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Two sympatric populations of Drosophila melanogaster were collected in the Brazzaville area in
Congo, one from the suburban countryside and the other from a brewery located in the city. They
were compared for several genetically determined traits including morphology, allozymes, microsat-
ellites, cuticular hydrocarbons, and sexual behaviour. The two populations were similar to other
African populations for morphological traits, but di�ered signi®cantly from each other for all other
characters. The countryside population resembled other African populations, whereas the urban
population was consistently similar to European populations. Mating choice experiments showed
incipient reproductive separation between the populations. In agreement with the hypothesis that
D. melanogaster originated in Africa and spread to the rest of the world by invading human-modi®ed
habitats, we suggest that man-adapted fruit ¯y populations have returned `back to Africa', and
remained partially isolated from older native stocks.
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Introduction

The partial reproductive isolation of populations from
the same species is thought to be an initial step towards
speciation. Experiments using laboratory strains have
provided evidence of this, even though the development
of this isolation in natural conditions is di�cult to
observe (Rice & Hostert, 1993). A review of many
studies on Drosophila species shows that prezygotic
isolation evolves faster than postzygotic isolation when
levels of isolation are ranked against genetic distance
(Coyne & Orr, 1997). This analysis also suggests that
there is a greater prezygotic isolation between sympatric
than between allopatric pairs of species. Hence, analysis
of speciation should include a systematic study of traits
involved in prezygotic isolation (Tregenza & Bridle,
1997), at least in complex animals such as Drosophila.
The cosmopolitan species Drosophila melanogaster was,
until recently, thought to be uniform over its whole

world-wide range and to show no sexual isolation.
Homogamy was never observed in multiple choice
experiments using strains from natural populations
from various parts of the world (Henderson & Lambert,
1982). The only observed di�erences were in the sexual
activity of African and European populations (Cohet &
David, 1980). However, incipient allopatric speciation
was recently suggested by the ®nding of sexual isolation
between a North American and an African (Zimbabwe)
population (Wu et al., 1995; Hollocher et al., 1997a,b).

There may be a very di�erent situation in the
Brazzaville area (Congo), according to the genetic
structure of sympatric populations of D. melanogaster,
shown by allozymes (Vouidibio et al., 1989). The
microspatial distribution of alcohol dehydrogenase
(ADH) polymorphism is unusual, revealing two kinds
of population. A genetically homogeneous group of ®eld
populations (hereafter called the ``countryside popula-
tions'') were collected in periurban areas on ripe fruit
and rotting manioc residues. Another group of brewery
populations (the `urban populations') were collected*Correspondence. E-mail: capy@pge.cnrs-gif.fr
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from two breweries (Kronenbourg and Primus), and
from bars in the city. Permanent populations living on
beer residues were established in returned bottle stores,
providing useful reference populations. These two
groups of populations di�ered signi®cantly in their
ethanol tolerance and in the frequency of the Adh-F
allozyme. Urban populations had an Adh-F frequency
close to 80%, whereas that of the countryside ¯ies was
3%. Moreover, the urban ¯ies were more resistant to
ethanol. The FST value between the two kinds of
populations was also high (0.46). This value is much
higher than between other pairs of African populations
suggesting that there was reduced gene ¯ow between
them (Vouidibio et al., 1989). Finally, preliminary
results strongly suggest that these two populations are
sexually isolated (Paillette et al., 1993).
We have therefore extended our analysis of these two

kinds of population in a study of several traits including
morphology, allozyme and microsatellite frequencies,
abdominal and thoracic pigmentation, cuticular hydro-
carbons, courtship behaviour and sexual isolation. The
results show limited gene ¯ow and reproductive isola-
tion. These ®ndings have been used to develop an
evolutionary scenario whereby a migrant population
from Europe, or from a Europe-related strain, recently
became established in this African city and did not mix
with ancestral populations of the same species.

Materials and methods

Natural populations

Strains were collected in 1989 in Loua (countryside
population) and in the Kronenbourg brewery (urban
population). These two samples, also designated as `L'
and `K', respectively, correspond to sites 9 and 7 in a
previous study (Vouidibio et al., 1989). The distance
between these sites is about 15 km. A population from
Bordeaux (France) was used as a reference for European
populations in mating choice experiments. Samples were
kept in mass culture at 20°C on laboratory medium. The
samples used in this work are similar to those described
in 1986, 1987 and 1988 by Vouidibio et al. (1989) in
their allozyme frequencies and ethanol tolerance (see
Table 1).

