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desatl

EXTRAVIEW

A Swiss army knife for pheromonal communication and reproduction?
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alternative exons of desatl; PPR(RB),
PRR of RB transcript with RB alterna-
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body; FB, fat body; MB, mushroom
body; SOG, sub-esophageal ganglion;
P, pars intercerebralis; Acc.gland, acces-
sory gland; Malpighi, malpigian tubule;
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7-T, 7-tricosene; 7,11-HD, 7,11-heptaco-
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21C, CH with 21 carbons; EP, transpos-
able element containing the upstream
activating sequence; RINAz, interferential
RNA; GRN, gustatory receptor neuron;
ORN, olfactory receptor neuron; DAI,
dorso-posterior glomerulus of the AL;
Cs, canton-S$ strain

Submitted: 01/09/12
Accepted: 01/31/12
htep://dx.doi.org/10.4161/fly.19554

*Correspondence to: Jean-Francois Ferveur;
Email: jean-francois.ferveur@u-bourgogne.fr

Extra View to: Bousquet F, Nojima T, Houot B,
Chauvel |, Chaudy S, Dupas S, et al. Expression
of a desaturase gene, desatl, in neural and
nonneural tissues separately affects perception
and emission of sex pheromones in Drosophila.
Proc Natl Acad Sci USA 2012; 109:249-54;
PMID:22114190; http://dx.doi.org/10.1073/
pnas.1109166.

www.landesbioscience.com

he desat]l gene possess an extraor-

dinary—maybe unique—feature in
the control of sensory communication
systems: it codes for the two principal
and complementary aspects—the emis-
sion and the reception—of Drosophila
sex pheromones. These two complex
aspects depend on separate genetic con-
trol indicating that desatl pleiotropically
acts on pheromonal communication.
This gene also control other characters
either related to reproduction and to
osmoregulation. Such a functionnal plei-
otropy may be related to the molecular
structure of desatl gene which combines
a highly conserved coding region with
fast evolving regulatory regions: it pro-
duces at least five transcripts all giving
rise to the A9-desaturase enzyme.

Introduction

The desat] gene separately acts on
the emission and on the reception of
Drosophila melanogaster sex pheromones
and also affects other characters related to
reproduction and to osmoregulation.! We
discuss the possibility that desazl func-
tionnal pleiotropy is related to the molec-
ular structure of this gene underlying its
complex pattern of expression which may
be currently evolving.

Structure of the desat1 Gene

The desat] gene has five regulatory regions
with five first alternative exons (RA, RC,
RE, RB, RD) which—when merged with
the exons 2—5 (common to all transcripts
and corresponding to the complete cod-
ing region; Fig. 1)—yield five transcripts
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(RA-RD; Fig. 2A). These five alternative
transcripts all give rise to a A9-desaturase
enzyme. This mode of expression dif-
fers from other courtship genes such as
fruitless (fru) which produces sex-specific
alternative transcripts coding for a variety
of sex-specific product involved in mul-
tiple aspects of reproduction.? In contrast,
desat] shows no sex-specific transcript or
product, but only a slight quantitative
sex-difference for the levels of some tran-
scripts.’ We speculate that the functionnal
pleiotropy is linked (1) to each putative
regulatory region (PRR) driving desatl
expression in a variety of tissues involved
in the various phenotypes and (2) to the
first (non-translated) alternative exon of
each transcript maybe providing a infor-
mation on its stability, its efficiency to be
translated, and its sub-cellular localiza-
tion, even if this remains unknown.

