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ABSTRACT

Drosophila melanogaster and D. simulans are two closely related species with a similar distribution range.
Many studies suggested that D. melanogaster has a smaller effective population size than D. simulans. As
most evidence was derived from non-African populations, we readdressed this question by sequencing
10 X-linked loci in five African D. simulans and six African D. melanogaster populations. Contrary to pre-
vious results, we found no evidence for higher variability, and thus larger effective population size, in
D. simulans. Our observation of similar levels of variability of both species will have important implications
for the interpretation of patterns of molecular evolution.

DROSOPHILA melanogaster and D. simulans are two
closely related species, which have a similar, but not

identical, distribution range and demographic history
(David and Capy 1988; Irvin et al. 1998; Capy and
Gibert 2004; Lachaise and Silvain 2004). This species
pair has been used in numerous comparative studies
highlighting their similarities and differences. One of
the central conclusions emerging from these studies was
that theeffectivepopulation size(Ne)differsbetween the
two species, with D. simulans having the larger size.

The level of neutral polymorphism which scales with
effective population size was found to be higher in D.
simulans than in D. melanogaster (Aquadro et al. 1988;
Aquadro 1992; Moriyama and Powell 1996). In con-
trast, due to the higher efficacy of selection in large pop-
ulations, nonneutral characters are expected to be less
variable in the species with the larger population size.
Consistent with D. simulans having a larger effective pop-
ulation size, D. melanogaster was repeatedly found to
harbor higher levels of nonsynonymous polymorphism
(Moriyama and Powell 1996; Morton et al. 2004).
Similarly, the efficacy of selection for synonymous codon
usage is expected to depend on population size, with se-
lection being more effective in larger populations (Muto

and Osawa 1987; Akashi 1995). Concordant with a smaller
population size, and thus relaxed selective constraint,
the D. melanogaster lineage has fixed a much higher num-
ber of unpreferred codons than the D. simulans lineage
(Akashi 1995, 1996, 1997; Akashi and Schaeffer 1997;
Akashi et al. 1998; McVeanand Vieira 2001). Allozymes

which evolve under selective constraints, have consis-
tently been shown to be much less variable in D. simulans
than in D. melanogaster (Choudhary and Singh 1987;
Singh et al. 1987; Choudhary et al. 1992). Finally, mor-
phological data that can be directly interpreted as re-
flecting adaptive constraints also support the picture of
lower variability and less differentiation between world-
wide D. simulans than D. melanogaster populations ½reviewed
in Capy and Gibert (2004)�.

Unfortunately, the majority of data, from which evidence
for different effective population sizes of D. simulans and
D. melanogaster was derived, is based on comparisons of
non-African populations ½e.g., Moriyama and Powell

(1996)�. Given that both species underwent changes in
effective population size during their recent habitat ex-
pansion, these populations have not yet reached mutation-
drift equilibrium. Furthermore, if the demographic past
differs between both species, it is not clear how this would
affect the population size estimates in the non-African
populations.

African Drosophila populations were shown to har-
bor substantially more variation than non-African pop-
ulations (Begun and Aquadro 1993; Irvin et al. 1998;
Hamblin and Veuille 1999; Kauer et al. 2002), hence,
they are much better suited to infer the long-term effec-
tive population size of both species. Nevertheless, it has
also become apparent that even African populations are
not in equilibrium, and evidence for population bottle-
necks (Dieringer et al. 2005; Haddrill et al. 2005), popu-
lation expansions (Glinka et al. 2003; Baudry et al. 2006;
Pool and Aquadro 2006; Schöfl and Schlötterer

2006), and non-African admixture (Capy et al. 2000;
Haerty et al. 2002, 2003, 2005; Kauer et al. 2003)
were found. Given this complex demographic past of
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African populations and the difficulties to determine
a distinct ancestral range for the two species (Dean

and Ballard 2004; Baudry et al. 2006; Kopp et al.
2006; Pool and Aquadro 2006), we studied multiple
populations covering a broad geographic range in
Africa and compared the pattern of molecular varia-
tion. Contrary to the prevailing view, we found African
D. melanogaster and D. simulans to harbor similar levels of
variability, possibly suggesting that their ancestral pop-
ulation size is more similar than previously assumed.

