysis of butterflies of both sexes before and after
copulation. Additional proof was obtained by males fed with
labeled D-13C6– glucose. They produced 13C-labeled ocimene
and transferred it to females during copulation. Behavioral
tests with ocimene applied to unmated females showed its
repellency to males. The esters did not show such activity, but

they moderated the evaporation rate of ocimene. Our
investigation showed that β-ocimene is an antiaphrodisiac
pheromone of H. melpomene.
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Introduction

Male insects may use morphological, behavioral, or
physiological adaptations that reduce the probability of
female remating (Simmons 2001; Wedell 2005). One of
these adaptations consists of male pheromones, transferred
during mating, that make mated females repellent to
subsequent males (Happ 1969; Gilbert 1976; Kukuk 1985;
Andersson et al. 2000). These pheromones, known as
antiaphrodisiacs (Happ 1969), confer direct selective
advantage for the donor male by reducing sperm competi-
tion. However, there are also indirect advantages for other
males and the females themselves, as courtship behavior
and male harassment may result in reduced longevity and
increased predation risk (Thornhill and Alcock 1983; Cook
et al. 1994; Clutton-Block and Langley 1997; Bateman et
al. 2006). Although antiaphrodisiac pheromones have been
found in a wide range of insects, such as mealworm beetles,
sweat bees, fruit flies, and butterflies (Happ 1969; Gilbert
1976; Kukuk 1985; Scott 1986), the chemical structures
have been identified only for few species (Scott 1986;
Andersson et al. 2000, 2003).

In butterflies, antiaphrodisiac pheromones were first
found in the genus Heliconius (Lepidoptera: Nymphalidae).
Gilbert (1976) suggested that the strong odor of H. erato
mated females could inhibit further mating. He concluded
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that the odor would repel courting males, as males waiting
on female pupae rapidly left when exposed to the abdomen
of mated females. All species of Heliconius and related
genera, when handled, release strong odors that can be
detected by humans (Eltringham 1925). These are produced
in glands located in the last abdominal segments on both
sexes. In females, it is a large yellow gland, which, when
extruded, exposes a pair of club-shaped structures that
probably serve to distribute the volatiles. Male glands, on
the other hand, are located inside the two highly chitinized
claspers that grasp the female abdomen during copulation
(Eltringham 1925; Emsley 1963; Simonsen 2006).

In addition to their possible role in sexual communica-
tion, odors from abdominal glands may serve as warning
signals about the toxicity of these butterflies (Eltringham
1925). Fritz Müller described the odors as strong and
nauseous, and suggested they are also distasteful to enemies
because they are released only after handling the butterflies
(Eltringham 1925). The major volatile released from the
abdominal scent glands of males and females of the
heliconiine Agraulis vanillae is 6-methyl-5-hepten-2-one
(Ross et al. 2001). The authors proposed that this ketone
has a protective function, as it is a known defensive
allomone of ants and cockroaches (Tomalsky et al. 1987;
Ross et al. 2001). Their conclusions were based on
observations of bird predation, but their experiments did
not discriminate between protection due to gland constitu-
ents and those resulting from the wing warning coloration
and toxicity (Nahrstedt and Davis 1983, 1985; Engler-
Chaouat and Gilbert 2007). The idea of a male antiaphro-
disiac, already reported in pierid butterflies and Heliconius
(Gilbert 1976; Andersson et al. 2000, 2003), was not
discussed by Ross et al. (2001).

Although Heliconius butterflies have been extensively
studied and their characteristic odors described subjectively
more than one century ago, few attempts have been made to
elucidate their function and chemical composition (Eltringham
1925; Gilbert 1976; Miyakado et al. 1989; Ross et al. 2001).
Here, we report work on the chemical composition of
abdominal scent glands of H. melpomene and their role as
an antiaphrodisiac pheromone. We show that the chemicals
from abdominal scent glands are synthesized by the males

only, are transferred to the females during copulation, and
repel other courting males from mated females.