The multiplicity of transcripts—sepa-
rately regulated—and the diversity of tis-
sue-specific phenotypes —all determined
by the same product—may explain desat]
functionnal pleitropy. To functionnally
dissect PRRs, we used several tools: (1)
alleles resulting of the un/precise exci-
sion of a PGal4 element®>* (inserted in the
PRR(RB) = 1573-Gal4; Fig. 2A), (2) EP
deregulating elements inserted in the dif-
ferent PRRs and driven by 1573-Gal4,’ (3)
adesar] RNAi transgene driven by the Gal4
transgenes made with each PRR." All these
approaches showed that the production
and the perception of sex pheromones are
controlled by separate PRRs. In particular,
the misexpression of desatl in the oeno-
cytes [driven by PRR(RE)] affected the
production of pheromonal CHs whereas
its misexpression in discrete regions of the
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Figure 1. Molecular structure, tissue-specific expression and functions of desat1 gene. Shematic representation of the desat1 and desat2 loci. The
desatl gene has five first alternative exons (RA, RC, RE, RB, RD shown as shaded box; not at scale) which all combine with the exons 2-5 corresponding
to the coding regions (the codons for start and stop of translation are shown as ATG and STOP, respectively). Each of the five alternative exons (which
will not be translated) has its own putative regulatory region (PRR; shown as the solid line upstream); the RD* includes the PRR(RD), the RD exon, and

a small 662 bp fragment (+) located downstream of the RD exon. The desat2 gene, located 4 kb upstream (dotted line), has a similar coding region

to desat1. Tissue-specific expression in adult flies driven by the different PPRs of desat1 is shown (in blue) in head tissues (above gene structure; +
indicates expression driven by RD* but not by RD; ALs, antennal lobes; EB, ellipsoid body; MBs, mushroom bodies; SOG, sub-esophageal ganglion; PI,
pars intercerebralis), and in abdominal tissue (below gene structure; Acc.glands, accessory glands; Malpighi, malpigian tubules; Rect.pap, rectal papilla;
Ej.bulb, ejaculatory bulb). Cuticular hydrocarbons desaturated on C5 or on C7 (C5-, C7-CHs) such as 5- and 7-tricosene (5-T, 7-T), and 7,11-heptacosa-
diene (7,11-HD) are shown in brown color. The function of desat? (and of desat?) in these different tissues is shown in red. Numbers between brackets

brain [including the antennal lobes = ALs;
driven by PRR(RD')] affected the dis-
crimination of sex pheromones.

Adult Tissue-Specific Expression
of desat1

To visualize desarl expression in the
adult abdomen and head, we used a
GFP reporter (thoracic expression was
not explored; Fig. 1). In the abdomen,
the different PRRs drove expression in a
non-overlapping pattern of tissues either
involved in reproductive functions or in
osmoregulation. PRR(RA) drove expres-
sion in the testis and ovaries which are
involved in the maturation of gametes,®
and PRR(RD) in the ejaculatory bulb and
in a vaginal structure. Both structures are
presumably involved in the release of male
and female gametes.”® PRR(RB) drove
expression in the malpighian tubules and

in the rectal papilla both of which are
involved in osmoregulation.” PRR(RC)
and PRR(RE) were respectively expressed
in the fat body (FB) and in the oenocytes,
both of which are involved in the control
of lipid metabolism' and in the matura-
tion of cuticular hydrocarbons (CHs) by
introducing a desaturation on carbon 7
(C7-CHs) 121

In the head, desatl expression was
found in the FB and in diverse neural
regions involved in complex sex-spe-
cific behaviors (see below). PRR(RD")
which affected pheromone discrimina-
tion—when driving the desatl RNAi—
was expressed in the pars intercerebralis
(PI), in the ALs, the mushrooms bodies
(MBs), and the sub-esophagial ganglia
(SOG). ALs and MBs are necessary for
chemosensory perception and learning
(see below) whereas the SOG receives
pheromone and food taste inputs from
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the proboscis and tarsa.>'® PPR(RD*)
expression in specific glomeruli of the
ALs corresponds to the projection of
third-antennal-segment olfactory-recep-
tor neurons housed by large basiconic
and trichoid sensilla—involved in phero-
monal perception'”"*— where PPR(RD")
was also expressed. PPR(RC) labeled
large epidermal cells which may control
lipid metabolism in the third antennal
segment. PRR(RA) drove expression in
the PI, ALs and also in the ellipsoid body
(EB; a region of the central complex), all
involved in sex-specific behaviors, and in

the SOG.