MATERIALS AND METHODS

Fly strains: Our study includes samples from five African
D. simulans and six African D. melanogaster populations: for
D. simulans, we sequenced 17 lines from Kibale (Uganda), 13
lines from Kampala (Uganda), 10 lines from Zimbabwe, 5 lines
from Zomba (Malawi), and 14 lines from Madagascar.

For D. melanogaster, we used the same lines as Schöfl et al.
(2005) originating from five populations: Kampala (Uganda, 7
lines), Kisoro (Uganda, 10 lines), Malindi (Kenya, 10 lines),
Moribabougou (Mali, 9 lines), and Sengwa (Zimbabwe, 10
lines). In addition, we included sequence data from the Lake
Kariba (Zimbabwe, 12 lines) population studied by Glinka

et al. (2003). Details about the populations are provided in
supplemental Tables S1 and S2 at http://www.genetics.org/
supplemental/.

Loci sequenced: We included seven loci studied by Schöfl

et al. (2005) (fragments 57, 120, 139, 157, 203, 216, and 287)
and added three new loci (fragments 55, 326, and 330) from
Glinka et al. (2003). Primers for the new fragments were de-
signed on the basis of release 3.2 of the D. melanogaster genome
(http://www.flybase.org) (supplemental Table S3 at http://www.
genetics.org/supplemental/); for the remaining seven frag-
ments we used the primers reported in Schöfl et al. (2005).
DNA was isolated from single male flies according to Miller

et al. (1988), and PCR products were directly sequenced in
both directions on a MegaBace 500 (Amersham Biosciences,
Piscataway, NJ) using ET terminator sequencing chemistry
(Amersham Biosciences).

New sequences have been submitted to GenBank under
accession nos. EU278701–EU279399.

Despite the fragments being originally identified as intronic
and intergenic, a later genome release indicated that five
fragments contained parts of coding regions or 59-UTR (frag-
ments 55, 120, 139, 203, and 216). All fragments are located in
regions of normal to high recombination rate. Details on the
loci sequenced are provided in supplemental Table S4 at
http://www.genetics.org/supplemental/.

Sequence analysis: Sequences were assembled and edited
using AutoAssembler 3.1. We used ClustalX (Thompson et al.
1994) to generate multiple alignments that were subsequently
edited manually. Some regions could not be unambiguously
aligned and were excluded from the interspecific comparison
(�70 bp in fragment 139,�30 bp in fragment 157,�100 bp in
fragment 216,�30 bp in fragment 330). Summary statistics and
tests of neutrality were calculated with DnaSP v.4.0 (Rozas et al.
2003) on the basis of the number of segregating sites. Since we
observed three different bases per site in some populations, we
also performed the analyses on the basis of the total number of
mutations (h) and obtained qualitatively similar results (data
not shown). For calculating Fu and Li’s D (Fu and Li 1993) and
Fay and Wu’s H (Fay and Wu 2000) we used the published D.
melanogaster (Adams et al. 2000) and the D. simulans (http://
genome.wustl.edu/) sequences as an outgroup for D. simulans

and D. melanogaster populations, respectively. We measured
linkage disequilibrium using the ZnS statistic (Kelly 1997) on
the basis of the parsimony informative sites.

Statistical significance for Tajima’s D (Tajima 1989), Fu and
Li’s D (Fu and Li 1993), and Fay and Wu’s H (Fay and Wu

2000) was assessed by coalescent simulations with 10,000 rep-
licates as implemented in DnaSP v. 4.0 (Rozas et al. 2003). We
performed the simulations with and without intragenic re-
combination. As the X chromosome on which the analyzed
fragments are located shows similar levels of recombination in
D. melanogaster and D. simulans (True et al. 1996), we used the
appropriate recombination rate for each fragment in D.
melanogaster as provided by Glinka et al. (2003) and used an
effective population size of 106 for both species. We performed
coalescent simulations with 10,000 replicates implemented
in the HKA software (http://lifesci.rutgers.edu/�heylab/
HeylabSoftware.htm#HKA) to assess deviation from neutrality
on the basis of multilocus Tajima’s D and Fu and Li’s D values
for each population. Divergence was calculated between the
pooled D. simulans and the pooled D. melanogaster samples on
the basis of the average number of nucleotide substitutions
per site, Dxy (Nei 1987). All statistical analyses were performed
with the SPSS version 13.0 software package. We tested all data
sets for normality before applying parametric tests.