Methods and Materials

Chemicals Ocimene was prepared according to the method
of Matsushita and Negishi (1982), resulting in a 7:3 mixture
of (Z)- and (E)-ocimene. The amount of the (E)-isomer was
increased to a 4:6 Z/E ratio by argentation-chromatography
with AgNO3-treated silica (Williams and Mander 2001).
We were unable to obtain a higher ratio, as no convenient
and reproducible synthetic route to pure (E)-ocimene
currently exists.

The ester mixture was prepared in a combinatorial way
by using a mixture of fatty acids (ratios, see Table 1). The
acids were converted into their acid chlorides by reaction
with oxalyl chloride (Drutu et al. 2001). The acid chloride
mixture was treated with an equimolar amount of an
alcohol mixture (ratios, see Table 1) according to standard
methods (Franklin et al. 2003). This ensured that every acid
present in the mixture was esterified with each alcohol,
resulting in a mixture of 25 esters. The analysis of the
purified reaction product revealed that this ester mixture
(hereafter called esters) was similar in composition and
relative abundance of each component to the ester bouquet
produced by male H. melpomene.

Analytical Procedures Chemical analyses were carried out
on individual butterflies from a colony of H. melpomene
rosina held in a greenhouse at Freiburg (Germany). The
culture, originating from butterflies collected in Corcovado,
Osa Peninsula, Costa Rica, was reared for about five
generations with Passiflora caerulea as host plant and
Lantana camara as source of pollen. The butterflies also
had access to sucrose solution supplemented with pollen.
Additional samples were obtained by a colony of H.
melpomene rosina held at the University of Texas at
Austin, originating from individuals brought from Costa
Rica. They were reared in greenhouses at about 32°C and
high humidity (>80%). Butterflies had access to P. oerstedi
(larval host plant), sugar, and honey water, and sources of

Table 1 Relative proportion of acids and alcohols used in the synthesis of the ester mixture used in bioassays

Acid Percent Alcohol Percent

Palmitic 5 2-propanol 8
Stearic 5 Isobutanol 17
Oleic 68 1-Butanol 18
Linoleic 13 1-Hexanol 52
Linolenic 9 (Z)-3-Hexenol 5

This mixture has similar composition and relative abundance to that produced by male H. melpomene butterflies.
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pollen from Psiguria sp., Psychotria poeppigiana and L.
camara flowers.

Butterflies were analyzed individually. The extracts were
prepared either immediately after emergence from pupae or
5 d later. Some 5-d-old males were allowed to mate, and
their glands were analyzed either directly after copulation
or 3 d later.

Claspers of males and the last abdominal segment of
females were dissected from bodies of freshly killed
butterflies and placed individually in vials with approxi-
mately 100 μl of pentane. The lower tips of the abdomens
were also cut and stored in vials with pentane. Analyses of
the latter served to identify compounds found in tissues
surrounding scent glands. Samples were kept at −70°C until
analyzed.

Gas chromatography and mass spectrometry (GC-MS)
of pentane extracts were performed with a Hewlett-Packard
model 5973 mass selective detector connected to a Hewlett-
Packard model 6890 gas chromatograph with a BPX5-fused
silica capillary column (SGE, 30 m×0.25 mm, 0.25-μm
film thickness). Injection was performed in splitless mode
(250°C injector temperature) with helium as the carrier gas
(constant flow of 1 ml/min). The temperature program
started at 50°C, was held for 1 min, and then rose to 320°C
with a heating rate of 5°C/min. All compounds were
identified by comparison of the mass spectra and retention
times with those of authentic reference samples in the
different compound classes as well as by analysis of mass
spectral fragmentation patterns.

The quantification of individual components was diffi-
cult because of many overlapping peaks, therefore peak

areas of several compound classes were combined, and the
sum of this area determined against an internal standard
(hecadecanenitril). Results in Table 3 show individual
variation of the scent gland composition. These data and
results of the analysis of additional individuals were
combined to examine the proportion of compounds trans-
ferred during copulation (Fig. 3).