Multiple Functions of desati
The high conservation of the desazl cod-
ing region among drosophilidac’ may

be explained by the crucial role that the
A9-desaturase enzyme plays on lipid
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Figure 2. Transcripts, inserted elements and intraspecific variability of desat1. (A) The representation of desat1 locus (from FlyBase) shows the five
transcripts and various inserted elements (shown as shaded arrowheads). The insertion site of the 1573-Gal4 and the fragment of the transposable
jockey element identified are highlighted (in black and blue, respectively). (B) The genomic DNA of each line was extracted from a pool of 50 D.
melanogaster (or D. simulans) flies (25 males and 25 females). PCR performed with 5,100 and 5,566 primers (C) revealed, after separation by agarose gel
electrophoresis, the presence of a short PRR(RB) and/or a long PRR(RB) (bottom corresponds to the 100 bp DNA Ladder). Lines shown on the left part
are all Canton-S lines (Cs) from differents labs or universities (from top to bottom): Orsay University (lines 1 and 2; France), Reini Stocker lab (Switzer-

land), Margaret G. Kidwell lab (USA); Brandeis University (USA), M-strain (Bloomington), Hotta and Hayachi labs (Japan), Cs-lll iso (Bloomington); On the
right part (from top to bottom): Cs-Dijon (initiated with Cs-Orsay 1 line), Cs-Clermont-Ferrand, Dijon 2000 (France), six strains sampled in Burgundy
vineyards in 2002 (Chambertin, Nuits St-Georges, Morey Hautes-Cotes, Volnay, Pommard and Chambolle; France), Drosophila simulans flies (Seychelles
line), and four lines sampled in Africa in the 1980s (Madagascar, Benin, Kenya and Guinea-Bissau). Short and long PRRs(RB) were found in flies of both
sexes in the Cs Dijon line. The short PRR(RB) transcript was faintly detected in Cs-M strain and in Volnay flies but not in D. simulans flies probably due to
four mismatches with the 5,100 primer in the D. simulans sequence. (C) Detail of the Putative Regulatory Region RB [PRR(RB)] located between the first
alternative RE and RB exons. Primers used to amplify this region of genomic DNA (shown in red) allowed its cloning and sequencing (5,100: 5-ACA TTC

CGA ATT TTG AAT ATA GCA G-3'; 5,566: 5'-ACA GTG AGA GAG GGA GAG AGA AAA AGC-3'). The 270 nucleotides fragment of the transposable element
jockey (shown in blue) was found in both Cs-Orsay1 and Cs-Dijon lines.

metabolism in these species. In D. mela-
nogaster, the A9-desaturase is necessary
for larval development: the complete
elimination of Desatl prevents the sec-
ond-to-third instar larval molt.** This
suggests that some of the desaturated
lipids processed by the A9-desaturase
are required for larval survival. The
A9-desaturase is also involved in the bio-
synthetic pathway leading to the produc-
tion of C7-CHs.?** These substances
cover not only the adult cuticle but also
the embryonic chorion similarly to other
diptera.” Long-chain hydrocarbons may
increase embryonic and adult protection
against xenobiotics?* and may also help to
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keep the internal water balance constant
during development.”

CHs produced by adult D. melanogaster
flies include the male predominant phero-
mone-7-tricosene (7-T') and the female-
specific  pheromone-7,11-heptacosadiene
(7,11-HD), both of which play multiple
roles in courtship and mating behaviors.
7-T inhibits the courtship of other males
and enhances female receptivity to mat-
ing: this substance may be perceived
both by taste and olfactory organs.’®*
Female CHs modulate reproductive func-
tions before, during and after mating:
higher amounts of 7,11-HD increase both
the mating frequency and duration of
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copulation, and affects the sex ratio of the
progeny.*®

The 7-T/7,11-HD difference is used by
male flies for sex-discrimination: when
these pheromones—and visual/acoustic
cues—are absent, males cannot discrimi-
nate.” Male discrimination of pheromonal
CHs depends on both the peripheral
detection and central integration of phero-
monal inputs. At the periphery, gustatory
receptor neurons (GRNs; housed in tarsal
and proboscis sensilla) and olfactory recep-
tor neurons (ORNSs; mainly carried by the
third antennal segment) are involved. The
physiological activity of proboscis GRNs
varied with the sex and genotype of the



CHs used for stimulation. Moreover,
their activity increased in mutant desatl
males (1,573; which cannot discriminate
wild-type sex pheromones) compared
with wild-type neurons.'® Olfactory cells
of the third-antennal-segment—possibly
expressing desatl—are also involved in the
perception of pheromonal CHs.'

