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Abstract The male-specific lipid, cis-vaccenyl acetate
(cVA) has multiple functions in intra-species communi-
cation in Drosophila melanogaster. The presence of cVA
in a male suppresses courtship motivation of other males
and averts male-male courtship. Meanwhile, aggression
behaviors between males are promoted by a high amount
of cVA caused by increased densities of male flies. cVA
also works as a modifier of courtship memory, which is
suppressed courtship motivation driven by previous unsuc-
cessful courtship experience. Conversely, cVA in the
courting male stimulates female reproductive motivation
and increases the probability of copulation success. It also
works as an aggregation pheromone, attracting both males
and females at the gathering spot. Thus, cVA is a unique
example of a single molecule leading to different behav-
iors in response to the social context. However, despite
recent advances in understanding the molecular and neural
machinery for cVA sensing, it is still largely unknown how
cVA triggers a specific behavior as the situation demands.
In this review article, I discuss two potential machineries
that might determine cVA actions for behavior selection at
the sensory level.
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Introduction

Organisms are living under vast amounts of biotic and
abiotic factors in habitats. Among them, they selectively
receive the salient factors and adequately modulate their
behaviors, leading to the gain of their survival and repro-
ductive success. For many animals, olfaction provides
critical information regarding their environmental condi-
tions, e.g., presence of food, danger and potential mates.
Message substances secreted/excreted from an individual
to another conspecific one to change its behavior or physi-
ology are called pheromones (Karlson and Luscher 1959;
Shorey 1973; Wyatt 2003). In the fruit fly, Drosophila mel-
anogaster, the involvement of sex pheromones for social
interaction has been suggested since studies of their repro-
ductive behaviors began (e.g., Sturtevant 1915; Jallon 1984;
Ferveur 2005; Yamamoto et al. 2014). Cis-vaccenyl acetate
(cVA) is a male-specific lipid synthesized in the ejaculatory
bulb (Butterworth 1969; Brieger and Butterworth 1970;
Guiraudie-Capraz et al. 2007) and has multiple functions in
social behaviors including inhibition of male courtship (Jal-
lon et al. 1981), modification of courtship memory (Ejima
et al. 2007), stimulation of male—male aggression (Wang
and Anderson 2010), enhancement of female copulation
receptivity (Kurtovic et al. 2007), and induction of aggrega-
tion behavior (Bartelt et al. 1985). Despite recent advances
in understanding the molecular and neural machinery for
cVA sensing (van der Goes van Naters 2014; Sengupta and
Smith 2014; Bontonou and Wicker-Thomas 2014), how
cVA, which is a single molecule, triggers different behav-
iors is still largely unknown.
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Multiple functions of cVA in chemical
communication

Courtship inhibition

(Butterworth 1969) noticed that there is a unique lipid pre-
sent in the male ejaculatory bulb and in trace amounts in the
female spermathecal region after copulation. It was never
detected in virgin females and he speculated that this lipid
was transferred from the male to the female during copula-
tion, and had some functions for post-mating reactions in
the mated female. Soon after this male-specific lipid was
identified as cVA ((Z2)-11-octadecen-1-yl acetate (Brieger
and Butterworth 1970; Fig. 1). Its biological function, how-
ever, was unclear until Jallon et al. (1981) discovered that
cVA had an anti-aphrodisiac effect. They observed that
either male extract or synthetic cVA inhibited male wing
vibration, which is one of the typical courtship behaviors
(Sturtevant 1915; Spieth 1974; Hall 1994). Application of
cVA also reduced overall courtship activities (Zawistowski
and Richmond 1986; Ejima et al. 2007; Kurtovic et al.
2007) and copulation success (Mane et al. 1983; Zawis-
towski and Richmond 1986). This anti-aphrodisiac effect
of cVA is considered to contribute towards males avoiding
male—male courtship.