Odors released by mated females or females of treatment
3 (see below) were analyzed by using headspace Solid

Fig. 1 Gas chromatogram of an extract of the scent glands of virgin females (a), mated females (b), and males (c) of Heliconius melpomene. a:
(Z)-β-ocimene, b: (E)-β-ocimene, c: fatty acids, d: esters, x: internal standard (nonane)
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Fig. 2 Representative compounds identified in scent glands of H.
melpomene. (E)-β-Ocimene (1), 3-isopropyl-2-methoxypyrazine (2),
guaiacol (3), macrolides (4 and 5), fatty acid esters (6 to 11)

84 J Chem Ecol (2008) 34:82–93



Table 2 Compounds identified in scent glands of Heliconius melpomenea

Compound males mated females unmated females

Alcohols
Hexanol +
(Z)-3-Hexenol +
Terpenes
(E)-β-Ocimene (1) +++ ++
(Z)-β-Ocimene + +
Alloocimene +
Myrcene +
β-Cyclocitral +
(E,E)-α-Farnesene +
Squalene + +
Aromatic compounds
Guaiacol (3) + + +
Methyl salicylate + +
3-Isopropyl-2-methoxypyrazine (2) +
3-sec-Butyl-2-methoxypyrazine + +
3-Isobutyl-2-methoxypyrazine + +
Macrolides
11-Dodecanolide +
12-Dodecanolide +
14-Tetradecanolide +
15-Hexadecanolide + +
16-Hexadecanolide +
17-Octadecanolide +
18-Octadecanolide +
18-Octadecenolide +
18-Octadecadienolide +
20-Icosanolide +
Esters of fatty acids
Ethyl hexadecanoate + +
Ethyl hexadecenoate + +
Ethyl octadecanoate + +
Ethyl octadecenoate + +
Ethyl octadecadienoate + +
Ethyl octadecatrienoate + +
Isopropyl hexadecanoate + +
Isopropyl octadecanoate + +
Isopropyl octadecenoate ++ +
Isopropyl octadecadienoate + +
Isopropyl octadecatrienoate + +
Butyl hexadecanoate + +
Butyl octadecanoate + +
Butyl octadecenoate ++ +
Butyl octadecadienoate + +
Butyl octadecatrienoate + +
Isobutyl hexadecanoate + +
Isobutyl octadecanoate + +
Isobutyl octadecenoate ++ +
Isobutyl octadecadienoate + +
Isobutyl octadecatrienoate + +
Hexyl hexadecanoate ++ +
Hexyl octadecanoate + +
Hexyl octadecenoate +++ +
Hexyl octadecadienoate + +
Hexyl octadecatrienoate + +
(Z)-3-Hexenyl hexadecanoate ++ +
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Table 2 (continued)