The desat] gene is also expressed in
several brain centers (ALs, MBs, PI, EB,
SOG) involved in chemosensory-driven
behaviors related to reproduction. In the
ALs, desat] was expressed in several glom-
eruli including DA1 which process phero-
monal inputs.”? MBs are necessary for the
memory associating chemical signals,®
such as short-term courtship conditioning
which involves 9-pentacosene.’* Both
EB and PI are implicated in the coordina-
tion of adult locomotion and also change
sex-specific behaviors. The alteration of
a serotonine receptor in the EB affected
courtship and mating behaviors,? whereas
the manipulation of PI affected sex-spe-
cific aspects of locomotor activity.** The
PI is connected, via neurosecretory cells,
with the corpus allatum/cardiacum com-
plex, whose alteration in females affected
behavior® (response to insemination; ovi-
position) and cuticular pheromones.*

The alteration of the transcription
driven by a EP element inserted antisens
in the PRR(RC) (theoretically affecting
the RA transcript) induced a long delay
in the onset (latency) of male courtship
without affecting sex pheromone discrim-
ination.” This defect maybe caused by the
altered olfactory perception of non-sex
specific pheromones potentially volatile
(ur-pheromones).’”*®  Another EP ele-
ment inserted antisens in the PRR(RD),
strongly decreasing the levels of RA, RC
and RB transcripts in the head, did not
induce a similar behavioral defect” We
believe that PRR(RA) and PRR(RD) are
differently expressed in the PI since they
differently affected male CHs, when com-
bined with the desar] RNAi transgene.!

Evolution of desat Genes and
Pheromonal Communication

Many  Diptera  species  including
Drosophilidae use CHs for pheromonal
communication.** In the D. melanogaster
subgroup, mature adult flies of all species

produce CHs with carbon chain length
generally ranging from 21-29°C (rarely
up to 33°C) with no, one or two double
bonds on C5, C7, C9 and/or C11.4% In
particular, the two sibling and cosmo-
politan species D. melanogaster and D.
simulans which likely diverged in Central
Africa 3—4 million years ago®* differ for
their production and their perception of
sex pheromones: only D. melanogaster
females produce 7,11-HD while D. mela-
nogaster males and D. simulans flies pre-
dominantly produce 7-T. Moreover, D.
melanogaster males are inhibited by 7-T
and stimulated by 7,11HD whereas D.
simulans males reciprocally respond to
these pheromones.”

This suggests that the desar genes
underlying pheromonal communication
system have rapidely evolved.®4¢ This
concerns the desat]l and desat2 genes
which are located in tandem (4 kb apart)
in the D. melanogaster genome (Fig.
1). Most D. melanogaster cosmopolitan
strains (outside of sub-Saharan Africa and
the Carribbean) carry a non-functionnal
copy of desat2 (caused by a partial dele-
tion of the PRR) ¥ and have lost the ability
to produce C5-CHs (instead of C7-CHs
for desatl). Flies of ancestral sub-Saharan
Africa strains (recently introduced in the
Carribbean), desatl
and desat2 genes: females predominantly
produce  5,9-heptacosadiene  (5,9-HD)
whereas males predominantly produce
C7-CHs.*® However,
strains, both sexes produce substantial
amounts of C5-CHs (5,9-HD in females;
5-tricosene = 5-T in males).* Zimbabwean
females show a strong sexual isolation
against cosmopolitan males which is
partly due to the male CH profile.

Our unpublished data also indicates
a fast intra-strain evolution of desatl in
D. melanogaster lines. We compared the
sequence of this gene in 21 wild-type
strains collected worldwide including ten
Canton-S (Cs) lines from different labo-
ratories (Fig. 2B). The Cs strain, initially
caught in the USA in 1935, was distrib-
uted worldwide in research centers. The
fact that these Cs lines have been kept
separated from each other, sometimes for
decades, may have favored a lab-specific
evolution due to bottleneck and genetic
drift effects. If lab-acclimation during