Population differentiation: For each fragment we deter-
mined pairwise FST values among D. simulans and D. mela-
nogaster populations using Arlequin 3.0 (Excoffier et al. 2005)
(http://cmpg.unibe.ch/software/arlequin3/); levels of signif-
icance for each fragment were assessed on the basis of 10,000
permutations.

For comparison, we also report differentiation based on Snn

(Hudson 2000), which is a powerful method for the inference
of population differentiation using the number of differences
between haplotypes instead of haplotype frequencies (Hudson

2000). Pairwise Snn values and significance based on 10,000 per-
mutations were calculated using DnaSP v. 4.0 (Rozas et al. 2003).
The differentiation probabilities P from pairwise population
comparisons for all fragments were combined to the x2-
distributed quantity�2

P
lnP with 2k d.f. (k being the number

of fragments). This method of combining probabilities allows
creating an overall test for significance from a series of sep-
arate significance tests on different sets of data (Sokal and
Rohlf 1995). Isolation by distance was tested using a Mantel
test implemented in the Isolation By Distance (IBD) Web
Service (http://ibdws.sdsu.edu/) ( Jensen et al. 2005). We deter-
mined approximate geographic distance between the sam-
pling locations using the Google Maps Distance Calculator
(http://www.daftlogic.com/Projects/Google-Maps-Distance-
Calculator/) and determined significance of IBD on the basis
of 30,000 randomizations.

Differences in population differentiation between D. mela-
nogaster and D. simulans were tested by averaging pairwise FST

or Snn values for every locus across all analyzed populations
and comparing the values with a paired t-test.

RESULTS

Population structure: We analyzed population struc-
ture among five African D. simulans populations using 10
X-linked fragments. Pairwise FST values, averaged over
all 10 fragments, ranged from 0 to 0.084. All but two of
the pairwise comparisons were significant after correc-
tion for multiple testing (Table 1). Interestingly, the two
nonsignificant comparisons included populations that
are located in close proximity (a 300-km distance between
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Kampala and Kibale and a 700-km distance between
Zomba and Zimbabwe), suggesting either gene flow or
shared ancestry. On the basis of Snn, we obtained the
same result with an additional population pair (Zomba–
Madagascar) being not significantly differentiated (Ta-
ble 1).

We evaluated the impact of gene flow on genetic
differentiation by testing for isolation by distance. On
the basis of the average FST and Snn across fragments, we
found an almost significant correlation between geo-
graphic and genetic distance (FST, r¼ 0.7005, one-sided
P , 0.057, Mantel test; Snn, r ¼ 0.7027, one-sided P ,

0.059, Mantel test).
For comparison, we analyzed the same loci in six

African D. melanogaster populations. Six (FST) and 7 (Snn)
of 15 comparisons were nonsignificant with different
population pairs being nondifferentiated depending on
whether FST or the Snn statistic were used (Table 2). In-
terestingly, even geographically adjacent populations
were highly differentiated (the two populations from
Uganda), while distantly located populations were not
significantly differentiated (e.g., Mali and Sengwa). Hence,
no significant isolation by distance was observed (FST, r¼
0.0410, P , 0.45, Mantel test; Snn, r¼�0.1036, P , 0.43,
Mantel test).

Mean FSTand Snn values suggested a more pronounced
population structure in D. simulans (mean FST¼ 0.0506,
mean Snn¼ 0.6532) than in D. melanogaster (mean FST¼
0.0383, mean Snn ¼ 0.5617). We tested for statistical
significance by comparing average FST and Snn values
across all pairwise comparisons within each species. While

we observed no significant differences in FST between
D. melanogaster and D. simulans (P . 0.6, paired t-test),
Snn differed significantly (P ¼ 0.017, paired t-test).