Phenotypic and genetic differentiation

Morphological traits were measured as described in
Capy et al. (1993), pigmentation of females as in David
et al. (1985) for the thoracic trident, and as in Gibert
et al. (1996) for abdominal pigmentation, and cuticular
hydrocarbons were measured as in Antony et al. (1985).
Data published by Chakir et al. (1996) were used for

ethanol tolerance. Allozyme frequencies were estimated
at four loci in addition to Adh: aGpdh (a-glycerophos-
phate dehydrogenase), Est-6 (esterase-6), Est-C (ester-
ase-C) and G6pd (glucose-6-phosphate dehydrogenase)
as in David (1982).
Microsatellite frequencies were estimated from trinu-

cleotide repeats, as in earlier work conducted on
European and African populations (Michalakis &
Veuille, 1996). In the present study, data from France
(sum of Bordeaux and Cognac), Ivory Coast (Lamto)
and Malawi (see appendix B of Michalakis & Veuille,
1996) were compared to those of the countryside and
urban populations of Brazzaville. These repeats are
located in coding region of genes involved in develop-
ment, which may be less subject to local adaptation than
allozymes involved in interactions between the organism
and its environment. We used six microsatellite loci (bib,
cad, dL, Elf-1, slobo, Su(H)), showing signi®cant di�er-
ences between Africa and Europe (Michalakis & Veuille,
1996). The population samples consisted of isochrom-
osomal lines started from gametes directly obtained
from wild-caught individuals. We used a sample of 10
chromosomes of the Brazzaville populations. These may
have undergone a signi®cant loss of variation.
The characteristics of the two Brazzaville populations

were compared to data published for other African and
temperate populations (see Table 1).

Mating choice experiments

Three series of experiments were carried out. The ®rst
involved three individuals in all possible combinations;
the second involved four individuals (one individual of
each sex for each population); the third was a multiple
choice experiment involving 50 individuals of each sex
from each population (total number of individ-
uals� 200). All experiments involved virgin males and
females aged up to 5 days. Mating pairs are hereafter
designated by indicating the strain of the female ®rst,
then the strain of the male. For example, an ``LK''
mating pair involved a female from Loua (L) and a male
from Kronenbourg (K). Experiments with four individ-
uals were also performed between Loua and Bordeaux
(France) to compare the behaviour of allopatric and
sympatric populations.
Because almost all the individuals from Loua were

homozygous for AdhS and those of Kronenbourg for
the AdhF alleles, their genotypes were used to identify
partners from each mating pair. Both alleles were,
however, present in the two populations, but the rare
alleles (AdhF in Loua and AdhS in the brewery) were
only found in heterozygous ¯ies. Both mated and
unmated individuals were genotyped to avoid any
problem of identi®cation. There were no uncertain
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Table 1 Characteristics of suburban (Loua or Loukanga) and urban (Kronenbourg) populations of Drosophila melanogaster in Brazzaville compared to
European and African populations. Data and methods used to measure the di�erent traits are given in the references. 1David (1982); 2Chakir et al. (1996);
3David et al. (1986); 4Capy et al. (1993); 5David et al. (1985); 6Gibert et al. (1996)

Traits Loua Kronenbourg Europe Africa

Alloenzyme frequencies
Adh(F ) 3.03 � 3.03 (68) 85.77 � 3.96 (107) 94.01 � 0.91 (1752)1 8.42 � 6.03 (2518)1

aGpdh(F ) 99.29 � 0.71 (68) 90.63 � 1.75 (88) 59.26 � 3.69 (1476)1 98.83 � 0.56 (2238)1

Est-6(F ) 46.77 � 3.23 (65) 44.38 � 4.10 (69) 27.22 � 1.24 (1416)1 62.77 � 4.04 (1836)1

Est-C(F ) 52.21 � 2.20 (46) 88.78 � 3.76 (107) 88.18 � 2.27 (1438)1 55.12 � 7.85 (1736)1

G6pd(F ) 2.06 � 1.00 (146) 29.98 � 2.52 (112) 98.25 � 0.50 (484) 0  (58)
 No replicates. Population from Lamto (Ivory Coast).
Number of individuals in parentheses.