have functionnal

in Zimbabwean
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50 generations did not reduce the genetic
variability, nor affected the CH produc-
tion or courtship and mating behaviors of
wild-type freshly caught strains,*® a longer
«isolation» in specific lab condition may
differently affect genes involved in sexual
communication. In particular, we found a
divergence for the length of the PRR(RB)
desatl sequence (Fig. 2B). The DNA cor-
responding to the length increase corre-
sponds to the insertion of a fragment of
a transposable jockey element”' (Fig. 2C).
The two closely related lines Cs-Orsayl
and Cs-Dijjon (Orsayl was brought to
Dijon in 1999) produced flies with a
long PPR(RB). If all Cs-Orsayl flies are
homozygous for the long PPR(RB), most
Cs-Dijon (80%) are heterozygous (short/
long) and about 20% are homozygous
(long/long or short/short). The jockey
fragment was likely inserted during the
last decades in the Cs-Orsayl line and
the heterogeneity of the Cs-Dijon popu-
lation may result from a contamination
with other D. melanogaster Cs lines, or
alternatively of the excision of the jockey
fragment. Its site of insertion corresponds
to a «hot spot», where—or nearby—many
transposable elements are inserted (Fig.
2A; FlyBase; htep://flybase.org/cgi-bin/
gbrowse/dmel/). The comparison of
the CH profile between long and short
PPR(RB) flies reveals a slight difference—
to be confirmed—for the level of 5-T and
711-TD which are two quantitatively
minor volatile pheromones. Therefore, the
rapid molecular change of PRR(RB) may
illustrate the recent and rapid acquisition
of novel features of the desat! gene.

Conclusion

The ubiquitous presence of desaturases in
living organisms supports the vital role of
these enzymes in development and sur-
vival. The A9-desaturase coded by the
desatl gene is also crucial for many aspects
of pheromonal communication and repro-
duction. A better understanding of the
relationship between the molecular struc-
ture of desat] (and eventually desat2), their
tissu-specific expression and the variety
of characters they control in more or less
phylogenetically related animals (insects,
diptera, drosophilidae, species of the D.
melanogaster subgroup, D. melanogaster,
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laboratory lines) should shed light on the
some recent evolutionary processes which

have shaped their system of pheromonal

communication.
References
1. Bousquet F, Nojima T, Houot B, Chauvel I, Chaudy

S, Dupas S, et al. Expression of a desaturase gene,
desatl, in neural and nonneural tissues separately
affects perception and emission of sex pheromones in
Drosophila. Proc Natl Acad Sci USA 2012; 109:249-
54; htep://dx.doi.org/10.1073/pnas.1109166108;
PMID:22114190.

Yamamoto D. Brain sex differences and function
of the fruitless gene in Drosophila. ] Neurogenet
2008; 22:309-32; PMID:19012071; hetp://dx.doi.
0rg/10.1080/01677060802298491.

Marcillac F, Bousquet F, Alabouvette ], Savarit
F, Ferveur JE. A mutation with major effects on
Drosophila melanogaster sex pheromones. Genetics
2005; 171:1617-28; PMID:15489528; http://dx.doi.
org/10.1534/genetics.104.033159.

Marcillac F, Grosjean Y, Ferveur JF. A single mutation
alters production and discrimination of Drosophila
sex pheromones. Proc Biol Sci 2005; 272:303-9;
PMID:15705556; http://dx.doi.org/10.1098/
rspb.2004.2971.

Houot B, Bousquet F, Ferveur JF. Regulation of
desatl affects both phéromone emission and detection
in Drosophila melanogaster. Genetics 2010; 185:1297-
309; PMID:20516499; http://dx.doi.org/10.1534/
genetics.110.117226.

Fuller MT, Spradling AC. Male and female Drosophila
germline stem cells: two versions of immortality.
Science 2007; 316:402-4; PMID:17446390; htep://
dx.doi.org/10.1126/science.1140861.

Butterworth FM. Lipids of Drosophila: a newly
detected lipid in the male. Science 1969; 163:1356-
7; PMID:5765118; http://dx.doi.org/10.1126/sci-
ence.163.3873.1356.

Lung O, Wolfner MF. Identification and char-
acterization of the major Drosophila melanogaster
mating plug protein. [Erratum in: Insect Biochem
Mol Biol 2001; 32] [1]. Insect Biochem Mol Biol
2001; 31:543-51; PMID:11267893; http://dx.doi.
0rg/10.1016/S0965-1748(00) 00154-5.