Given that estimates of population differentiation
using Snn could be influenced by the unequal sample
sizes available for D. simulans and D. melanogaster popu-
lations (Hudson 2000), we repeated Snn and FST analyses
using a matched sample size of n¼ 8 for all populations.
For this analysis, we excluded the two populations with
the smallest sample sizes ½D. simulans, Zomba (ZOM),
and D. melanogaster, Kampala (KAM_mel)� and randomly
chose eight lines from each of the remaining populations.
We observed the same trend of more differentiation in
D. simulans (mean FST ¼ 0.0358, mean Snn ¼ 0.5416)
than in D. melanogaster (mean FST ¼ 0.0206, mean Snn ¼
0.4972), but the differences were no longer significant
(Snn, P ¼ 0.462; FST, P ¼ 0.477) (for pairwise compar-
isons see supplemental Tables S5 and S6 at http://www.
genetics.org/supplemental/).

Levels of variability: Levels of variability for the 10
fragments were heterogeneous among populations in
both species: in D. simulans populations, p ranged from
0.0107 (Zomba) to 0.0131 (Madagascar); in D. mela-
nogaster populations, it ranged from 0.0114 (Kampala)
to 0.0146 (Kenya) (Tables 3 and 4, and for information
per population per locus see supplemental Tables S7
and S8 at http://www.genetics.org/supplemental/). Con-
sistent with the presumed origin of D. simulans in
Madagascar (Dean and Ballard 2004; Baudry et al.
2006), this population harbored more variation than the
other D. simulans populations although the difference

TABLE 1

Pairwise FST (bottom diagonal) and Snn values (top diagonal) among D. simulans populations

KAM_sim KIB Z ZOM M

KAM_sim 0.527 NS 0.661*** 0.699** 0.654***
KIB �0.006 NS 0.689*** 0.787*** 0.709***
Z 0.063*** 0.060*** 0.539 NS 0.631**
ZOM 0.061** 0.078** �0.010 NS 0.636 NS
M 0.062*** 0.063*** 0.050** 0.084**

NS, nonsignificant. *P , 0.05; **P , 0.01; ***P , 0.001.

TABLE 2

Pairwise FST (bottom diagonal) and Snn values (top diagonal) among D. melanogaster populations

KAM_mel KIS KEN MALI ZS ZBMEL

KAM_mel 0.604** 0.595** 0.656*** 0.641** 0.701***
KIS 0.065** 0.502 NS 0.481 NS 0.497 NS 0.590*
KEN 0.037* 0.030* 0.524 NS 0.496 NS 0.512 NS
MALI 0.087** 0.025 NS 0.006 NS 0.489 NS 0.607***
ZS 0.057*** 0.003 NS �0.008 NS 0.017 NS 0.530*
ZBMEL 0.082*** 0.052*** 0.040** 0.071*** 0.008 NS

NS, nonsignificant. *P , 0.05; **P , 0.01; ***P , 0.001.
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was significant only when variability was measured on
the basis of the number of segregating sites (P , 0.003,
ANOVA, Tukey’s HSD post hoc test).

Most D. melanogaster populations were more variable
than D. simulans populations (Table 5). To quantify this
difference, we averaged the variability for each locus
across populations and tested for significance. We ob-
served a marginally significant difference only for hap-
lotype diversity (P ¼ 0.046, paired t-test), but not for p

and uW. According to release 5.1 of the D. melanogaster
genome, our data set contained loci from both inter-
genic and intronic regions some of which partially overlap
with transcribed or coding regions. Hence, we repeated
the analyses on the basis of only noncoding regions, but
obtained similar results (supplemental Table S9 at http://
www.genetics.org/supplemental/).

The lower variability of D. simulans populations collected
in continental Africa may have obscured the pattern of
more variability in D. simulans collected at its presumed
origin in Madagascar. Hence, we compared the variabil-
ity of D. simulans from Madagascar to each of the African
D. melanogaster populations and found no significant
difference for p (P . 0.177, ANOVA, Tukey’s HSD post
hoc test). Using uW or haplotype diversity, significantly
more variability was detected only in comparison to a
single D. melanogaster population collected in Kampala

(Uganda) (P , 0.002, ANOVA, Tukey’s HSD post hoc test).
No significant difference was found between D. simulans
and all remaining five D. melanogaster populations (P .

