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Sexual isolation and cuticular hydrocarbons
in Drosophila elegans
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In Drosophila elegans, partial sexual isolation has developed between the brown and black morphs,
which are distributed allopatrically. The present study aims to understand how they discriminate
between potential mates. Mating experiments show that the females of the two morphs differ in sexual
signal(s) and the males discriminate using these differences. Body colouration is not used as a sexual
cue in this species. Between the females of the two morphs, a large difference was observed in the
percentages of 7-pentacosene and 9-pentacosene on the cuticle. Genetical analysis using recombinant
inbred lines supported the possibility that the concentration of these pentacosenes plays a role in mate
discrimination of these two morphs. However, males did not respond to killed females at all,
suggesting that cuticular hydrocarbons of females are not the only cue for the induction of male
courtship behaviour. It may be that unknown signals or substances are essential to induce male
courtship and pentacosenes modulate the attractiveness of females, positively in the black morph and
negatively in the brown morph. Drosophila elegans F, offspring had intermediate characteristics in
mate discrimination and hydrocarbon composition between the parental brown and black morph
strains. The number of loci responsible for the differences in the concentration of pentacosenes and
the male and female components in the mate recognition between these two morphs is suggested to be
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more than one.
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Introduction

The differentiation of the mate recognition system is one
of the major steps leading to speciation in animals, but
little is understood about the evolution of mate recog-
nition systems, because of its complexity. The mate
recognition system can be divided into male and female
components; individuals of one sex send signal(s) and
individuals of the other sex respond to the signal(s) they
received. Sexual signals are usually complicated and
involve chemical, visual, behavioural and/or tactile
stimuli. In Drosophila, courtship songs, cuticular hydro-
carbons or morphological characteristics such as pig-
mentation or wing marks are known to act as sexual
signals (Manning, 1959; Antony & Jallon, 1982; Spieth
& Ringo, 1983). Among these signals, cuticular hydro-
carbons have recently received much attention.

Like all insects examined so far, Drosophila flies carry
a layer of long-chain hydrocarbons on the surface of
their cuticle (Howard & Blomquist, 1982). These com-
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pounds protect the insects from desiccation, and act in
some species of Lepidoptera, Diptera and Coleoptera as
contact pheromones (Howard & Blomquist, 1982;
Howard, 1993). In D. melanogaster, two female-specific
cuticular hydrocarbons — 7,11-heptacosadiene and 7,11-
nonacosadiene — have been shown to induce male
courtship behaviour, while a male-predominant cuticu-
lar hydrocarbon, 7-tricosene, inhibits the excitation of
conspecific males (Antony & Jallon, 1982; Jallon, 1984;
Antony et al., 1985; Scott, 1994; Ferveur & Sureau,
1996; Ferveur et al., 1997). In D. virilis, 11-pentacosene
has been suggested to be the major sex pheromone
(Oguma et al., 1992). In addition, the difference in
female hydrocarbons has been indicated to contribute to
sexual isolation between D. melanogaster and D. simu-
lans or D. mauritiana (Savarit et al., 1999).

Knowledge of the genetic bases of the hydrocarbon
differences contributing to sexual isolation is very im-
portant for understanding the speciation process. Usu-
ally, a number of genes are found to be responsible for
hydrocarbon or pheromone differences between sibling
or geographical strains of Drosophila (Coyne et al., 1994;
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Coyne, 1996; Ferveur & Jallon, 1996; Coyne &
Charlesworth, 1997). However, Coyne et al. (1999)
reported that a single gene is responsible for the difference
in the level of 7,11-heptacosadiene between females of
different geographical strains of D. melanogaster.

The present study aims to understand the evolution of
the mate recognition system in D. elegans Bock and
Wheeler. This species breeds mainly on Ipomoea (morn-
ing glory) flowers and its males hold mating territories
on individual Ipomoea flowers (Kimura & Hirai, 2001).
Two morphs are known in this species: the black morph,
which is distributed in the Ryukyu islands and Taiwan,
and the brown morph, which occurs in southern China,
the Philippines and Indonesia (Lemeunier ef al., 1986;
Hirai & Kimura, 1997). We have shown previously that
partial premating isolation has developed between these
two morphs but postmating isolation between them is
very weak (Hirai & Kimura, 1997). In the present
contribution, behavioural, chemical and genetic studies
are undertaken to understand how they discriminate
between mates.