Flower NE, Walker GD. Rectal papillac in Musca
domestica: the cuticle and lateral membranes. ] Cell
Sci 1979; 39:167-86; PMID:528579.

Bradley TJ. The excretory system: structure and
physiology. In: Kerkut GA and Gilbert LI, Eds.
Comprehensive insect physiology, biochemistry and
pharmacology. Pergamon Press New York 1985;
4:421-65; ISBN 0-08-030807-4.

Gutierrez E, Wiggins D, Fielding B, Gould AP.
Specialized hepatocyte-like cells regulate Drosophila
lipid metabolism. Nature 2007; 445:275-80;
PMID:17136098;  http://dx.doi.org/10.1038/
nature05382.

Savarit F, Ferveur JF. Genetic study of the produc-
tion of sexually dimorphic cuticular hydrocarbons in
relation with the sex-determination gene transformer
in Drosophila melanogaster. Genet Res 2002; 79:23-
40; PMID:11974601; http://dx.doi.org/10.1017/
S0016672301005481.

Ueyama M, Chertemps T, Labeur C, Wicker-Thomas
C. Mutations in the desatl gene reduces the produc-
tion of courtship stimulatory pheromones through
a marked effect on fatty acids in Drosophila mela-
nogaster. Insect Biochem Mol Biol 2005; 35:911-
20; PMID:15944086; http://dx.doi.org/10.1016/j.
ibmb.2005.03.007.

Baker KD, Thummel CS. Diabetic larvae and obese
flies-emerging studies of metabolism in Drosophila.
Cell Metab 2007; 6:257-66; PMID:17908555;
http://dx.doi.org/10.1016/j.cmet.2007.09.002.

www.landesbioscience.com

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Marella S, Fischler W, Kong P, Asgarian S, Rueckert
E, Scott K. Imaging taste responses in the fly brain
reveals a functional map of taste category and behav-
ior. Neuron 2006; 49:285-95; PMID:16423701;
hetp://dx.doi.org/10.1016/j.neuron.2005.11.037.
Inoshita T, Martin JR, Marion-Poll F, Ferveur
JE. Peripheral, central and behavioral responses to
the cuticular pheromone bouquet in Drosophila
melanogaster males. PLoS One 2011; 6:19770;
PMID:21625481; http://dx.doi.org/10.1371/journal.
pone.0019770.

Stocker RF, Gendre N. Courtship behavior of
Drosophila genetically or surgically deprived
of basiconic sensilla. Behav Genet 1989; 19:371-
85; PMID:2502978; http://dx.doi.org/10.1007/
BF01066165.

van der Goes van Naters W, Carlson JR. Receptors
and neurons for fly odors in Drosophila. Curr Biol
2007; 17:606-12; PMID:17363256; http://dx.doi.
0rg/10.1016/j.cub.2007.02.043.

Knipple DC, Rosenfield CL, Nielsen R, You KM,
Jeong SE. Evolution of the integral membrane desatu-
rase gene family in moths and flies. Genetics 2002;
162:1737-52; PMID:12524345.

Kohler K, Brunner E, Guan XL, Boucke K,
Greber UF, Mohanty S, et al. A combined pro-
teomic and genetic analysis identifies a role for
the lipid desaturase Desatl in starvation-induced
autophagy in Drosophila. Autophagy 2009; 5:980-
90; PMID:19587536; http://dx.doi.org/10.4161/
auto.5.7.9325.

Yong TPC, Jallon JM. De novo synthesis of potentiel-
ly aphrodisiac cuticular hydrocarbons in Drosophila.
Comptes rendus de I'académie des sciences série ITI.
Life Sci 1986; 303:197-202.

Dallerac R, Labeur C, Jallon JM, Knipple DC,
Roelofs WL, Wicker-Thomas C. A delta 9 desaturase
gene with a different substrate specificity is respon-
sible for the cuticular diene hydrocarbon polymor-
phism in Drosophila melanogaster. Proc Natl Acad Sci
USA 20005 97:9449-54; PMID:10920187; htep://
dx.doi.org/10.1073/pnas.150243997.