Tolerance
Ethanol 5.75 � 0.25 (17)2 13.42 � 0.41 (17)2 17.46 � 0.33 (11)3 7.68 � 0.39 (10)3

Acetic acid 5.02 � 0.10 (17)2 7.06 � 0.33 (17)2 11.03 � 0.16 (12)1 No data available
Number of replicates in parentheses.

Morphology (25°C)
Females

Abdominal bristle number 39.08 � 0.56 (1) 41.12 � 0.12 (1) 43.23 � 0.29 (30) 38.74 � 0.51 (13)
Sternopleural bristle number 16.72 � 0.51 (1) 17.46 � 0.43 (1) 19.57 � 0.22 (30) 17.19 � 0.29 (13)
Thorax length 104.00 � 0.55 (1) 102.86 � 0.40 (1) 107.61 � 0.37 (30) 100.79 � 0.73 (13)
Wing length 212.22 � 1.61 (1) 212.09 � 1.00 (1) 227.25 � 0.77 (30) 203.49 � 1.28 (13)
Ovariole number 37.01 � 0.86 (1) 37.20 � 1.06 (1) 44.20 � 0.94 (30) 37.93 � 0.90 (13)

Males
Fresh weight 76.61 � 0.73 (1) 77.95 � 0.72 (1) 91.23 � 1.55 (11)4 82.18 � 1.77 (10)4

Abdominal bristle number 30.26 � 0.51 (1) 38.84 � 0.62 (1) 36.76 � 0.52 (11)4 32.83 � 0.59 (10)4

Sternopleural bristle number 16.32 � 0.29 (1) 17.11 � 0.44 (1) 18.12 � 0.21 (11)4 16.76 � 0.27 (10)4

Thorax length 88.65 � 0.39 (1) 87.97 � 0.48 (1) 94.25 � 0.64 (11)4 90.39 � 0.96 (10)4

Wing length 180.79 � 0.59 (1) 184.33 � 0.80 (1) 199.13 � 1.57 (11)4 185.44 � 3.07 (10)4

Number of populations in parentheses. 10 isofemale lines and 10 individuals per isofemale line were analysed.

Pigmentation of females
Thoracic trident (25°C) 0.01 � 0.01 (1/18) 0.34 � 0.04 (1/18) 0.93 � 0.09 (11/11)5 0.28 � 0.08 (7/70)5

Abdominal pigmentation (25°C) 16.90 � 0.18 (1/18) 12.90 � 0.29 (1/18) 10.60 � 0.29 (2/20)6 15.70 � 0.29 (1/10)à
àGibert and David, unpubl. results (Mt Nimba).
Number of populations/average number of isofemale lines per population in parentheses.

Cuticular hydrocarbons
Females (Ratio 5,9 HD/7,11 HD) 5.46 � 2.93 (1/48) 0.65 � 0.57 (1/60) close to 0 (19)§ 2.66 � 0.53 (10)±
Males (Ratio 7P/7T) 14.11 � 10.28 (1/42) 0.56 � 0.54 (1/56) 0.28 � 0.05 (19)§ 3.32 � 2.00 (15)±

§Rouault et al. (in prep.).
±Rouault et al. (in prep.).
Number of populations/number of individuals measured for Loua and Kronenbourg or number of populations for Europe and Africa in parentheses.
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identi®cations because the frequencies of these hetero-
zygotes are low.
In the ®rst two types of experiments, individuals were

placed in a glass vial. In the third, all individuals were
placed in a bottle, 40 cm high and 15 cm in diameter.
Mated individuals were removed and frozen for Adh
genotyping. The experiment was stopped when one
fourth of all possible matings had been observed.
Isolation [II� 1 ) (nLK + nKL/nKK + nLL)] (Coyne

& Orr, 1989), and discrimination [DI�)ln(nLKnKL/
nKKnLL)] indices were calculated, with nij being the
number of matings between a female i and a male j. As
proposed by Wu et al. (1995), when DI�¥, because no
LK mating pair was observed, a new DI value was
calculated using nLK� 0.5.