During copulation, cVA is transferred from a male
to a female (Jallon et al. 1981; Vander Meer et al. 1986,
Ejima et al. 2007; Everaerts et al. 2010) and reduces the
sexual attractiveness of the mated female (Tompkins and

cVA: cis-vaccenyl acetate

C/18\/\/\_/\/\/\/\/\/O\O‘/

N

i

cVA from distance

%%

aggression(s-d") %" cVAond % aggregation
A % no cVA on ¢

little cVA on ¢

courtship(s)

R
copulation(%) %

UA on courting o

courtship inhibition(s)

mated
female é
e PR

Fig. 1 Multiple functions of cis-vaccenyl acetate. A male-specific
lipid (Z)-11-octadecen-1-yl acetate, so-called cis-vaccenyl acetate
(cVA) has multiple functions in social communication. From dis-
tance, cVA works as an aggregation pheromone, attracting other flies.
In close proximity, for a male, presence of cVA on the other male
promotes male—male aggression behavior, while absence of cVA indi-
cates that the nearby fly is a female and stimulates courtship. Mean-
while, for a female, presence of cVA on the courting male enhances
copulation receptivity. Presence of little amount of cVA on the mated
female, transferred from the male during copulation, works as an
anti-aphrodisiac pheromone, decreasing sexual motivation of a male

@ Springer

Hall 1981; Ejima et al. 2007). Because a mated female,
once copulated, rarely accepts another male for about a
week (Chen et al. 1988), the presence of cVA in the mated
female would function as an indicator of mating status of
the female and allows the male to avoid too much courtship
investment on the preoccupied female. Mass spectrometry
analysis of the cuticular surfaces revealed that the average
amount of cVA on a single mated female 24 h after mating
was 9-200 ng (Jallon et al. 1981; Vander Meer et al. 1986;
Ejima et al. 2007; Billeter et al. 2009), while a single mature
male possesses 200 ng to 2.9 ug cVA on its cuticular sur-
face (Bartelt et al. 1985; Ejima et al. 2007). This means that
when a male encounters another fly, he faces a challenge in
distinguishing presence or absence of a tiny amount of cVA
on the target fly from his self-produced cVA and also from
other nearby males. It should be also noted that the amount
of cVA varies over development. A newly hatched imma-
ture male contains no detectable cVA, but 4 h later, a small
amount of cVA (20 ng) appears and gradually increases to
reach as much as 2.9 ug at 4 weeks (Bartelt et al. 1985).
Therefore, there should be some adjusting mechanism that
allows the male to respond to cVA in such a variable and
complex olfactory environment and leads to an appropriate
behavioral decision. Further investigation into the molecular
and cellular controls of the cVA responses will reveal how
the male controls its olfactory sensitivity according to the
context, the physiological state and/or the prior experience.

Courtship memory

Unsuccessful courtship toward a mated female leads to grad-
ual reduction of the male’s sexual activity (Siegel and Hall
1979). This plastic change of behavioral response is called
“courtship conditioning” and has been one of the paradigms
of learning and memory (Mehren et al. 2004). Considering
the courtship inhibitory function of cVA per se, it was indi-
cated that an association between the negative input of cVA
and some courtship stimulatory input, e.g., female phero-
mone, was produced during courtship learning, and then
suppressed the subsequent responses of the male. However,
Ejima et al. (2005) demonstrated that interference of copula-
tion success, not cVA, forms the courtship memory. Instead,
cVA was found to be a modifier to broaden the reach of the
learning effect, generalizing the saliency of the associative
cue Ejima et al. (2007). Later, Keleman et al. (2012) also
reported that without cVA input, the negative experience
during courtship training was sufficient to manipulate subse-
quent male responses to the mated females.

Aggression

When a male encounters another male, they start fighting
(Chen et al. 2002; Ferndndez and Kravitz 2013). Wang and



J Comp Physiol A (2015) 201:927-932

929

Anderson (2010) showed that increased cVA input through
the odorant receptor OR67d is critical to promote male—
male aggression at high population density (Fig. 1). Mean-
while, Liu et al. (2011) revealed that chronic exposure to
cVA or group housing reduces aggression responses of
the males. For this social suppression, the olfactory input
through odorant receptor OR65a is critical.

Fernandez et al. (2010) genetically masculinized either
cuticular hydrocarbons or behaviors of the females and
demonstrated that male-male aggression could occur with-
out cVA, indicating the redundant or partial contribution
of cVA to promote aggression. Agreeing with this notion,
Wang et al. (2011) reported that in addition to cVA, another
male factor, 7-tricosene, is necessary for a full level of
aggression.