Nelson DR, Leopold RA. Composition of the surface
hydrocarbons from the vitelline membranes of dip-
teran embryos. Comp Biochem Physiol B Biochem
Mol Biol 2003; 136:295-308; PMID:14529755;
hetp://dx.doi.org/10.1016/S1096-4959(03)00206-9.
Rand MD, Kearney AL, Dao ], Clason T.
Permeabilization of Drosophila embryos for intro-
duction of small molecules. Insect Biochem Mol Biol
2010; 40:792-804; PMID:20727969; http://dx.doi.
0rg/10.1016/j.ibmb.2010.07.007.

Gibbs A, Pomonis JG. Physical properties of insect
cuticular hydrocarbons: the effects of chain length,
methyl-branching and unsaturation. Comp Biochem
Physiol B Biochem Mol Biol 1995; 112:243-9; http://
dx.doi.org/10.1016/0305-0491(95)00081-X.

Grillet M, Dartevelle L, Ferveur JF. A Drosophila
male pheromone affects female sexual receptivi-
ty. Proc Biol Sci 2006; 273:315-23; http://dx.doi.
0rg/10.1098/rspb.2005.3332.

Lacaille F, Hiroi M, Twele R, Inoshita T, Umemoto
D, Manitre G, et al. An inhibitory sex pheromone
tastes bitter for Drosophila males. PLoS One 2007;
2:661; PMID:17710124; http://dx.doi.org/10.1371/
journal.pone.0000661.

Marcillac F, Ferveur JE. A set of female pheromones
affects reproduction before, during and after mat-
ing in Drosophila. ] Exp Biol 2004; 207:3927-
33; PMID:15472023; hetp://dx.doi.org/10.1242/
jeb.01236.

Datta SR, Vasconcelos ML, Ruta V, Luo S, Wong
A, Demir E, et al. The Drosophila pheromone ¢VA
activates a sexually dimorphic neural circuit. Nature
2008; 452:473-7; PMID:18305480; http://dx.doi.
org/10.1038/nature06808.

Fly

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

de Belle JS, Heisenberg M. Associative odor learn-
ing in Drosophila abolished by chemical ablation
of mushroom bodies. Science 1994; 263:692-5;
PMID:8303280;  http://dx.doi.org/10.1126/sci-
ence.8303280.

McBride SM, Giuliani G, Choi C, Krause P, Correale
D, Watson K, et al. Mushroom body ablation impairs
short-term memory and long-term memory of court-
ship conditioning in Drosophila melanogaster. Neuron
1999; 24:967-77; PMID:10624959; http://dx.doi.
org/10.1016/S0896-6273(00)81043-0.

Siwicki KK, Riccio P, Ladewski L, Marcillac F,
Dartevelle L, Cross SA, et al. The role of cutic-
ular pheromones in courtship conditioning of
Drosophila males. Learn Mem 2005; 12:636-45;
PMID:16287720; hetp://dx.doi.org/10.1101/
Im.85605.

Becnel J, Johnson O, Luo ], Nissel DR, Nichols CD.
The serotonin 5-HT7Dro receptor is expressed in
the brain of Drosophila, and is essential for normal
courtship and mating. PLoS One 2011; 6:20800;
PMID:21674056; http://dx.doi.org/10.1371/journal.
pone.0020800.

Garti S, Ferveur JF, Martin JR. Genetic identification
of neurons controlling a sexually dimorphic behav-
iour. Curr Biol 2000; 10:667-70; PMID:10837249;
http://dx.doi.org/10.1016/S0960-9822(00)00517-0.
Boulétreau-Merle J. Destruction of the pars inter-
cerebralis in drosophila melanogaster: effect on the
fecundity and the stimulation through copulation. J
Insect Physiol 19765 22:933-40; PMID:820810.
Wicker C, Jallon JM. Hormonal control of sex
phéromone biosynthesis in Drosophila melanogas-
ter. ] Insect Physiol 1995; 41:65-70; http://dx.doi.
0rg/10.1016/0022-1910(94)00074-Q.