0.138, ANOVA, Tukey’s HSD post hoc test). These results
show that even the most variable D. simulans population
collected at the putative geographic origin of the species
does not harbor significantly more variation than D.
melanogaster.

Linkage disequilibrium: Under equilibrium conditions,
a species with larger Ne is expected to show a lower degree
of linkage disequilibrium. Hence, we compared levels of
linkage disequilibrium for the 10 fragments sequenced in
D. melanogaster and D. simulans. Average ZnS values were
slightly lower for African D. melanogaster (mean ZnS¼ 0.26)
than for D. simulans (mean ZnS ¼ 0.31) populations
(Tables 3 and 4). This difference was, however, not sig-
nificant when average ZnS values were compared for each
locus (P . 0.2, paired t-test). The ZnS value for the D.
simulans population from Madagascar was lower than for
the other D. simulans populations, but only significant in
comparison to Zimbabwe and Zomba (P , 0.046, ANOVA,
Tukey’s HSD post hoc test). In comparison to D. mela-
nogaster, the linkage disequilibrium was lower in the D.
simulans population from Madagascar, but this difference
was statistically significant only in two populations (Kam-
pala, P , 0.001 and Mali, P ¼ 0.006).

TABLE 3

Measures of variability, neutrality tests, and linkage disequilibrium averaged across 10 loci in five
D. simulans populations

p uW Hd Taj D Fu and Li’s D Fay and Wu’s H ZnS

KAM_sim 0.0120 0.0131 0.89 �0.42 �0.46 �1.18 0.26
KIB 0.0116 0.0121 0.89 �0.13 �0.09 �0.08 0.25
Z 0.0111 0.0118 0.85 �0.21 �0.35 �0.28 0.31
ZOM 0.0107 0.0111 0.87 �0.36 �0.47 �0.14 0.60
M 0.0131 0.0181 0.97 �1.19*** �1.86*** �0.38 0.12

p, nucleotide diversity; uW, u ¼ 4Nem estimated from the number of segregating sites; Hd, haplotype diversity;
Taj D, Tajima’s D; ZnS, linkage disequilibrium (Kelly 1997); significance of Tajima’s D and Fu and Li’s D across
fragments was determined as indicated in materials and methods. *P , 0.05; **P , 0.01; ***P , 0.001.

TABLE 4

Measures of variability, neutrality tests, and linkage disequilibrium averaged across 10 loci in six
D. melanogaster populations

p uW Hd Taj D Fu and Li’s D Fay and Wu’s H ZnS

KAM_mel 0.0114 0.0112 0.81 0.01 0.18 �0.05 0.57
KIS 0.0129 0.0138 0.97 �0.38 �0.48 �0.97 0.19
KEN 0.0146 0.0157 0.98 �0.33 �0.30 �0.31 0.18
MALI 0.0139 0.0140 0.95 �0.09 �0.15 �0.49 0.26
ZS 0.0141 0.0151 0.97 �0.35 �0.57 0.32 0.19
ZBMEL 0.0127 0.0140 0.97 �0.48 �0.59 �0.68 0.16

p, nucleotide diversity; uW, u ¼ 4Nem estimated from the number of segregating sites; Hd, haplotype diversity;
Taj D, Tajima’s D; ZnS, linkage disequilibrium (Kelly 1997); significance of Tajima’s D and Fu and Li’s D across
fragments was determined as indicated in materials and methods. All values were nonsignificant.
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Deviation from mutation-drift equilibrium: For Afri-
can D. melanogaster and D. simulans populations, a
deviation from mutation-drift equilibrium has been
described (Dieringer et al. 2005; Ometto et al. 2005;
Schöfl et al. 2005; Baudry et al. 2006; Schöfl and
Schlötterer 2006). Consistent with these results, we
found a negative Tajima’s D, Fu and Li’s D, and Fay and
Wu’s H in almost all populations of the two species
(Tables 3 and 4). Interestingly, the D. simulans popula-
tion from Madagascar was the only population showing
both a significantly negative Tajima’s D and Fu and Li’s
D value when considering all loci jointly, suggesting a
more pronounced deviation from mutation-drift equi-
librium despite being the D. simulans population with
the highest level of sequence variability.