Copulation acceptance

For a female, cVA represents maleness of the courting
male and enhances her sexual motivation accordingly. As
described above, the amount of cVA of a single male var-
ies over development and, therefore, it indicates the mat-
uration level of the male and affects female mate choice.
Kurtovic et al. (2007) generated cVA-blind mutant flies and
demonstrated that lack of cVA input in the females largely
reduced their copulation receptivity, supporting the role of
cVA input in the females.

However, the amount of cVA is not the only determinant
for female mate choice. Scott et al. (2011) investigated the
relationship between cVA content and the mating success
of wild-caught males and found no significant correlation
between the pheromonal profiles and the female’s mating
preference. Male courtship song has been suggested to play
an important role for a female to become receptive for cop-
ulation (Sturtevant 1915; Bennet-Clark and Ewing 1967;
Hall 1994). Recently, Zhou et al. (2014) identified two
clusters of the command neurons that control female recep-
tivity and found that one of them responds to both cVA and
male courtship song, suggesting a role of these neurons for
information integration to promote female behavior.

Aggregation

In addition to the roles in the reproductive behaviors
described above, cVA has a non-sexual function, aggre-
gation. Venard and Jallon (1980) demonstrated that male
odor attracted both males and females in a vertical Y-maze.
Using a wind-tunnel cage, Bartelt et al. (1985) showed
that ¢cVA enhanced aggregation behavior of males and
females and led them to the food source. Similar results
were reported by Wertheim et al. (2002) using an indoor
flight cage, and Schlief and Wilson (2007) using a Y-maze.
Using relatively small traps in a petri dish, Xu et al. (2005)

reported cVA alone, without food, works as an aggregation
pheromone in close proximity. The fact that cVA works as
an enhancer of food attraction in most studies might reflect
the nature of the aggregation response in the wild; the indi-
cation of the presence of conspecifics in the context of food
odor might represent safety and/or quality of the food spot
and accelerate food attraction. It should be also noted that
males and mated females emit cVA into the environment
(Bartelt et al. 1985) and this cVA deposit would attract
other flies to the gathering spot even after the donor flies
have left.

Kairomone

cVA attracts other species in addition to conspecifics.
Wertheim et al. (2003) discovered that a parasitoid wasp,
Leptopilina heterotoma, which is a major predator of fly
flies, is attracted by cVA and attacks fly larvae, indicating
an ecological cost of cVA use. For this kairomone func-
tion, the presence of food for the flies largely enhanced the
aggregation behavior of the wasps in a wind-tunnel.

Potential underlying mechanisms for cVA
pleiotropy

How is the pleiotropy of the cVA actions regulated? There
are two factors to be considered, which might produce
diversity of cVA function at the sensory processing level.
One is input intensity, i.e., final cVA concentration when
it reaches the animal’s olfactory system. The other is odor
context, i.e., the olfactory background with which cVA is
presented. To discuss the potential contribution of these
two factors, I conducted a close inspection of the bioassay
conditions of previous studies, summarized in Table 1.

Concentration

Considering the nature of behavioral sequences in the
wild, it would be feasible to presume that there are dis-
tinct optimum intensities/ranges of cVA input required
for each behavior. For example, to attract other flies from
a distance, a low amount of cVA should elicit aggrega-
tion behavior, while it should not stimulate courtship or
aggression behaviors without other target flies. Wang and
Anderson (2010) reported that as the number of male flies
increased, the increased cVA concentration triggered the
intense male—male aggression and then dispersed the group
of males in the area. Therefore, a low amount of ¢VA indi-
cates the presence of conspecifics and elicits approaching
behavior, while, at the site where the fly encounters other
individuals, a high amount of cVA indicates the sex of the
target and elicits aggression behavior. Thus, the population
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Table 1 Experimental condition for bioassay using cVA

References Bioassay CVA applied Application ~ Chamber size Odor context
Jallon et al. (1981) Courtship inhibition =~ 220 ng
Mane et al. (1983) Copulation inhibition 200 ng 0.1 ul acetone 0.5 ml (0.5 cm®)

Bartelt et al. (1985) Aggregation 150 ng—150 pg
Zawistowski and Richmond ~ Courtship inhibition 200 ng
(1986)
copulation inhibition 100 ng
Wertheim et al. (2002) Aggregation 4.5 g
Xu et al. (2005) Aggregation 1%
Ejima et al. (2007) Courtship memory 0.2 ng—200 pg
Courtship inhibition 200 pg