Materials and methods

Parental strains

The experimental strain of the brown morph originated
from about 20 females collected in Hong Kong, China
(HK) and that of the black morph from about 30
females collected in Iriomote, Japan (IS). These strains
were maintained in the laboratory for few years before
the experiments.

Experimental flies were reared on cornmeal-malt
medium at 23°C under continuous light conditions.
Flies used in experiments were sexed without anaesthe-
sia within 12 h after eclosion and maintained in glass
vials (50 mL) containing food medium for 7 days.

F; and F, hybrids

The difference in body colouration between these
morphs is the result of alleles on a single locus or
closely linked loci on an autosome (Hirai & Kimura,
1997): F; hybrids are intermediate in body colouration
and F, individuals show three colour types, brown,
intermediate and black.

Recombinant inbred lines

The genetical linkage between traits was investigated
using recombinant inbred (RI) lines. Hybrids were
produced by reciprocal crosses between the HK and IS
strains and maintained independently by full-sib mating
(mating between single brother and sister) from the F,
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generation. After 20 generations of full-sib mating, 24
recombinant inbred lines were obtained. In these inbred
lines, 97.5% of loci are expected to be homozygous for
one or other of the alleles of the parental strains
(Falconer, 1960). If different traits under study are
linked genetically, correlation would be observed
between these traits among the recombinant inbred
lines (Oliverio, 1979).

Mate discrimination

Mate discrimination of parental and F; flies was
examined by courtship time and mating frequency in
the male and female choice tests. In the choice-by-male
test, a male and two females were introduced into a glass
vial (35 mL) with an aspirator without anaesthesia.
Duration of courtship exhibited to each female was
measured until copulation had occurred, or for 45 min if
copulation did not occur. The index for mate discrim-
ination in courtship (DIC) was calculated by the
following formula;

DIC=(4 B)/(4+ B),

where A and B are the number of replicates in which the
males exhibit longer courtship to the females of strains
A and B, respectively. Values for DIC range from
—1to +1 and a value of zero indicates that males do not
choose females. In this experiment, it was also observed
with which female the male mated. The index for mate
discrimination in mating (DIM) was calculated by the
same formula as above; in this case, 4 and B are the
number of replicates in which the males mated with the
females of strains A and B, respectively.

DIC and DIM were also obtained in the choice-by-
female test in the same way.

It is possible to establish which sex discriminates
between mates using these experiments. If females differ
in attractiveness and males discriminate between them,
males will exhibit longer courtship to attractive females
and mate with them more often. If females discriminate
between mates, males may show longer courtship to
females that are reluctant to mate. If so, they would
mate with females with which they exhibit shorter
courtship.

In addition, the response of males to females killed by
decapitation or low temperature (—20°C) was examined
to clarify the importance of cuticular hydrocarbons in
the mate recognition.

Cuticular hydrocarbons

About 200 virgin flies were immersed in #n-hexane
for 2 min to extract cuticular hydrocarbons. The
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hydrocarbons were purified by silicic acid column
chromatography and each component was identified
by gas-liquid chromatography and mass spectrometry
(GC-MS) using JMS-AX500 (JEOL Ltd., Tokyo,
Japan) (Katagiri et al., 1985). A capillary column (DB-
IHT, 15 m x 0.25 mm) was run with He as carrier gas
and heated from 130 to 230°C at 5°C min~'. For
determining the position of double bonds, their dimethyl
disulphide derivatives were subjected to GC-MS
according to Carlson et al. (1989).

Results

Mate discrimination

In the choice-by-male test, males of the HK strain (the
brown morph) exhibited longer courtship to females of
the HK strain significantly more often than to those of
the IS strain (the black morph), and also mated with HK
females significantly more often (Table 1). Similarly, IS
males exhibited a preference to IS females in courtship
and mating. In the choice-by-female test, HK females

received longer courtship from HK males significantly
more often than from IS males, and mated with HK
males significantly more often; also, IS females received
longer courtship from IS males and mated with them
significantly more often (Table 2). In these experiments,
males mated significantly more often with females to
which they exhibited longer courtship than with those to
which they exhibited shorter courtship (Table 3), reveal-
ing that it is the male that discriminates between mates.