Courtship behaviour

Two traits involved in the courtship behaviour were
analysed. The inter pulse interval (IPI) and the cuticular
hydrocarbons. The IPI, a characteristic of the male love
song (Kyriacou & Hall, 1985), were measured at 25°C
according to the method described by Paillette et al.
(1997). For this trait, individuals 3±5 days old were
used. Hydrocarbon levels, which can be used as popu-
lation markers, particularly to discriminate between
African and European ¯ies, were analysed according to
Antony et al. (1985) on a Girdel 300 chromatograph
with a Cpsil 25 m capillary column. Virgin ¯ies 4±6 days
old were used.

Results

Population differentiation

Table 1 compares the countryside and the urban pop-
ulations with the average characteristics of African and
European populations. The AdhF allele was frequent
in the urban population as in Europe. The same was
found for Est-C. The urban strain was closer to African
populations for aGpdh, and intermediate between
European and African populations for G6pd. The two

Brazzaville populations were intermediate between the
European and African averages for Est-6.
The countryside population was in Hardy±Weinberg

equilibrium for Adh, because the ®xation index (calcu-
lated using GENEPOPGENEPOP, Raymond & Rousset, 1995) was
close to 0 (FIS�)0.03), whereas the FIS values varied
greatly over time for the urban population (0.05 in 1988
and 0.30 in 1989, P-values are 0.429 and 0.005,
respectively). Similarly, departure from Hardy±Wein-
berg equilibrium is signi®cant only for the Adh in 1989.
In an organism like Drosophila, signi®cant FIS can
originate either from population mixing (`Wahlund
e�ect'), from homogamy, or from a selective disadvan-
tage of heterozygotes. All these phenomena suggest
some mixing of individuals from breweries with those
from neighbouring populations which have characteris-
tics similar to those from the countryside.
Di�erentiation for microsatellite variation is shown in

Table 2. The urban population from Brazzaville was
genetically very similar to the European population
from France (D� 0.11, SD� 0.11), but very unlike the
Brazzaville countryside population (D� 0.44, SD�
0.47). A similar value was found between the country-
side and French populations (0.43, SD� 0.33). Other
African populations from Ivory Coast and Malawi
(Michalakis & Veuille, 1996) were substantially di�erent
from the two Brazzaville populations. In particular, the
countryside population seems to be distantly related to
the other African populations. This is mainly because of
a private allele present in Loua and absent from all the
other populations including the urban population of
Brazzaville. This may only indicate genetic di�erentia-
tion in the African continent, in agreement with other
studies (Lemeunier et al., 1994). When the private allele
of Loua is removed, distances between the countryside
and French populations and between urban and French
populations were again not signi®cantly di�erent (0.34
SD� 0.29 vs. 0.33 SD� 0.43).
The urban population was about two times more

ethanol tolerant than that of the countryside (13.42%
vs. 5.75%), but consistently less tolerant than the
European populations (13.42% vs. 17.46%). The

Table 2 Genetic distances and standard deviations over six loci for microsatellites
between the urban and countryside populations of Drosophila melanogaster from
Brazzaville and three European and African populations. Distances were calculated
after Nei (1987, equation 9.23)

Malawi France Urban Countryside

Ivory Coast 0.07 0.06 0.13 0.13 0.22 0.19 0.39 0.28
Malawi 0.19 0.15 0.33 0.20 0.33 0.24
France 0.11 0.11 0.43 0.33
Urban 0.44 0.47

SEXUAL ISOLATION IN D. MELANOGASTER 471

Ó The Genetical Society of Great Britain, Heredity, 84, 468±475.



morphological characteristics of the urban population
were similar to those of the countryside for both sexes.
Finally, the abdominal and thoracic pigmentation scores
in females were intermediate between the African and
European populations (Table 1).

Mating choice experiments

Signi®cant homogamy was detected in all the exper-
iments (Table 3). KK mating pairs were more frequent
than expected, and LK pairs less frequent. Country-
side males tended to mate in equal proportions with
both kinds of females (45% vs. 55%) in experiments
involving one male and two females, whereas urban
males copulated more frequently with urban females
than with other females (79% vs. 21%). The
experiments involving one female and two males
showed that countryside females copulated more
frequently with countryside males (81% vs. 19%)
whereas urban females copulated more frequently with
urban males (85% vs. 15%). The observed values for
all the behavioural experiments were signi®cantly
di�erent from random mating, con®rming preliminary
results (Paillette et al., 1993). The only exception
was the absence of mating preference of males from
Loua.