Kurtovic et al. (2007) Courtship inhibition 10 % (*18 ng)

Schlief and Wilson (2007)  Aggregation 0.4 % (~900 ng)

Griffith and Ejima (2009) Courtship inhibition 200 ng

Wang and Anderson (2010)  Aggression 100-500 pg
Copulation inhibition 5 mg

Billeter et al. (2009) Copulation inhibition 1 pg

Ronderos and Smith (2010)
Chertemps et al. (2012)

Courtship inhibition 1 pl (900 ng)

Courtship inhibition 150 ng

Thistle et al. (2012) Courtship inhibition =~ 200 ng

80 cm x 40 cm x 40 cm
(128 x 10° cm®)

0.2 cc (0.2 cm®)

Instant medium + yeast
0.1 pl acetone
0.1 pl acetone

30 cm x 40 cm x 60 cm
(72 x 10° cm®)

15 ul hexane Mashed apple, yeast

Unknown 10 cm x 2 cm petri dish
(157 cm®)

Hexane 8 mm diameter x 6 mm
height (0.3 cm?)

Hexane

10 mm diameter x 4 mm
height (0.3 cm?)

0.2 pl acetone

250 ul water  Y-maze using two 2L flasks ~ Propionic acid
(2 x 10* cm?®)

hexane 8 mm diameter x 6 mm Yeast paste
height (0.3 cm?®)

Acetone 50 cm x 40 cm x 120 cm Apple juice + sugar
height (240 x 10* cm?)

Acetone

Hexane 10 mm diameter x 5 mm
height (0.4 cm?)

(Pure) 1.5 cm diameter

Acetone 3 cm diameter x 0.5 cm
height (3.5 cm®)

Ethanol Falcon 48-well plate Grape juice

(1.35 cm?®)

density of the males is regulated by the push-and-pull bal-
ance between the low-cVA aggregation effect and high-cVA
dispersing effect. In the case of females, a high amount of
cVA represents the presence of a mature mating partner and
would not have the dispersing function.

Van der Goes van Naters and Carlson (2007) reported
two odorant receptors, Or65a and Or67d that respond to
cVA stimulation. At the single sensillum recording, a rela-
tively large amount of cVA was required to activate Or65a,
while a small amount of cVA was enough to stimulate
Or67d. It has been proposed that a distinct set of signal
transduction factors, e.g., LUSH or SNMP expressed in
the Or67d sensory neurons is essential for detecting the
low level of cVA (Gomez-Diaz et al. 2013; van der Goes
van Naters 2014; Sengupta and Smith 2014). The distinct
kinetics of the cVA responses might contribute to the con-
centration-dependent behavioral switch, i.e., Or67d sensory
neurons, responding to low amount of cVA at a distance,
lead to aggregation behavior while additional activation of
Or65a neurons by high amount of cVA from a nearby fly
results in aggression or courtship behavior.

@ Springer

Nevertheless, the sensitivity difference between Or65a
and Or67d does not fully assure the behavioral switch. As
described previously, interference of Or67d function alone
was sufficient to suppress the acute aggression response to
cVA (Wang and Anderson 2010), while the chronic sup-
pression of Or65a neurons disturbed the social suppression
of aggression (Liu et al. 2011). The temporal difference of
the receptor requirement was also shown in the courtship
control. Chronic suppression of Or65a neurons using tetanus
toxin, but not Or67d, resulted in an impaired cVA response
for courtship inhibition (Ejima et al. 2007). On the other
hand, the lack of Or67d receptor was sufficient to block the
acute control of courtship behavior (Kurtovic et al. 2007).
Also it should be noted that the secondary olfactory neurons
that receive cVA information from the Or67d neurons have
sexual dimorphism in the projection pattern (Datta et al.
2008). This anatomical sexual dimorphism indicates that
signaling from the Or67d neurons alone potentially convey
the cues to promote the sex-specific behaviors as male-male
aggression, courtship and female copulation. All together,
both receptors are supposed to contribute to the behavioral
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responses toward a fly in close proximity. Though it should
be yet determined whether the Or65 neurons are involved in
the aggregation response, the underlying mechanism seems
to be more complex than separated functions assigned for
these two receptors.