Savarit F, Sureau G, Cobb M, Ferveur JF. Genetic
elimination of known pheromones reveals the fun-
damental chemical bases of mating and isolation in
Drosophila. Proc Natl Acad Sci USA 1999; 96:9015-
20; PMID:10430887; http://dx.doi.org/10.1073/
pnas.96.16.9015.

Everaerts C, Lacaille F, Ferveur JF. Is mate choice in
Drosophila males guided by olfactory or gustatory
phéromones? Anim Behav 2010; 79:1135-46; htep://
dx.doi.org/10.1016/j.anbehav.2010.02.013.

Ferveur JF. Cuticular hydrocarbons: their evolu-
tion and roles in Drosophila pheromonal commu-
nication. [Review]. Behav Genet 2005; 35:279-
95; PMID:15864443; http://dx.doi.org/10.1007/
510519-005-3220-5.

Ferveur JF, Cobb M. Behavioral and evolution-
ary roles of cuticular hydrocarbons in Drosophila.
In Blomquist GJ, Bagnéres AG, (Ed.). Insect
Hydrocarbons. Cambrudge: Cambridge University
Press 2010; 325-43.

Antony C, Jallon JM. The chemical basis for sex rec-
ognition in Drosophila melanogaster. ] Insect Physiol
1982; 28:873-80; http://dx.doi.org/10.1016/0022-
1910(82)90101-9.

Jallon JM, David JR. Variations in cuticular hydro-
carbons among the eight species of the Drosophila
melanogaster sub-group. Evolution 1987; 41:294-302;
http://dx.doi.org/10.2307/2409139.

Jallon JM, Pechine JM. A novel chemical race of
Drosophila melanogaster in Africa. Comptes Rendus
de ’Académie des Sciences Série IT 1989; 309:1551-6.
Lachaise D. Spéciation, coévolution et adaptation des
populations de Drosophilides en Afrique Tropicale.
These Doctorat d’Etat és Sciences Naturelles, Paris
VI 1979.

Fang S, Ting CT, Lee CR, Chu KH, Wang CC,
Tsaur SC. Molecular evolution and functional
diversification of fatty acid desaturases after recur-
rent gene duplication in Drosophila. Mol Biol Evol
2009; 26:1447-56; PMID:19307313; http://dx.doi.
0rg/10.1093/molbev/msp057.



46.

47.

Shirangi TR, Dufour HD, Williams TM, Carroll
SB. Rapid evolution of sex pheromone-produc-
ing enzyme expression in Drosophila. PLoS Biol
2009; 7:1000168; PMID:19652700; http://dx.doi.
org/10.1371/journal.pbio.1000168.

Takahashi A, Tsaur SC, Coyne JA, Wu CI. The
nucleotide changes governing cuticular hydrocarbon
variation and their evolution in Drosophila mela-
nogaster. Proc Natl Acad Sci USA 2001; 98:3920-
5; PMID:11259658; http://dx.doi.org/10.1073/
pnas.061465098.

48.

49.

Ferveur JF, Sureau G. Simultaneous influence on male
courtship of stimulatory and inhibitory pheromones
produced by live sex-mosaic Drosophila melanogaster.
Proc Biol Sci 1996; 263:967-73; PMID:8805834;
http://dx.doi.org/10.1098/rspb.1996.0143.

Grillet M, Everaerts C, Houot B, Ritchie MG, Cobb
M, Ferveur JF. Incipient speciation in Drosophila
melanogaster involves chemical signals. Nature
Scientific Reports 2012; In press; http://dx.doi.
0rg/10.1038/srep00224.

Fly

50. Houot B, Svetec N, Godoy-Herrera R, Ferveur

51.

JE. Effect of laboratory acclimation on the varia-
tion of reproduction-related characters in Drosophila
melanogaster. ] Exp Biol 2010; 213:2322-31;
PMID:20543131; http://dx.doi.org/10.1242/
eb.041566.

Mizrokhi L], Georgieva SG, Ilyin YV. jockey, a mobile
Drosophila element similar to mammalian LINEs, is
transcribed from the internal promoter by RNA poly-
merase 1I. Cell 1988; 54:685-91; PMID:2842063;
http://dx.doi.org/10.1016/S0092-8674(88)80013-8.

Volume 6 Issue 2