The choice experiments involving four individuals
gave an isolation index between the two populations
from Brazzaville of 0.77, and of 0.55 between the
countryside population and European strain from
Bordeaux (France). Di�erences in discrimination index
(2.90 � 0.06 vs. 2.35 � 0.06) were also observed,
suggesting greater sexual isolation between sympatric
populations than between allopatric ones (Table 3).

Courtship behaviour

The latency to the ®rst copulation was shorter for KK
experimental pairs (11 � 2 min, n� 73) than for LL
pairs (17 � 3, n� 17), but was much longer for LK
pairs (28 � 5, n� 4), in agreement with published
results (Cohet & David, 1980). The inter pulse interval
(IPI) di�ered signi®cantly in the two populations
(40.19 � 0.18 milliseconds, number of individuals� 32
and number of measures� 512 IPIs for L; and
38.82 � 0.20 milliseconds, number of individuals� 30
and number of measures� 505 for K; P < 0.001), but
IPIs may vary among populations, independently of
their geographical origin (Jallon, unpubl. results).

Drosophila melanogaster is sexually dimorphic for
cuticular hydrocarbons. Female compounds elicit
speci®c steps in the male courtship. The cuticular

Table 3 Mating choice experiments using three, four and more individuals of Drosophila melanogaster
a Mating choice between Loua (L) and Kronenbourg (K)

Individuals in the mating chamber

Females Males Number of mating pairs observed

K L K L KK KL LK LL n v2 P II DI

1 1 1 27 7 34 11.76 <0.001 0.74
1 1 1 18 22 40 0.40 Ns 0.185

1 1 1 22 4 26 12.46 <0.001 0.82
1 1 1 6 26 32 12.50 <0.001 0.77

1 1 1 1 73 17 4 17 111 32.01 <0.001 0.77 2.90 � 0.06
50 50 50 50 11 8 0 7 1 7.09 <0.01 0.59 2.96 � 0.30

b Mating choice between Loua (L) and Bordeaux (B)

Individuals in the mating chamber

Females Males Number of mating pairs observed

B L B L BB BL LB LL n v2 P II DI6

1 1 1 1 69 35 3 16 123 16.91 <0.001 0.55 2.35 � 0.06

Individuals were placed in empty glass vials. First mating pairs were isolated and individuals were characterized by their Adh type.
K, Kronenbourg; L, Loua; B, Bordeaux. II, Isolation Index, is 1 ± (number of heterogamic pairs/number of homogamic pairs); DI,
Discriminant Index and its SE (see Wu et al., 1995 for more details); as proposed by these authors, when DI = 1, because no LK mating
pair was observed, a new DI value was calculated using nLK = 0.5; n, number of trails. The multichoice experiment with 100 individuals (50
males and 50 females) of each populations was stopped when the number of successful mating pairs reached 25%. Individuals were
identi®ed using Adh alleles as markers.
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hydrocarbons in a sample of world populations, includ-
ing many African strains have been described (Scott &
Richmond, 1988; Ferveur et al., 1996). The distribution
is bimodal. African populations di�er from non-African
populations in the ratios of two compounds: 5,9-
Heptacosadiene (5,9HD) and 7,11-Heptacosadiene
(7,11HD) in females, and 7 Pentacosene (7P) and 7
Tricosene (7T) in males. The 5,9HD/7,11HD ratio of
females and the 7P/7T ratio of males were close to 0 in
the urban population (Table 1), whereas those of
individuals from the countryside were higher (5.46 and
14.11, respectively). Comparison of Loua and Kronen-
bourg for female and male components shows signi®-
cant di�erences33 (P < 0.001). The urban Brazzaville
population was typically European and the countryside
populations were typically African.

Discussion

Our results show that there are clearly two population
types in the Brazzaville area over a microgeographical
scale. They di�er in a number of traits, including
microsatellite and allozyme frequencies (except for
Est-6), ethanol tolerance, abdominal and thoracic pig-
mentation, cuticular hydrocarbons, and behaviour. The
only exceptions are morphological traits, for which both
populations are typically African. Resistance to ethanol
may be linked to the Adh genotype, but all the other
traits are probably genetically independent.
Great homogamy was detected in laboratory condi-

tions. Sexual isolation probably occurs in natural
conditions, as suggested by the high FIS values in the
urban areas. Thus, urban and suburban populations
seem to coexist but there is little genetic exchange. This
unusual situation was initially observed for Adh
(Vouidibio et al., 1989), and is now extended to other
traits, raising the question of the origin of these
populations.