Odor context

As is mentioned briefly above, the power of cVA on its
behavioral control differs depending on its olfactory con-
text. For example, in addition to cVA, the presence of
7-tricosene, a cuticular component enriched in males, is
essential to promote the full level of male—male aggres-
sion (Wang et al. 2011). Independently, Grillet et al. (2006)
proposed the involvement of 7-tricosene in female mate
choice. Therefore, it is very likely that the female copula-
tion decision is also assured by the dual input of cVA and
7-tricosene. By extension, it is conceivable that male court-
ship is also controlled by the chemical context including
other male or female odorants.

The long-distance aggregation function of cVA was
exerted only in the presence of food odor (Table 1). The
only experiment, in which cVA alone worked as an aggre-
gation pheromone without food, was performed in a rela-
tively small area (a 10 x 2 cm petri dish, Xu et al. (2005),
compared with the wind tunnels or flight cages with air ven-
tilation in the earlier studies (Bartelt et al. 1985; Wertheim
et al. 2002). These experimental differences would explain
the differences in the effective cVA concentration and the
requirement of food odor as background for the behavio-
ral output. For male—male aggression, it is known that the
presence of food or female odors is required for efficient
observation (Certel and Kravitz 2012). Furthermore, Grif-
fith and Ejima (2009) demonstrated that the addition of
yeast paste odor enhanced the courtship inhibitory effect of
cVA, indicating that the olfactory cVA sensitivity in general
is affected by the presence of food odor.

The synergistic effect of food odor has been observed
also in other cVA-unrelated contexts. Grosjean et al. (2011)
reported that food odorants, received by an ionotropic odor-
ant receptor IR84a enhances male courtship. Turner and
Ray (2009) found that the presence of food odor reduces
CO,-mediated avoidance behavior, allowing the flies to
stay at rotten CO,-emitting fruits. Altogether, a combina-
tion of multiple inputs allows an animal to fine-tune the
behavioral output.

Acknowledgments The author’s work is funded by JSPS KAK-
ENHI Grant Numbers 22680026, 23657055, 25115008 and the
ERATO Touhara Chemosensory Signal Project from JST, Japan.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

References

Bartelt RJ, Schaner AM, Jackson LL (1985) cis-Vaccenyl acetate as
an aggregation pheromone in Drosophila melanogaster. J Chem
Ecol 11:1747-1756. doi:10.1007/BF01012124

Bennet-Clark HC, Ewing AW (1967) Stimuli provided by courtship of
male Drosophila melanogaster. Nature 215:669-671

Billeter J-C, Atallah J, Krupp JJ, Millar JG, Levine JD (2009) Spe-
cialized cells tag sexual and species identity in Drosophila mela-
nogaster. Nature 461:987-991. doi:10.1038/nature08495

Bontonou G, Wicker-Thomas C (2014) Sexual communication in the
Drosophila genus. Insect. 439-458. doi:10.3390/insects5020439

Brieger G, Butterworth FM (1970) Drosophila melanogaster: identity
of male lipid in reproductive system. Science 80:167-1262

Butterworth FM (1969) Lipids of Drosophila: a newly detected lipid
in the male. Science 163(80):1356-1357

Certel SJ, Kravitz EA (2012) Scoring and analyzing aggression in
Drosophila. Cold Spring Harb Protoc 7:319-325

Chen PS, Stumm-Zollinger E, Aigaki T, Balmer J, Bienz M, Bohlen P
(1988) A male accessory gland peptide that regulates reproduc-
tive behavior of female D. melanogaster. Cell 54:291-298

Chen S, Lee AY, Bowens NM, Huber R, Kravitz EA (2002) Fighting
fruit flies: a model system for the study of aggression. Proc Natl
Acad Sci U S A 99:5664-5668

Chertemps T, Duportets L, Labeur C, Wicker-Thomas C (2005) A
new elongase selectively expressed in Drosophila male reproduc-
tive system. Biochem Biophys Res Commun 333:1066-1072.
doi:10.1016/j.bbrc.2005.06.015

Costa R (1989) Esterase-6 and the pheromonal effects of cis-vacce-
nyl acetate in Drosophila melanogaster. J Evol Biol 2:395-407.
doi:10.1046/j.1420-9101.1989.2060395.x

Datta SR, Vasconcelos ML, Ruta V, Luo S, Wong A, Demir E, Flores
J, Balonze K, Dickson BJ, Axel R (2008) The Drosophila phero-
mone cVA activates a sexually dimorphic neural circuit. Nature
452:473-477. doi:10.1038/nature06808

