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Genome sequencing reveals complex speciation
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The three species of the Drosophila simulans clade—the cosmopolitan species, D. simulans, and the two island endemic species,
D. mauritiana and D. sechelliae—are important models in speciation genetics, but some details of their phylogenetic and
speciation history remain unresolved. The order and timing of speciation are disputed, and the existence, magnitude, and
timing of gene flow among the three species remain unclear. Here we report on the analysis of a whole-genome four-species
sequence alignment that includes all three D. simulans clade species as well as the D. melanogaster reference sequence. The
alignment comprises novel, paired short-read sequence data from a single highly inbred line each from D. simulans, D.
mauritiana, and D. sechellia. We are unable to reject a species phylogeny with a basal polytomy; the estimated age of the
polytomy is 242,000 yr before the present. However, we also find that up to 4.6% of autosomal and 2.2% of X-linked
regions have evolutionary histories consistent with recent gene flow between the mainland species (D. simulans) and the two
island endemic species (D. mauritiana and D. sechellia). Our findings thus show that gene flow has occurred throughout the
genomes of the D. simulans clade species despite considerable geographic, ecological, and intrinsic reproductive isolation.
Last, our analysis of lineage-specific changes confirms that the D. sechellia genome has experienced a significant excess of
slightly deleterious changes and a dearth of presumed favorable changes. The relatively reduced efficacy of natural se-

lection in D. sechellia is consistent with its derived, persistently reduced historical effective population size.

[Supplemental material is available for this article.]

A simple speciation model emerged from the modern synthesis in
which populations isolated by geography gradually come to be
isolated by biology (Dobzhansky 1937; Mayr 1942, 1963). Under
this simple, strictly allopatric model, gene flow between species
ceases at every locus in the genome simultaneously so that the
genealogical histories of all loci in the genome are compatible with
a single species split time. It is increasingly clear, however, that
genealogical histories among loci are often incompatible with
a single split time, implying that speciation is sometimes complex
(Pinho and Hey 2010). Under complex speciation, two popula-
tions connected by parapatry, secondary contact, or occasional
bouts of migration can experience gene flow at some loci while
disruptive natural selection can prevent gene flow at others (Wu
and Ting 2004; Pinho and Hey 2010; Yang 2010). As a result, dif-
ferent loci can have radically different genealogical histories, in-
cluding different interspecific divergence times. In this study, we
use new next-generation sequence data to characterize the genome-
wide distribution of genealogical histories resulting from speciation
among the three species of the Drosophila simulans clade—D. simulans
(Sturtevant 1919), D. mauritiana (Tsacas and David 1974), and
D. sechellia (Tsacas and Baechli 1981).

Over the past 30 yr, these species have emerged as models for
evolutionary genetics, owing in part to their close phylogenetic
proximity to D. melanogaster. The common ancestor of the
D. simulans clade split from D. melanogaster approximately three
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million years ago, probably originating on Madagascar (Lachaise
et al. 1988; Ballard 2004; Dean and Ballard 2004; Baudry et al.
2006; Kopp et al. 2006). Then, within the last ~500,000 yr, a
D. simulans-like ancestor gave rise to two species endemic to is-
lands in the Indian Ocean: D. sechellia on the Seychelles archi-
pelago and D. mauritiana on Mauritius and Rodrigues Islands
(Kliman et al. 2000; McDermott and Kliman 2008). The precise
timing and order of the two species splits have proven difficult to
resolve. Phylogenetic studies using allozymes (Cariou 1987), DNA-
DNA hybridization (Caccone et al. 1988), microsatellites (Harr
et al. 1998), DNA sequences at multiple, arbitrarily chosen loci
(Hey and Kliman 1993; Kliman and Hey 1993; Caccone et al. 1996;
Kliman et al. 2000; McDermott and Kliman 2008), from Y-linked
loci (Kopp et al. 2006), and from a putative speciation gene (Ting
et al. 2000) have yielded all three possible species-level tree to-
pologies. Most recent analyses, however, suggest that, first, D.
sechellia and, slightly more recently, D. mauritiana were sepa-
rately derived from a D. simulans ancestor (Kliman et al. 2000;
McDermott and Kliman 2008). Today, D. simulans occurs on the
same islands as D. sechellia (Cariou et al. 1990; R’Kha et al. 1991;
Legrand et al. 2009), but not D. mauritiana (David et al. 1989;
Legrand et al. 2011). Additionally, all three species are incompletely
isolated by premating (Coyne 1992; Coyne and Charlesworth
1997), postmating-prezygotic (Price et al. 2000), and intrinsic
postzygotic barriers (F; hybrid females are fertile, F; hybrid males
are sterile) (Lachaise et al. 1986). D. sechellia may be further isolated
by ecological specialization to the toxic fruits of its host plant,
Morinda citrifolia, which are lethal to D. simulans and D. mauritiana
(Lachaise et al. 1988). Notably, D. sechellia has an effective pop-
ulation size roughly an order of magnitude smaller than its
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two sister species (Hey and Kliman 1993; Kliman et al. 2000;
Legrand et al. 2009). Lastly, while the chromosomes of all three
species are all homosequential (Lemeunier and Ashburner 1984),
small rearrangements do exist (Clark et al. 2007).