DISCUSSION

Our survey of sequence variation at 10 X-chromo-
somal regions in multiple African D. melanogaster and D.
simulans populations resulted in similar levels of vari-
ability in the two species. This observation contrasts
previous results, which found D. simulans to be more
variable than D. melanogaster. Given the important im-
plications that potential differences in effective popu-
lation sizes of the two species could have for the
interpretation of patterns of molecular evolution, we
discuss in the following how our data can be reconciled
with previous results.

Microsatellite variation: Like the African sequence
data, microsatellites support similar levels of variability
in both species rather than more variation in D.
simulans. Harr and Schlötterer (2004) compared a
set of microsatellites in the two species and found D.
melanogaster to be more variable than D. simulans. Given
that the majority of loci used in this study was isolated in
D. melanogaster, the higher variation of D. melanogaster

could be explained by an ascertainment bias. Neverthe-
less, after a correction for the difference in repeat
count, both species harbored similar levels of variability
(Harr and Schlötterer 2004). Similarly, a compari-
son of microsatellite variability in African D. melanogaster
and D. simulans that was based on microsatellites derived
from both species found a significant effect for the focal
species, but all measures of variability (gene diversity,
variance in repeat number, and number of alleles) were
higher in D. melanogaster than in D. simulans (Hutter

et al. 1998).
DNA sequence polymorphism: The majority of se-

quence polymorphism data supporting a larger effec-
tive population size of D. simulans were collected in
non-African populations (Aquadro et al. 1988, 1992;
Moriyama and Powell 1996). Given that the coloniza-
tion histories of the two species may differ (David and
Capy 1988; Irvin et al. 1998; Capy and Gibert 2004;
Lachaise and Silvain 2004), it is possible that the
higher variability of D. simulans is limited to non-African
populations, and it may, therefore, be preferable to
consider non-African and African data sets separately.

For comparison of our data with previous polymorphism
studies we used the data compilation of Andolfatto

(2001) and extracted variability data under the strict
criterion of using only those genes for which data from
African samples of both species are available.

Contrary to our results, levels of nucleotide variability
(u) as well as synonymous site diversity (p, u) are higher
in African D. simulans than in African D. melanogaster
on both the X chromosome and autosomes (supple-
mental Tables S10 and S11 at http://www.genetics.org/
supplemental/), although the differences are not sta-
tistically significant (P . 0.068, paired t-test).

When the ratio of synonymous (S) and replacement
substitutions (R) is analyzed X-chromosomal data show
an only slightly lower S/R ratio in D. melanogaster than in

TABLE 5

Average values of different variability estimators (p, uW, and haplotype diversity) and linkage disequilibrium
(ZnS) compared between five D. simulans and six D. melanogaster populations

Mean p Mean uW Mean Hd Mean ZnS

Locus D. sim D. mel D. sim D. mel D. sim D. mel D. sim D. mel

55 0.0144 0.0176 0.0152 0.0186 0.93 0.98 0.39 0.23
57 0.0059 0.0095 0.0076 0.0104 0.83 0.96 0.37 0.22
120 0.0123 0.0122 0.0133 0.0126 0.96 0.95 0.19 0.26
139 0.0098 0.0136 0.0129 0.0149 0.91 0.89 0.32 0.39
157 0.0060 0.0073 0.0059 0.0093 0.74 0.89 0.30 0.18
203 0.0143 0.0164 0.0180 0.0161 0.88 0.95 0.37 0.23
216 0.0165 0.0192 0.0180 0.0203 0.95 0.94 0.28 0.30
287 0.0036 0.0083 0.0049 0.0095 0.83 0.95 0.23 0.14
326 0.0073 0.0052 0.0078 0.0057 0.94 0.93 0.16 0.26
330 0.0268 0.0231 0.0291 0.0221 0.97 0.98 0.24 0.25
mean 0.0117 0.0133 0.0132 0.0140 0.89 0.94 0.31 0.26