Ejima A, Smith BPC, Lucas C, Levine JD, Griffith LC (2005)
Sequential learning of pheromonal cues modulates memory con-
solidation in trainer-specific associative courtship conditioning.
Curr Biol 15:194-206. doi:10.1016/j.cub.2005.01.035

Ejima A, Smith BPC, Lucas C, van Naters WVDG, Miller CJ, Carl-
son JR, Levine JD, Griffith LC (2007) Generalization of court-
ship learning in Drosophila is mediated by cis-Vaccenyl acetate.
Curr Biol 599-605. doi:10.1016/j.cub.2007.01.053

Everaerts C, Farine J-P, Cobb M, Ferveur J-F (2010) Drosophila
cuticular hydrocarbons revisited: mating status alters cuticular
profiles. PLoS ONE 5:¢9607. doi:10.1371/journal.pone.0009607

Fernandez MP, Kravitz EA (2013) Aggression and courtship in Drosoph-
ila: pheromonal communication and sex recognition. J Comp Phys-
iol A Neuroethol Sensory, Neural, Behav Physiol 199:1065-1076

Fernandez MDLP, Chan Y-B, Yew JY, Billeter JC, Dreisewerd K,
Levine JD, Kravitz EA (2010) Pheromonal and behavioral cues
trigger male-to-female aggression in Drosophila. PLoS Biol
8:¢1000541. doi:10.1371/journal.pbio.1000541

Ferveur J-F (2005) Cuticular hydrocarbons: their evolution and
roles in Drosophila pheromonal communication. Behav Genet
35:279-295. doi:10.1007/s10519-005-3220-5

Gomez-Diaz C, Reina JH, Cambillau C, Benton R (2013) Ligands for
pheromone-sensing neurons are not conformationally activated
odorant binding proteins. PLoS Biol 11:e1001546. doi:10.1371/
journal.pbio.1001546

@ Springer


http://dx.doi.org/10.1007/BF01012124
http://dx.doi.org/10.1038/nature08495
http://dx.doi.org/10.3390/insects5020439
http://dx.doi.org/10.1016/j.bbrc.2005.06.015
http://dx.doi.org/10.1046/j.1420-9101.1989.2060395.x
http://dx.doi.org/10.1038/nature06808
http://dx.doi.org/10.1016/j.cub.2005.01.035
http://dx.doi.org/10.1016/j.cub.2007.01.053
http://dx.doi.org/10.1371/journal.pone.0009607
http://dx.doi.org/10.1371/journal.pbio.1000541
http://dx.doi.org/10.1007/s10519-005-3220-5
http://dx.doi.org/10.1371/journal.pbio.1001546
http://dx.doi.org/10.1371/journal.pbio.1001546

932

J Comp Physiol A (2015) 201:927-932

Griffith LC, Ejima A (2009) Multimodal sensory integration of court-
ship stimulating cues in Drosophila melanogaster. Ann N 'Y
Acad Sci 1170:394-398. doi:10.1111/j.1749-6632.2009.04367.x

Grillet M, Dartevelle L, Ferveur J-F (2006) A Drosophila male phero-
mone affects female sexual receptivity. Proc Biol Sci 273:315-
323. doi:10.1098/rspb.2005.3332

Grosjean Y, Rytz R, Farine J-P, Abuin L, Cortot J, Jefferis GS, Benton
R (2011) An olfactory receptor for food-derived odours promotes
male courtship in Drosophila. Nature 478:236-240. doi:10.1038/
nature10428

Guiraudie-Capraz G, Pho DB, Jallon J (2007) Role of the ejacula-
tory bulb in biosynthesis of the male pheromone cis-vaccenyl
acetate in Drosophila melanogaster. Integr Zool 2:89-99.
doi:10.1111/5.1749-4877.2007.00047.x

Ha TS, Smith DP (2006) A pheromone receptor mediates 11-cis-
vaccenyl acetate-induced responses in Drosophila. J Neurosci
26:8727-8733. doi:10.1523/JNEUROSCI.0876-06.2006

Hall JC (1994) The mating of a fly. Science 264:1702—-1714

Jallon JM (1984) A few chemical words exchanged by Drosophila
during courtship and mating. Behav Genet 14:441-478