Compound males mated females unmated females

(Z)-3-Hexenyl octadecanoate + +
(Z)-3-Hexenyl octadecenoate +++ +
(Z)-3-Hexenyl octadecadienoate + +
(Z)-3-Hexenyl octadecatrienoate + +
Alkanes
Hexadecane +
Heptadecane +
Octadecane +
Nonadecane +
Icosane +
Henicosane +++ ++
Henicosene ++ +
Docosane +
Tricosane + +
Tricosene + +
11-Methyltricosane + +
Pentacosane + +
11-Methylpentacosane + +
13-Methylpentacosane + +
Hexacosane + +
13-Methylhexacosane + +
Heptacosane + +
13-Methylheptacosane + +
Nonacosane + +
11-Methylnonacosane + +
13-Methylnonacosane + +
15-Methylnonacosane + +
11,15-Dimethylnonacosane + +
13,17-Dimethylhentriacontane + +
13,19-Dimethyltritriacontane + +
Ketones
2-Henicosanone + +
2-Tricosanone + +
Fatty acids
Nonanoic acid +
Decanoic acid +
Dodecanoic acid + + +
Tetradecanoic acid + + +
Pentadecanoic acid + + +
Pentadecenoic acid + +
Hexadecanoic acid +++ +++ +++
Hexadecenoic acid + ++ +
Heptadecanoic acid + +
Heptadecenoic acid + +
Octadecanoic acid ++ ++ ++
Octadecenoic acid +++ +++ +++
Octadecadienoic acid +++ ++ ++
Octadecatrienoic acid +++ ++ ++
Nonadecenoic acid + +
Nonadecadienoic acid + +
Eicosanoic acid + + +
Docosanoic acid + + +
Tetracosanoic acid + +
Dialkyltetrahydrofurans
5-Nonyl-2-octadecyltetrahydrofuran +
2-Eicosyl-5-heptyltetrahydrofuran +
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Phase Microextraction (SPME) with a 65-μm polydime-
thylsiloxane/divinylbenzene (PDMS/DVB) fiber (Supelco)
for 5 min. Analysis was performed with a Finnigan Q-GC
gas chromatograph with a DB5-MS-fused silica capillary
column (13 m×0.32 mm, 0.25-μm film thickness) coupled
to a GCQ Polaris mass spectrometer. Splitless injection at
250°C was used with a temperature program rising from

60°C to 220°C, with heating rate of 10°C/min. Carrier gas
was helium at a pressure of 4 psi.

Feeding Experiments Feeding experiments were carried out
at the University of Texas at Austin. Freshly eclosed males
were fed daily with isotopically labeled compounds of any
of three potential biosynthetic precursors of ocimene:

Table 2 (continued)

Compound males mated females unmated females

2-Nonadecyl-5-nonyltetrahydrofuran +
2-Eicosyl-5-nonyltetrahydrofuran +
Steroids
Cholesterol + +

a +++: >20% of largest peak area; ++: <20% >3% of largest peak area; +: <3% of largest peak area.

Table 3 Quantitative composition of the scent gland of selected Heliconius melpomene individuals (μg/individual)a

Butterfly 1 18-i3 18-i4 18-4 16-6 18-6 C-21 C-25 Squ

Males, freshly emerged
334A + +
334B + +
334C + + 0.07 + + 0.09
334D 0.02 0.02 + 0.14 0.11 0.03 0.21
334E 0.12 + 0.11
Males, 5 days unmated
331 18.35 0.06 0.12 0.14 0.09 1.04 0.35 0.05 0.06
331A 0.30 0.13 0.18 0.24 0.14 1.37 1.15 0.15 0.20
331B 23.97 0.09 0.19 0.22 + 0.81 0.33 0.05 +
331C 16.18 + 0.03 0.02 + 0.20 0.13 + +
331D 11.87 0.04 0.08 0.12 + 0.48 0.27 0.08 0.03
Males, shortly after mating
335 17.41 0.06 0.18 0.22 0.13 0.95 0.45 0.08 0.13
335A 9.58 0.06 0.12 0.13 0.06 1.07 0.53 0.13 0.10
Males, 3 days after mating
336A 35.27 0.27 0.67 0.50 0.08 2.35 0.71 0.13 0.69
336B 63.61 0.75 1.64 2.17 0.32 3.37 1.51 0.37 0.51
336C 12.76 0.10 0.34 0.37 0.05 1.27 0.28 0.07 0.38
Females, freshly hatched
332A + +
332B + 0.73
333 + +
Females, 5 days unmated
337A + +
337B 0.07 0.27
337C + 1.13
Females, directly after mating
338 0.02 0.04 + + 0.37
338A + 0.01 0.02 0.09 0.01 0.05 0.04
Females, 3 days after mating
339A + + + + + 0.08 + + 0.15
339B 1.66 0.01 0.03 0.02 0.01 0.22 0.05 0.04 0.04