p, nucleotide diversity; uW, u ¼ 4Nem estimated from the number of segregating sites; Hd, haplotype diversity;
ZnS, linkage disequilibrium (Kelly 1997).
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D. simulans as shown by Andolfatto (2001) (supplemen-
tal Table S12 at http://www.genetics.org/supplemental/).
Contrary to previous analyses (Andolfatto 2001;
Mousset and Derome 2004), which did not apply
our stringent criterion of using the same genes in both
species, the autosomes show a lower S/R ratio in D.
simulans, thereby suggesting a larger population size of
D. melanogaster. A larger set of loci sequenced in both
species is required to determine if the discrepancy
between these analyses is biologically meaningful.

Kern and Begun (2005) compared levels of variabil-
ity among D. melanogaster and D. simulans for intronic,
intergenic, and synonymous sites. After correcting for
multiple testing, the only significant difference was
observed for intronic regions, with D. simulans being
more variable than D. melanogaster. The same pattern was
observed when African D. melanogaster was compared
against a D. simulans sample containing flies from
cosmopolitan populations. The interpretation of these
results strongly depends on the functional constraint
of intronic sequences. While it has been assumed for
a long time that introns are evolving under low func-
tional constraint, recent results (Halligan et al. 2004;
Andolfatto 2005) suggest that introns are highly
constrained in length and sequence. Hence, depending
on the assumed model of intron evolution, the higher
variability in D. simulans introns suggests a larger effec-
tive population size either in D. simulans (low func-
tional constraint) or in D. melanogaster (high functional
constraint).

Using an experimental design in which a consistent
set of populations was sequenced for the same loci in
both species, Baudry et al. (2004, 2006) studied four X-
linked genes in African D. melanogaster (Kenya, Zim-
babwe, Ivory Coast, and Niger) and D. simulans pop-
ulations (Madagascar, Mayotte, Tanzania, and Kenya).
Although it is not discussed by the authors, these studies
revealed similar levels of variability in both species, even
if only the most variable populations from the ‘‘Eastern
group’’ (Madagascar, Mayotte, Tanzania, and Kenya) are
considered for D. simulans: D. simulans populations u ¼
0.0041, p ¼ 0.0031; D. melanogaster populations u ¼
0.0037, p ¼ 0.0038.

Demography: The inference of effective population
sizes based on standing levels of variation is problematic
as demographic events such as population bottlenecks,
admixture, and population subdivision strongly affect
levels of variability. While the pronounced impact of
demography on non-African Drosophila populations
has been widely discussed (Hamblin and Veuille 1999;
Kauer et al. 2002; Haddrill et al. 2005; Ometto et al. 2005;
Schlötterer et al. 2006; Schöfl and Schlötterer

2006), less is known about African populations. Recent
studies showed that also in Africa both species are not
in mutation-drift equilibrium (Dieringer et al. 2005;
Haddrill et al. 2005; Ometto et al. 2005; Baudry

et al. 2006; Pool and Aquadro 2006; Schöfl and

Schlötterer 2006). Our result of a more pronounced
population structure in African D. simulans than D.
melanogaster implies that the demographic history may
differ between both species. In D. melanogaster, several
studies found that African populations were recently
experiencing admixture from non-African populations
(Capy et al. 2000; Haerty et al. 2002, 2003; Kauer et al.
2003). In D. simulans, both subdivision of the ancestral
populations and more recent admixture of divergent
lineages during the out-of-Africa expansion of this species
have been discussed to explain the observed strong
haplotype structure of cosmopolitan D. simulans popula-
tions (Hamblin and Veuille 1999). Given these de-
mographic complications, a larger number of loci is
required to estimate the effective population size of D.
melanogaster and D. simulans jointly with the demography.