Despite geographic, ecological, and multiple reproductive
barriers, there is evidence that the speciation history of the Dro-
sophila simulans clade is complex. In D. sechellia, two surprisingly
different haplotypes segregate at a small region of chromosome 2L
(cytological position 34A), with one closely resembling a D. sim-
ulans haplotype (Kliman et al. 2000). This finding is consistent
with recent introgression, although lab contamination could not
be excluded. In D. mauritiana, >80% of sampled flies carry a ~15-kb
mitochondrial haplotype (mal) that differs by a single nucleotide
from a D. simulans haplotype (silll) found in Madagascar, consis-
tent with very recent introgression, ~4500 yr ago, via fertile hybrid
females (Solignac and Monnerot 1986; Solignac et al. 1986; Satta
et al. 1988; Satta and Takahata 1990; Ballard 2000a,b). Two addi-
tional low frequency mitochondrial haplotypes in D. mauritiana
may have also introgressed from D. simulans, although less recently
(Nunes et al. 2010; Legrand et al. 2011). Finally, in both D. sechellia
and D. mauritiana, four loci on the non-recombining dot-fourth
chromosome have estimated divergence times from D. simulans
that are significantly more recent than those from ~25 other loci
throughout the genome (Hilton et al. 1994; McDermott and Kliman
2008). These findings strongly suggest recent mitochondrial gene
flow between D. simulans and D. mauritiana and tentatively suggest
the possibility of limited nuclear gene flow between D. simulans and
both island species.

Here we study the genealogical history of speciation, the de-
gree and genomic distribution of gene flow, and the consequences
of lineage differences in effective population size on patterns of
coding sequence evolution using novel, deep-coverage, and ge-
nome-scale DNA sequence data from the three D. simulans clade
species. The genomes of D. simulans and D. sechellia (but not D.
mauritiana) were previously sequenced to 6X and 3X coverage, re-
spectively, using Sanger sequencing (Begun et al. 2007; Clark et al.
2007). To increase coverage and to avoid confounding platform-
specific sequencing errors with lineage-specific substitutions, we
sequenced a D. simulans genome from Madagascar, the D. sechellia
reference strain and, for the first time, a widely used D. mauritiana
lab strain (True et al. 1996) using a common sequencing platform
(Illumina). Our analyses show that the best-fitting species tree ap-
proximates a nearly simultaneous population split of D. sechellia
and D. mauritiana from a D. simulans-like ancestor. However, neither
split appears consistent with the strictly allopatric model. Instead,
we find evidence for nontrivial amounts of nuclear gene flow
between two of the three species pairs. Finally, we find that the
relatively smaller effective population size of D. sechellia (Hey and
Kliman 1993; Kliman et al. 2000; Legrand et al. 2009) has entailed
a lineage-specific increase in the rate of slightly deleterious sub-
stitution and a concomitant decrease in the rate of presumed
adaptive substitution.

Results

Four species genome alignment

We aligned paired short-read sequences from four runs of an Illu-
mina Genome Analyzer II that include one highly inbred line each
of D. simulans, D. mauritiana, and D. sechellia to the D. melanogaster
reference genome. The D. simulans line was collected in Madagascar,
the presumptive ancestral range of the species (Lachaise et al. 1988;

Ballard 2004; Dean and Ballard 2004; Baudry et al. 2006; Kopp et al.
2006), as well as a likely source population for the island endemic
species. After filtering low quality read alignments (see Methods),
the resulting alignments for D. simulans, D. mauritiana, and
D. sechellia cover ~82.7%, 75.6%, and 85.2% of the length of the
D. melanogaster reference sequence at median depths of 16, 20,
and 44 reads, respectively (Supplemental Table S1). The D. simulans,
D. mauritiana, and D. sechellia alignments show 4.1%, 4.2%, and
5.4% average base mismatch frequencies from the D. melanogaster
reference, respectively (Supplemental Fig. S1). The mismatch fre-
quency is higher for the X chromosome than for the autosomes for
all three species but is highest for chromosome 4 (Supplemental
Fig. S1). The total number of aligned sites that both pass the quality
filters and are present in all four species is 86.17 Mbp, which covers
~72% of the D. melanogaster reference euchromatin sequence
length (Supplemental Table S1). A total of 4.51 Mbp of these sites
pass the variant quality filter, with 2.26 Mbp occurring as fixed
differences between D. melanogaster and all three species of the
D. simulans clade and an additional 2.25 Mbp as sites that are vari-
able only within the D. simulans clade.