a18-i3: Isopropyl esters of different saturated and unsaturated C18-acids; 18-i4: respective isobutyl esters; 18-4: respective butyl esters; 16-6: hexyl
and (Z)-3-hexenyl esters of different saturated and unsaturated C16-acids; 18-6: respective esters of different saturated and unsaturated C18-acids;
C-21: Henicosane; C-25: Pentacosane; Squ: Squalene; +: trace component (<0.01 μg).
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25 mg of 99% D-13C6-glucose, 5 mg of 99% 13C2-sodium
acetate, and 10 mg of 4,4,6,6,6-D5-mevalolactone
(Dickschat et al. 2005), all in 5 ml of honey water. Each
group of males was enclosed in a 2×2×2 m insectary with
access to sugar water and one of the feeding mixtures added
to an artificial flower. Males were also fed by gently
holding the butterfly and placing drops of solution directly
onto the proboscis with a syringe until satiation (ca. 25 μl).
This was done daily during 10 d or more, until they mated
to a virgin female. After mating, terminal abdominal
segments of both sexes containing putative pheromone
glands were dissected and analyzed by GC-MS as described
in the analytical procedures.

Behavioral Bioassays The experiment were also conducted
in greenhouses at the University of Texas at Austin.
Abdomens of 1- to 5-d-old virgin females were painted
with 2 μl of one of three chemical mixtures: (1) analytical
grade hexane used as control; (2) a 1:1 solution of the
synthetic ester mixture (Table 1) and hexane (1 mg/
individual of ester mixture); and (3) a 0.1:1:1 solution of
6:4 (E/Z)-β-ocimene, ester mixture, and hexane (100 μg/
individual of β-ocimene).

Males, randomly chosen from a population held in a
separate greenhouse and never exposed to females, were
tested individually for their behavior in the presence of
treated virgin females. Only males more than 3 d old were
used in the experiments. Each test consisted of two phases.
The male was first exposed to a virgin female for 10 min,
during which time the number and duration of courtship
bouts were recorded. Once the male grasped the female
abdomen with his claspers, the couple was immediately
separated, and the male was allowed to rest for 10 min. The
immediate separation after males initiated copulation

assured that there was no transfer of spermatophore or
scents from males. The aim of this phase was to verify the
sexual receptivity of both butterflies; therefore, only males
that succeeded on grasping female abdomens were used in
the second phase of the test. In the second phase, the same
female was transferred back to the male insectary after
applying on the top of her abdomen 2 μl of one of the test
solutions. Here, number and duration of courtship bouts
were measured for 10 min or until the male grasped the
female’s abdomen again. A total of 30 test were carried out,
10 for each treatment of virgin females. Females were used
once and 4 out of 26 males were used in more than one test.
Whenever males were reused, tests were done at least 2 d
apart, and different chemical mixtures were used in the
experimental phase.

We tested whether the proportion of matings in experi-
ments done with females painted with test mixtures that
contained possible repellents was lower than those with
control females by using Fisher’s exact test (Sokal and
Rohlf 1969). Mean courtship events and courtship times
between the two phases of tests were compared with a
nonparametric Wilcoxon Matched Pairs Test. We also
compared these variables between experiments with
females painted either control or test mixtures using
nonparametric Mann–Whitney U Tests (STATISTICA for
Windows 1999).

Results

Chemical Analyses The GC-MS analyses of abdominal
gland extracts of males showed a bouquet made up of more
than 100 components belonging to different chemical
classes (Figs. 1 and 2, Table 2). The extracts of mated
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females showed a similar chemical composition, albeit in
lower concentrations (Fig. 1, Table 2), whereas those of
unmated female glands exhibited a markedly reduced
composition (Fig. 1, Table 2). It is clear from the total ion
chromatogram (TIC, Fig. 1) that the male blend consisted
of early and late eluting parts. The early eluting compounds
are made up of several volatile components clustered in the
TIC mostly around the major constituent, (E)-β-ocimene
(1). Minor amounts of the terpenes (Z)-β-ocimene, allo-
ocimene, β-cyclocitral, (E,E)-α-farnesene, and traces of the
alcohols hexanol and (Z)-3-hexenol were detected. Addi-
tional trace compounds include three pyrazines (e.g., 2), as
well as guaiacol (3).