We note that our data are limited to X-linked loci, but
striking differences in the relative levels of autosomal
and X-linked variability have been observed in D.
melanogaster and D. simulans. While in D. melanogaster,
X-linked microsatellite variability was higher than the
autosomal (Kauer et al. 2002), in D. simulans, the X
chromosome and autosomes harbored similar levels of
variability (Irvin et al. 1998; Schöfl and Schlötterer

2004, 2006) ½see supplemental Table S13 at http://
www.genetics.org/supplemental/ for the reanalysis of
previously unmapped microsatellites from Irvin et al.
(1998)�.

Our results may therefore have implications only for
the interpretation of evolutionary forces operating on
the X chromosome of the two species. For example, the
difference in the patterns of codon usage between D.
melanogaster and D. simulans has frequently been attrib-
uted to a reduced efficacy of selection in D. melanogaster
due to a smaller Ne. Consistent with this explanation, a
recent study focusing on X-chromosomal data con-
firmed a strong decline of major codon usage in the
D. melanogaster lineage, whereas no such trend in D.
simulans was observed, at least in nontelomeric regions
on the X chromosome (Ko et al. 2006). Given the highly
similar levels of X-linked variability in African D. mela-
nogaster and D. simulans populations, it remains an open
question which differences in Ne are compatible with our
polymorphism data and could still cause the dissimilar
patterns of selection intensity (Nes) operating on codon
usage on the X chromosome as observed by Ko et al.
(2006).

Our finding of similar levels of variability in ancestral
populations of both species suggests that a difference in
Ne may be limited to derived populations, which implies
that it arose only recently. Given that selection on codon
usage is weak and thus requires long-term evolutionary
differences, it appears unlikely that recently developed
differences in Ne account for differences in codon usage.

Our analysis is limited in that the polymorphism data
do not necessarily reflect the long-term Ne of the two
species. On the basis of patterns of synonymous codon
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usage it has been suggested that the long-term Ne of D.
simulans was more stable than that of D. melanogaster
(Akashi 1995; Akashi and Schaeffer 1997; McVean

and Vieira 2001), with its current Ne being similar to the
long-term Ne (Bierne and Eyre-Walker 2004). Hence,
our results could be reconciled with this suggestion by
assuming a recent decrease of Ne in the D. simulans
lineage or a recent increase of Ne in the D. melanogaster
lineage.

Whether the observed strong decline of selection on
synonymous codon usage in the D. melanogaster lineage
can be sufficiently explained using the simple correla-
tion with a decline in its long-term effective population
size remains unclear. Akashi et al. (2006) showed that
the effective population size of different Drosophila
species (as inferred from their current habitat range) is
correlated with the patterns of protein evolution but not
with codon usage bias. Similarly, Begun and Whitley

(2002) found that higher levels of codon usage bias in
the Xdh gene are not necessarily observed in the species
with a large Ne as inferred from levels of silent hetero-
zygosity; instead, codon usage bias in the most variable
species D. willistoni and D. equinoxialis was low. In light
of our results of similar variability and thus effective
population size in the African Drosophila populations,
alternative, probably more complex explanations for
the observed differences in codon usage may have to
be invoked, e.g., unequal selection coefficients between
species (Bierne and Eyre-Walker 2006) or frequent
changes and heterogeneous patterns of mutation or
recombination rates (Ko et al. 2003).

Sampling variance: As in previous studies, we relied
on variability estimates to draw conclusions about
the relative population sizes of D. melanogaster and D.
simulans. This procedure does not, however, account for
sampling variance and the associated statistical power.
The variance of sequence polymorphism among loci in
combination with the moderate number of loci studied
may result in a low statistical power to detect differences
in population size. Hence, it is possible that previous
observations of more variation in derived D. simulans
populations are compatible with no difference in pop-
ulation size between D. simulans and D. melanogaster.
Alternatively, the similar level of variability in African
D. melanogaster and D. simulans populations could also be
consistent with a larger long-term effective population
size of D. simulans. With the new sequencing technolo-
gies it is possible to obtain sufficient statistical power
through the analysis of multiple loci or even entire
genomes in multiple populations from both species to
resolve the controversy about the difference in popula-
tion sizes.

We are thankful to all collaborators who provided us with D.
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