Jallon J-M, Antony C, Benamar O (1981) Un anti-aphrodisiaque pro-
duit part les males de Drosophila et transféré aux femelles lors
de la copulation. C R Acad Sci 292:1147-1149

Karlson P, Luscher M (1959) Pheromones: a new term for a class of
biologically active substances. Nature 183:55-56

Keleman K, Vrontou E, Kriittner S, Yu JY, Kurtovic-Kozaric A,
Dickson BJ (2012) Dopamine neurons modulate pheromone
responses in Drosophila courtship learning. Nature 489:145-149

Kurtovic A, Widmer A, Dickson BJ (2007) A single class of olfac-
tory neurons mediates behavioural responses to a Drosophila sex
pheromone. Nature 446:542-546. doi:10.1038/nature05672

Laughlin JD, Ha TS, Jones DNM, Smith DP (2008) Activation of
pheromone-sensitive neurons is mediated by conformational
activation of pheromone-binding protein. Cell 133:1255-1265.
doi:10.1016/j.cell.2008.04.046

Liu W, Liang X, Gong J, Yang Z, Zhang YH, Zhang JX, RaoY (2011)
Social regulation of aggression by pheromonal activation of
Or65a olfactory neurons in Drosophila. Nat Neurosci 14:896—
902. doi:10.1038/nn.2836

Mane SD, Tompkins L, Richmond RC (1983) Male esterase 6 cata-
lyzes the synthesis of a sex pheromone in Drosophila mela-
nogaster females. Science 222:419-421

Mehren JE, Ejima A, Griffith LC (2004) Unconventional sex: fresh
approaches to courtship learning. Curr Opin Neurobiol 14:745—
750. doi:10.1016/j.conb.2004.10.012

Ronderos D, Smith D (2010) Activation of the T1 neuronal circuit is
necessary and sufficient to induce sexually dimorphic mating
behavior in Drosophila melanogaster. J Neurosci 30:2595-2599.
doi:10.1523/JNEUROSCI.4819-09.2010

Schlief ML, Wilson RI (2007) Olfactory processing and behavior
downstream from highly selective receptor neurons. Nat Neuro-
sci 10:623-630. doi:10.1038/nn1881

Scott D, Richmond RC (1987) Evidence against an antiaphrodisiac
role for cis-vaccenyl acetate in Drosophila melanogaster. ]
Insect Physiol 33:363-369

Scott D, Shields A, Straker M, Dalrymple H, Dhillon PK, Harbinder
S (2011) Variation in the male pheromones and mating success
of wild caught Drosophila melanogaster. PLoS ONE 6:e23645.
doi:10.1371/journal.pone.0023645

Sengupta S, Smith DP (2014) How Drosophila detect volatile pher-
omones signaling, circuits, and behavior. Neurobiol. Chem,
Commun

@ Springer

Shorey HH (1973) Behavioral responses to insect pheromones. Annu
Rev Entomol 18:349-380. doi:10.1146/annurev.en.18.010173.
002025

Siegel RW, Hall JC (1979) Conditioned responses in courtship
behavior of normal and mutant Drosophila. Proc Natl Acad Sci
76:3430-3434

Spieth HT (1974) Courtship behavior in Drosophila. Annu Rev Ento-
mol 19:385-405. doi:10.1146/annurev.en.19.010174.002125

Sturtevant AH (1915) Experiments on sex recognition and the prob-
lem of sexual selection in Drosophila. J Anim Behav 5:351-366

Tompkins L, Hall J (1981) Drosophila males produce a pheromone
which inhibits courtship. Zeitschrift fur Naturforschung Sect C
36:694-696

Turner SL, Ray A (2009) Modification of CO, avoidance behaviour
in Drosophila by inhibitory odorants. Nature 461:277-281.
doi:10.1038/nature08295

Van der Goes van Naters W (2014) Drosophila pheromones from
reception to perception. In: Neurobiology of chemical commu-
nication. CRC press

Van der Goes van Naters W, Carlson JR (2007) Receptors and neurons
for fly odors in Drosophila. Curr Biol 17:606-612. doi:10.1016/j.
cub.2007.02.043