HK males showed longer courtship to HK females
significantly more often than to F; females, and mated
with HK females more often (Table 1). However, they
did not discriminate between F; and IS females. IS
males did not discriminate between F;, IS or HK
females. In addition, F; males did not discriminate
between IS and HK females (Table 1).

In order to examine whether body colour acts as a
sexual cue or not, the choice-by-male test was made
using F, females with black and brown colouration. HK
and IS males did not discriminate between brown and
black F, females (Table 4), indicating that body colour
is not used as a sexual cue.

Table 1 Results of choice-by-male tests with the black (IS) and brown morph (HK) strains of D. elegans and their F; hybrids

No. of 3 exhibited No. of 3
longer courtship to mated with
3 ? (A, B) AQ B? DIC AQ B? DIM

#1 HK IS, HK 5 26 —0.68** 5 22 —0.63**
#2 HK F,(HK @; ¢; XIS 3; &3), HK 8 18 —-0.38 6 15 -0.43
#3 HK F,(IS ¢; ¢ xHK J; &;), HK 5 25 —0.67** 12 18 -0.20
#4 HK IS, Fi(HK @; @ XIS 35 &%) 8 10 0.11 9 9 0.00
#5 HK IS, F{(ISHK) 6 10 -0.25 6 10 -0.25
#5 IS IS, HK 37 18 0.35 35 14 0.43*
#71 1S IS, Fi(HK @; & XIS 35 3%) 14 16 -0.07 19 9 0.36
#8 IS IS, Fi(IS ¢; 9; xHK 3 3;) 17 13 0.13 18 12 0.20
#9 IS Fi(HK ¢; @; XIS 3; &), HK 23 22 0.02 23 20 0.07
#10 IS F,dS ¢; ¢; xHK 3; 33), HK 7 8 -0.07 8 7 0.07
#11 F(HK @ & XIS 35 33) IS, HK 10 20 -0.33 13 13 0.00
#12 F,(IS ¢; ¢ xHK 3; 33) IS, HK 13 16 -0.10 14 15 -0.03

Significant deviation from random courtship or mating (y*-test after sequential Bonferroni correction, *P < 0.05, **P < 0.01).

No. of @ which

Table 2 Results of choice-by-female
tests with the black (IS) and brown

EZ?;Z:S;(}?E?; mlzjt(i)rllgt\ﬂzvgiath morph (HK) strains of D. elegans
3(A,B) ¢ Ag B3 DIC Agd B3 DIM
#1 IS,HK HK 19 41 —0.37%* 17 36 —0.36%*
#2 IS,HK IS 46 14 0.53*%% 41 9 0.64%*

Significant deviation from random courtship or mating (y*-test after sequential Bonferroni

correction, **P < 0.01).
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Table 3 Number of replicates in which copulation occurred
with females to which males exhibited longer (L) or shorter
(S) courtship in the choice-by-male test in D. elegans, and
number of replicates in which copulation occurred with
males which exhibited longer (L) or shorter (S) courtship in
the choice-by-female test. Experiment number, see Tables 1
and 2

Exp. No. L S
Choice-by-male test
#1 24 3x*
#2 15 6
#3 21 9
#4 15 3*
#5 14 2%
#6 43 6%*
#7 20 8
#8 29 1**
#9 35 gx*
#10 14 1**
Choice-by-female test
#1 50 3x*
#2 46 4%

i test after sequential Bonferroni correction *P < 0.05,
**p < 0.01.

Response to killed females

In order to clarify the importance of cuticular hydro-
carbons in the mate recognition, the response of males
to females that were killed by decapitation or freezing
was examined. Males of both IS and HK strains did not
show any response to killed females (N=10 for each
treatment in each strain). This suggests that, even if
hydrocarbons play an important role in the induction of
male courtship, they are not the only cue.