The later eluting (and thus higher boiling) fraction was
dominated by a complex ester mixture (Table 2) of common
C16- and C18-fatty acids with the alcohols tabulated in
Table 1 (6–11). A range of macrolides derived from a
bishomolog series of C12- to C20-acids, oxidized at the ω or
ω-1 position, were also present in trace amounts (4 and 5).
Along with esters, this fraction also contained typical
cuticular components of insects as unbranched and meth-
yl-branched alkanes, together with small amounts of 2,5-
dialkyltetrahydrofurans (Schulz et al. 1998). The fatty acid
content was variable (ranging from major to minor
constituents of the bouquet). However, analyses of abdom-
inal samples without the scent glands showed that fatty
acids, alkanes, cholesterol, squalene, and dialkyltetrahydro-
furans are not specific to the scent glands, so their presence
probably reflects more the quality of the sample preparation
than the physiological state of an individual. Consequently,
we excluded these compounds from the bioassays. The
composition of the male scent glands was remarkably
similar among individual butterflies raised at the different
locations and on different host plants, showing only slight
variations in the trace components and the proportions of
esters and alkanes.

An obvious difference between the two parts of the
blend is volatility. The calculated vapor pressure of 1, the
most prominent volatile component, is 1.56 Torr, whereas a
major late eluting compound, hexyl octadecenoate, has a
value of 4.94×10-8 Torr. One of the earliest eluting, and
thus more volatile esters, ethyl hexadecanoate, has a value
of 7.63×10−5 Torr (Scifinder database, ACS 2007). We,
therefore, designate the ester part of the mixture as a matrix.
Furthermore, because of their vapor pressures, macrolides,
alkanes, tetrahydrofuranes, ketones, fatty acids, and cho-
lesterol were all considered to belong to the matrix.

Abdominal glands from individuals of different age were
also analyzed (Table 3). Freshly emerged males and females
lacked volatile compounds, except for small amounts of
guaiacol (3) in their scent glands. The only other compounds
identified were the common C16- and C18-fatty acids
together with hydrocarbons, cholesterol, and squalene, which

are not gland-specific compounds. Five days after eclosion,
males had developed the whole bouquet of compounds with
1 reaching up to 75 μg/individual. In males, bouquets before
and after mating did not change significantly. Unmated
females only produced 3, but had a bouquet similar to that of
males after mating. Even 3 d after mating, bouquet
components were detectable. A quantitative analysis of a
limited number of individual butterflies is found in Table 3.
Occurrence of 1 and the esters in individuals of different
physiological state is shown in Fig. 3.

Feeding Experiments with Labeled Percursors Deuterated
mevalolactone, often incorporated by plants and bacteria
into terpenes, was incorporated into 1 in males, but at a low
rate (0.5%). 13C-labeled acetate also gave low incorporation
into 1, but proved to be toxic, and surviving males did not
mate. The best results were obtained by using uniformly
labeled U-13C-glucose. Glucose can be converted by
butterflies into doubly labeled acetate via the citric acid
cycle. This acetate can enter the mevalonate pathway of
terpene synthesis. Together with two additional unlabeled
acetate units, present in excess in experimental butterflies, it
is transformed into isopentenyl pyrophosphate building
blocks that contain one or two 13C-atoms. This labeling
pattern is expected because one carbon from the three
acetate units is lost during this process, being either a 12C-
or 13C-atom (Cane 1999). Indeed, 1 labeled with one or two
13C-atoms was observed in the experiments. The possibility
of glucose entering into terpene biosynthesis by the novel
desoxyxylulose pathway (Eisenreich et al. 2004) was
tested, but there was no evidence that this occurred.