Vander Meer RK, Obin MS, Zawistowski S, Sheehan KB, Richmond
RC (1986) A reevaluation of the role of cis-vaccenyl acetate, cis-
vaccenol and esterase 6 in the regulation of mated female sex-
ual attractiveness in Drosophila melanogaster. J Insect Physiol
32:681-686. doi:10.1016/0022-1910(86)90109-5

Venard R, Jallon JM (1980) Evidence for an aphrodisiac pheromone
of female Drosophila. Experientia 36:211-213

Wang L, Anderson DJ (2010) Identification of an aggression-promot-
ing pheromone and its receptor neurons in Drosophila. Nature
463:227-231. doi:10.1038/nature08678

Wang L, Han X, Mehren J, Hiroi M, Billeter JC, Miyamoto T, Amrein
H, Levine JD, Anderson DJ (2011) Hierarchical chemosensory
regulation of male-male social interactions in Drosophila. Nat
Neurosci 14:757-762. doi:10.1038/nn.2800

Wertheim B, Dicke M, Vet L (2002) Behavioural plasticity in support
of a benefit for aggregation pheromone use in Drosophila mela-
nogaster. Entomol Exp 103:61-71

Wertheim B, Vet LEM, Dicke M (2003) Increased risk of parasitism
as ecological costs of using aggregation pheromones : labora-
tory and field study of Drosophila-Leptopilina interaction. Oikos
2:269-282

Wyatt TD (2003) Pheromones and animal behaviour: communication
by smell and taste. doi:10.1007/s00049-003-0253-1

Xu P, Atkinson R, Jones DNM, Smith DP (2005) Drosophila OBP
LUSH is required for activity of pheromone-sensitive neurons.
Neuron 45:193-200. doi: 10.1016/j.neuron.2004.12.031

Yamamoto D, Sato K, Koganezawa M (2014) Neuroethology of male
courtship in Drosophila: from the gene to behavior. J Comp
Physiol 251-264. doi:10.1007/s00359-014-0891-5

Zawistowski S, Richmond RC (1986) Inhibition of courtship and mat-
ing of Drosophila melanogaster by the male-produced lipid, cis-
vaccenyl acetate. J Insect Physiol 32:189-192

Zhou C, Pan Y, Robinett CC, Meissner GW, Baker BS (2014) Central
Brain Neurons Expressing doublesex Regulate Female Receptiv-
ity in Drosophila. Neuron 83:149-163


http://dx.doi.org/10.1111/j.1749-6632.2009.04367.x
http://dx.doi.org/10.1098/rspb.2005.3332
http://dx.doi.org/10.1038/nature10428
http://dx.doi.org/10.1038/nature10428
http://dx.doi.org/10.1111/j.1749-4877.2007.00047.x
http://dx.doi.org/10.1523/JNEUROSCI.0876-06.2006
http://dx.doi.org/10.1038/nature05672
http://dx.doi.org/10.1016/j.cell.2008.04.046
http://dx.doi.org/10.1038/nn.2836
http://dx.doi.org/10.1016/j.conb.2004.10.012
http://dx.doi.org/10.1523/JNEUROSCI.4819-09.2010
http://dx.doi.org/10.1038/nn1881
http://dx.doi.org/10.1371/journal.pone.0023645
http://dx.doi.org/10.1146/annurev.en.18.010173.002025
http://dx.doi.org/10.1146/annurev.en.18.010173.002025
http://dx.doi.org/10.1146/annurev.en.19.010174.002125
http://dx.doi.org/10.1038/nature08295
http://dx.doi.org/10.1016/j.cub.2007.02.043
http://dx.doi.org/10.1016/j.cub.2007.02.043
http://dx.doi.org/10.1016/0022-1910(86)90109-5
http://dx.doi.org/10.1038/nature08678
http://dx.doi.org/10.1038/nn.2800
http://dx.doi.org/10.1007/s00049-003-0253-1
http://dx.doi.org/10.1016/j.neuron.2004.12.031
http://dx.doi.org/10.1007/s00359-014-0891-5

	Pleiotropic actions of the male pheromone cis-vaccenyl acetate in Drosophila melanogaster
	Abstract 
	Introduction
	Multiple functions of cVA in chemical communication
	Courtship inhibition
	Courtship memory
	Aggression
	Copulation acceptance
	Aggregation
	Kairomone

	Potential underlying mechanisms for cVA pleiotropy
	Concentration
	Odor context

	Acknowledgments 
	References