Cuticular hydrocarbons

The GC profile of cuticular hydrocarbons are shown
in Fig. 1. The analysis with GC/MS confirmed that
the cuticular hydrocarbons were composed of a
complex mixture of alkanes and alkenes containing
from 21 to at least 29 carbon atoms (Table 5).
Between the HK and IS females, a large difference
was observed in the concentration of 9-pentacosene
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HK (the brown morph)
male

C21:0

HK (the brown morph)
female

IS (the black morph)
female ‘

Ll

Fig. 1 Gas chromatograms of male and female Drosophila
elegans (HK and IS). C, ;.o (heneicosane), C,3.; (tricosene),
Cy3.9 (tricosane), 9-C,s.; (9-pentacosene), 7-C,s. (7-pentaco-
sene), Css.o (pentacosane) and C,7. (heptacosane). Arrows in
lower two panels indicate Cys.;.

(9-C»s.1) and 7-pentacosene (7-C,s.q); which are seven
and three times higher in IS females than in HK
females, respectively. On the other hand, the concen-
tration of tricosenes (C,3.;) was lower in the IS strain
than in the HK strain, but the difference was only
1.15-fold because tricosenes were dominant (about
50% of total cuticular hydrocarbons). In both morphs,
the concentration of 9-C,s.; was 1.5-3 times higher
than that of 7-C,s.,. Female F; offspring had inter-
mediate concentrations of these hydrocarbons com-
pared to IS and HK females.

Table 4 Results of choice-by-male

tests on D. elegans using black and
brown F, females

No. of 3 exhibiting
longer courtship to

No. of 3 mated with

3 Black @ Brown ¢ DIC Black ¢ Brown ¢ DIM
HK 21 25 -0.09 19 23 -0.10
IS 11 15 —-0.15 10 12 -0.09
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Table 5 Cuticular hydrocarbon compositions (%) in the experimental strains of D. elegans

Alkane Alkene

Cy Cys Cys Cyy Cy total Cas. 9-Css.1 7-Css: Cy7.1 Coo. total
Female
HK 17.78 14.70 1.70 3.13 2.53 39.84 55.97 1.62 1.09 0.72 0.76 60.15
IN) 12.30 14.33 2.09 2.83 2.59 34.14 48.25 11.04 3.35 1.70 1.50 65.86
Fi(A) 13.17 17.27 1.71 3.02 2.62 37.79 55.08 3.69 1.71 0.86 0.87 62.21
F1(B) 14.15 16.57 1.83 3.19 2.01 37.75 56.19 2.72 1.53 0.80 1.01 62.25
Male
HK 9.39 14.14 3.76 4.44 1.60 33.33 56.41 0.66 1.83 5.69 2.09 66.67
IS 5.90 13.91 3.28 3.90 1.31 28.30 55.56 1.32 3.98 8.58 2.27 71.71

C,; (heneicosane), C,; (tricosane), C,s (pentacosane), C,; (heptacosane), Cp9 (nonacosane), C,3.; (tricosene),
9-Csys.1 (9-pentacosene), 7-C,s.; (7-pentacpsene), C,7. (heptacosene), Csg.; (nonacosene).
F(A) was obtained from a cross between HK females and IS males, and F;(B) from a cross between IS females and HK males.

On the other hand, about twofold difference was
observed in the concentrations of C,;, 7-Css.; and Cs7.;
between HK and IS males. Between the sexes, a
difference was observed in the concentration of Cy7.1.

Genetic analysis

Thus, hydrocarbon analysis detected a large difference
in the concentration of pentacosenes between HK and
IS females. In order to ascertain whether the difference
in pentacosene concentration affects mate discrimin-
ation or not, the relationship between mate discrimin-
ation and pentacosene concentration was investigated
with recombinant inbred (RI) lines.

Mate discrimination of RI flies was examined only by
mating. The choice-by-male test was made for RI males
using IS and HK females, and the choice-by-female test
was made for RI females using IS and HK males. The
discrimination index (DIM) was as follows,

DIM = (Nis Nuk)/(Nis + Nuk ),

where Nyk and Nig are the numbers of HK and IS flies
(respectively) with which RI flies mated. If RI males are
the HK type, DIM would be—0.63, and if they are the IS
type, it would be 0.43 (Table 1). If RI females are the
HK type, DIM would be —0.36, and if they are the IS
type, it would be 0.64 (Table 2).