The incorporation rate was determined by the relative
abundance of the ions m/z 136/137/138 and m/z 93/94/95 in
the mass spectrum of 1, taking into account the natural
abundance of 13C (Fig. 4). The obtained values of 6 to 10%
showed that males indeed biosynthesized 1 de novo.
Females contained labeled 1 after mating with U-13C-
glucose fed males. Labeled esters, hydrocarbons, and
tetrahydrofurans were also found in those females. These
findings confirm that not only 1, but also the esters and
hydrocarbons, are transferred from males to females during
mating.

Laboratory Bioassays In preliminary tests, β-ocimene
showed a repellent effect on males, but its effect vanished
quickly. We, therefore, choose to test this compound in
combination with an artificial mixture of esters, similar in
proportion to those found in the abdominal scent glands.
Our assumption was that the esters might serve as a matrix,
reducing the rate of evaporation of β-ocimene, so that the
signal would stay longer on the females. We used the
synthetic ester mixture because the esters are the most
important compound class of the low boiling constituents of
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the secretion. The other compounds were present only in
low concentration or were part of the cuticule, as stated
above. The odor emitted from females painted with the β-
ocimene/ester solution was similar to the odor sampled
from recently mated females when compared by GC-MS.

Males did not significantly change their behaviors toward
females painted with hexane (control) as neither the mean
number of courtship bouts (Z=1.069, P=0.285, Wilcoxon
matched pair test, N=10) nor the mean courtship duration
(Z=0.815, P=0.451, Wilcoxon matched pair test, N=10)
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differed in the two experimental phases. Moreover, in 8 out of
10 tests males initiated copulation by grasping female
abdomens after hexane was added to their abdomens.

Similarly, the ester mixture alone did not make females
less attractive to courting males, as courtships were as long
as those directed to control females (Mann–Whitney Test,
P=0.705, N=10, Fig. 5). Furthermore, 70% of the couples
engaged in copulation after painting females with esters, a
percentage comparable to the one observed in control
experiments (Fisher’s exact test, P=1, N=10). Male
behavior toward control or ester-painted females was
similar to that observed in the first experimental phase. In
all cases, males quickly approached and courted females,
and in more than 90% of these tests, they grasped female
abdomens within the first 2 min of the experiment.

In contrast to esters, β-ocimene strongly reduced female
attractiveness. Although males exposed to females with β-
ocimene plus esters quickly and repeatedly approached
them, they courted them only for a few seconds and then
left. The courtship duration was in average significantly
shorter than in control experiments (Mann–Whitney Test,
P=0.002, N=10, Fig. 5). In addition, only one of the 10
couples engaged in copulation in the second experimental
phase, a lower proportion compared to that in control tests
(Fisher’s exact test, P=0.006, N=10).

Discussion

Our results show that male H. melpomene produce a
complex odor profile that consists of volatile components
as 1, and a matrix of low-boiling-point components
dominated by esters and hydrocarbons. This mixture is
transferred to females during copulation, and the volatile
component β-ocimene (1) makes females unattractive to
courting males. As both ocimene isomers occur naturally
and our synthetic sample also contained both, we cannot
determine their relative strengths as repellents at this time.
However, the prevalence of the (E)-isomer suggests this
isomer to be active. The semivolatile ester matrix does not
repel males, but in our experiments it reduced the
evaporation rate of the ocimene, thus suggesting that this
could be, at least in part, its function in female glands.
Because the abdominal scent glands in this butterfly
produce a bouquet that contains many different compounds,
the possibility that other constituents of the scent gland also
have antiaphrodisiac activity cannot be excluded. Such
components might also provide other kinds of information
to conspecifics, as in insects, even trace compounds of
extracts can be important cues (e.g., Danci et al. 2006).

Interestingly, (E)-β-ocimene is one of the most promi-
nent plant semiochemicals. It is commonly released by

leaves in response to insect feeding or by flowers to attract
pollinators (Pare and Tumlinson 1999; Andersson et al.
2002). Although the presence of this volatile has not been
investigated in natural host plants or preferred pollen
sources of H. melpomene (Boggs et al. 1981; Estrada and
Jiggins 2002), 1 has been found in larval and adult host
plants that are common in disturbed areas or that are
frequently used to keep these butterflies in captivity, e.g. L.
camara and P. caerulea (Piel et al. 1998; Andersson et al.
2002; Andersson and Dobson 2003b). Therefore, even if
our experiments with labeled precursors show that H.
melpomene has the capacity to synthesize 1 de novo, the
additional contribution of 1 obtained from flowers or larval
host plants cannot be ruled out.