Possible origin of the urban population

Ever since it was ®rst suggested that D. melanogaster
was of African origin (Lachaise et al., 1988 and refer-
ences therein), genetic studies have indicated that this
species spread to Europe, then to other temperate
countries of the world, after adapting to man-modi®ed
environments (David & Capy, 1988; Lachaise et al.,
1988). Temperate populations are better adapted to
alcohol: they are more resistant to ethanol and show
high frequencies of the Adh-F allele. The possibility of
these temperate populations spreading back to Africa
was never considered, except for Ivory Coast, where the
Adh-F allele could be of European origin (Veuille et al.,
1998). The periurban Brazzaville population is very like

other African populations, and we can assume that it is
a genuine native population. There are two explanations
for the urban population. It could result from a habitat
choice leading to selection for ethanol tolerance in
populations native to Congo. Isolation would thus be
purely ecological. Or it could be the result of migration
from an allopatric population that had di�erent genetic
properties. In this case, isolation would originally be
allopatric.
The microsatellites and cuticular hydrocarbons sug-

gest that the urban population was introduced from
Europe, or a European-like population. Breweries are
stable habitats that support permanent populations
adapted to an alcohol-rich environment. Because the
raw materials used to make beer in Brazzaville are
imported from Europe, such imports44 might have been
responsible for the D. melanogaster invasion.
The only inconsistent result is the morphological

similarity of the two African populations. This might
result from a secondary adaptation of imported
European ¯ies to a tropical environment. Morphologi-
cal traits can adapt rapidly to a local environment, and
the European migrants could have evolved African-like
adaptations quite recently. Similar morphological
changes were observed following the introduction of
D. simulans to Japan (Watada et al., 1986) and of
D. subobscura to Chile (Budnick et al., 1991).
The maintenance of a high frequency of the AdhF

allele associated with ethanol tolerance is probably
caused by selective pressures imposed by the ecological
niche of this introduced population. The intermediate
value of other traits between Africa and Europe could
result from lower selective forces or from mixing with
surrounding native populations. The persistence of large
`European-like' populations in breweries may also
explain the strong di�erentiation of traits related to
sexual choice, because of the disadvantage of matings
producing hybrid progeny.

Incipient speciation?

Our results are somewhat similar to those obtained in
Zimbabwe, where several strains are sexually isolated,
both from African strains and from European and
American strains (Wu et al., 1995; Hollocher et al.,
1997a,b). However, there is no indication that the
Zimbabwe strains have consistent di�erences for other
genetic factors. It would be interesting to compare their
genetical characteristics with those of populations from
Congo and Europe to determine whether the phenom-
ena are similar.
The situation in Brazzaville can be considered as a

`natural' experiment involving the confrontation of two
populations which had previously been geographically
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isolated over thousands of years (David & Capy, 1988).
Di�erences in male sexual activity have been previously
detected in African and European strains of D. melanog-
aster (Cohet&David, 1980). Alongwith the di�erences in
cuticular hydrocarbons, these traits are probably in-
volved in the present partial prezygotic isolation between
the two types of populations. The higher isolation index
between sympatric than between allopatric populations
is in agreement with the classic ``allopatric'' model of
speciation involving the local reinforcement of di�erences
that initially evolved in allopatry (see for review
Rice & Hostert, 1993; Butlin, 1995; Coyne & Orr, 1997).

The status of natural Afrotropical populations

Our results suggest that the sexual isolation between a
Zimbabwean and North American populations (Wu
et al., 1995; Hollocher et al., 1997a,b) is not restricted to
this African population, but might be a general feature
of Afrotropical populations. This is suggested not only
by the Brazzaville observations, but also by the wide-
spread occurrence of speci®c cuticular pheromones in
Africa (Jallon & David, 1987).

Many genetic investigations have shown that African
populations probably represent the ancestral popula-
tions of the species. Therefore, it would be interesting to
determine whether they are su�ciently di�erentiated
from temperate populations, to be considered as a
taxonomic entity, so that local coexistence in sympatry
should be possible at least when di�erent resources/
habitats are available.
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