The distributions of male and female DIMs and
female pentacosene concentration among RI lines are
shown in Fig. 2. In this analysis, 7-C,s.; and 9-C»,s.; were
treated together, because the concentrations of these
molecules were highly correlated among the RI lines
(r=0.86, P < 0.001). If a single autsomal locus is
responsible for the difference of these properties, the
frequency of lines that show either the properties of the
parental strains is expected to be 0.975 (the probability

that an allele from one of the parental strains becomes
homozygous is 0.975/2 =0.4875). However, the frequen-
cies of lines that show either the properties of the
parental strains were 0.1-0.2, suggesting that more than
one locus is responsible for the differences in DIMs and
pentacosene concentration. In this study, it is difficult to
estimate the number of genes precisely, because the
number of RI lines obtained was only 24.

DIM for the female was significantly correlated with
the concentration of pentacosenes among RI lines
(Fig. 3a), suggesting a relationship between the concen-
tration of pentacosenes and mate discrimination by
males. Male and female DIMs did not correlate with
each other (Fig. 3b), indicating that the male and female
components in their mate recognition system were
controlled by different genetic systems.

Discussion

In D. elegans, partial sexual isolation has developed
between the brown and black morphs (Hirai & Kimura,
1997). The present mating experiments suggest that the
females of the two morphs differ in sexual signal(s) and
the males discriminate on the bases of these signal(s). It
appears in this study that body colouration is not used
as a sexual cue in this species. Between the females of the
two morphs, a large difference was observed in the
concentrations of 7-pentacosene (7-C,s.;) and 9-pentac-
osene (9-C,s.q). Genetic analysis using recombinant
inbred lines suggests that the concentrations of 7-Cjs.
and 9-C,s.; play a role in mate discrimination between
these two morphs.

However, males of this species do not show any
response to killed females. This suggests that hydrocar-
bons are not the only cue for the induction of male
courtship behaviour. Substances emitted through res-
piration, sounds or behaviours also play important
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Fig. 2 Distributions of female DIM (A), male DIM (B) and
female pentacosene concentration (C) among recombinant
inbred lines. Arrows (HK and IS) suggest the values when
tested flies were the HK (the brown morph) and IS (the black
morph) types, respectively.
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circles indicate the values for the HK (the brown morph) and
IS (the black morph) strains, respectively.

roles. In D. melanogaster and its siblings, Savarit et al.
(1999) suggest that as-yet-undetermined substances act
as essential copulation-stimulating pheromones and that
the known cuticular pheromones modulate the action of
essential pheromones positively or negatively; i.e. 7,11-
heptacosadiene acts positively for the D. melanogaster
and D. sechellia males but negatively for the D. simulans
and D. mauritiana males, while 7-tricosene shows the
opposite action. In D. elegans, it may be that unknown
signals or substances are essential to induce male
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courtship and pentacosenes modulate the attractiveness
of females; i.e. positively for IS males but negatively for
HK males.

Previous studies on the genetic bases of hydrocarbon
differences (Coyne et al., 1994; Coyne, 1996; Ferveur &
Jallon, 1996; Coyne & Charlesworth, 1997) have repor-
ted that the differences in hydrocarbon profile between
sibling species of the melanogaster species subgroup or
between geographical strains of D. melanogaster are the
result of evolutionary changes in at least four to six genes
(although Coyne et al., 1999, reported that a single gene
is responsible for the difference in the level of 7,11-Cy7.»
between females of different geographical strains of D.
melanogaster). The present genetic analysis suggests that
the numbers of genes responsible for the difference in the
concentration of pentacosenes and in the male and
female components in the mate recognition system
between these two morphs are more than one, in each
case. The present analysis suggests also that the female
and male properties in mate discrimination between
these two morphs do not share a common genetic
system. Thus, the number of loci responsible for sexual
isolation between the black and brown morphs is at least
four. In addition, sexual isolation between the morphs is
incomplete, suggesting that the number of genes required
for complete sexual isolation would not be small.
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