Andersson and Dobson (2003a) showed that male and
female H. melpomene antennae detect 1 and, in combina-
tion with other flower volatiles and color cues, was
attractive to both sexes of butterflies. Taking into account
the acute vision of Heliconius (Swihart 1972; Stavenga
2002; Zaccardi et al. 2006), the attractive or repellent
activity of 1 might be explained by context specificity. In
combination with other flower volatiles and visual flower
cues, ocimene might be attractive, whereas with other
conspecific gland constituents and visual signals, 1 could
be repellent. This model points to further functions of the
other male bouquet components besides the matrix effect
discussed above. It also supports the observation that the
antiaphrodisiac acts only over a short range.

Male behavior of H. melpomene toward mated females
was similar to that described for pierid butterflies
(Andersson et al. 2000) and Drosophila melanogaster
(Scott 1986). Males approach mated females as often as
unmated ones, clearly attracted by visual cues (Jiggins et al.
2004). When males come into close range to the mated
females, the latter take mate-refusal posture by exposing
their scent glands and release previously transferred
compounds. Males immediately leave, so they spend less
time courting mated than virgin females. In Heliconius,
wing color patterns of females and males are identical, and
males are visually attracted to both sexes. Males also
release β-ocimene from their genitalia (claspers, unpub-
lished data), which might serve for recognition of males and
terminate male–male encounters. Therefore, it does appear
that the antiaphrodisiac(s) of H. melpomene make mated
females unattractive because they smell like males, as
suggested earlier in Heliconius (Gilbert 1976) and found in
Pieris brassicae and D. melanogaster (Scott 1986;
Andersson et al. 2003).

Although antiaphrodisiac pheromones have been found in
other groups of butterflies (Andersson et al. 2003), only the
females of the Heliconiinae expose abdominal scent glands
when they are courted or disturbed (Emsley 1963). This
suggests that these odor mixtures might serve both as
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antiaphrodisiac and protection. In fact, defense mechanism
and sexual communication are tightly linked in unpalatable
butterflies and moths (Boppré 1978, 1984; Weller et al. 1999;
Conner et al. 2000; Schulz et al. 2004). The Lepidopteran
scent glands studied so far show that the bouquets contain
many different compounds (Miyakado et al. 1989; Ross et
al. 2001; Schulz et al. 2007). Hence, it is possible that such
odors provide conspecifics and predators with information.
For example, the odor bouquet of H. melpomene contains
three pyrazines, e.g., 3-isopropyl-2-methoxypyrazine (2),
which are general warning odors of chemically defended
insects and deter rats and birds (Kaye et al. 1989; Moore et
al. 1990; Lindström et al. 2001). Unpalatable insects often
use combinations of warning signals that target different
sensory modalities (Lindström et al. 2001; Jetz et al. 2001).
There is no evidence, other than the response to rough
handling, that Heliconius females expose glands during
attacks by predators. However, components in Heliconiinae
odors, together with visual signals from the yellow glands,
could alert, remind, and discourage predators.

Our findings that semiochemicals with evidence of
antiaphrodisiac function are transferred from male to female
H. melpomene support the observations published earlier by
Gilbert (1976) for H. erato. Furthermore, we have similar
results for other Heliconius and two other Heliconiinae in
the genus Argynnis (Schulz, Yildizhan, Boppré, Estrada,
Gilbert, unpublished; Schulz et al. 2007). Although the
composition of these bouquets varies widely, male secre-
tions of most Heliconiinae consists of more volatile
compounds and a complex matrix of semivolatile compo-
nents. This suggests a similar function of the scent glands
in other Heliconiinae.
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