Patterns of genomic variation and phylogeny

The 2.25 Mbp of sites that vary within the D. simulans clade can be
classified into six mutually exclusive site types. We define three
types of site for which the derived nucleotide change appears ex-
clusively in one of the three species and an additional three types
for which the derived change is shared between two of the three
species. The most common site type (39.32%) comprises derived
nucleotide changes exclusive to the D. sechellia genome (Table 1).
Sites for which the derived change is exclusive to the D. simulans
or the D. mauritiana genomes are less frequent, 20.91% and
25.08%, respectively. In contrast, shared derived site types are rare.
The most common shared site type occurs between D. simulans
and D. mauritiana (5.23%), followed by those shared between
D. simulans and D. sechellia (5.22%) and those shared by
D. mauritiana and D. sechellia (4.26%). Bootstrap resampling of all
2.25 million variable sites always yields this same relative ordering
of site type frequencies in all 1000 replicates.

The different compartments of the genome have significantly
different site type frequencies (Table 1). Site type frequencies on
the X chromosome differ significantly from those on the auto-
somes (x* = 1750; P < 0.001). Relative to the major autosomes, the
X chromosome has an excess of sites exclusive to D. sechellia. The
frequencies of three shared site types are reduced on the X chro-
mosome compared with the autosomes. A relative dearth of shared

Table 1. Observed relative frequencies of the six different
variable site type categories in the four species alignment

sim mau sec

Chromosome  only only only sim-mau sim-sec mau-sec

2L 0.2133 0.2556 0.3770 0.0534 0.0558 0.0449
2R 0.2087 0.2502 0.3903 0.0537 0.0528 0.0442
3L 0.2101 0.2508 0.3894 0.0535 0.0529 0.0433
3R 0.2092 0.2511 0.3926 0.0520 0.0521 0.0429
4 0.2748 0.2796 0.3608 0.0209 0.0466 0.0173
X 0.1999 0.2431 0.4296 0.0474 0.0446 0.0354
mt 0.0052 0.0026 0.5547 0.4375 0.0000 0.0000
Autosomes 0.2103 0.2519 0.3876 0.0531 0.0533 0.0437
Total 0.2091 0.2508 0.3932 0.0523 0.0522 0.0426
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site types on the X is expected under an allopatric model of di-
vergence because of its presumed lower effective population size
relative to the autosomes. However, given the overall reduction,
X-linked sites shared between D. simulans and D. mauritiana are
more common than expected (XZ =23.81; P<0.01), whereas sites
shared between D. mauritiana and D. sechellia are less common
than expected (y* = 14.88; P <0.01). The dot-fourth chromosome
shows a more extreme deviation in site type frequencies from
those of the other autosomes. In this case, the proportion of
shared site types is greatly reduced, with the exception of sites
shared between D. simulans and D. sechellia (Table 1). Chromo-
some 4 also shows a more even distribution of exclusive site types
among the three species. Lastly, the mitochondrial genome site
type frequencies show the most extreme deviations from the
autosomes (Table 1): More than one-half of the variable sites
(55.5%) in the mitochondrial genome are exclusive to D. sechellia,
and nearly all remaining sites are shared between D. simulans and
D. mauritiana (43.8%).

We also estimated site type frequencies in non-overlapping
5-kb windows across the genome (Supplemental Fig. S2). Only
windows with =20 variable sites were considered. The among-
window variance in the local frequency of shared sites between
D. simulans and D. sechellia is large compared with that for the
D. simulans-D. mauritiana and D. mauritiana-D. sechellia species
pairs (Fligner-Killeen test; x> =4.78; P=0.029). This large variance is
characterized by a long upper-tail, with some 5-kb windows having
up to ~55% of variable sites being shared between D. simulans and
D. sechellia (Supplemental Fig. S2b). In the next subsection, we ask if
these distributions are expected under a model of purely allopatric
species divergence.

To assess the total evidence for the phylogenetic relationships
between the three species, the complete autosomal alignment
was used to estimate a maximum likelihood phylogenetic tree. As
shown in Figure 1A, the best-fitting tree groups D. simulans and
D. sechellia together, to the exclusion of D. mauritiana. This grouping
is supported by an internal branch with a length of 0.0012 changes
per site. A likelihood ratio comparing the maximum likelihood tree
shown in Figure 1A with the likelihood estimated under a hard
polytomy rejects the hypothesis that the length of this interior
branch is zero (y* = 147,664; P < 0.001). In contrast, the unusual site
type frequencies found in the mitochondrial genome result in
a highly skewed maximum likelihood tree topology: Across the
entire 14,389-bp mitochondrial alignment, the D. simulans and D.
mauritiana sequences differ by only three mutations (Fig. 1B). The
nearly perfect sequence identity between the D. simulans and D.
mauritiana mitochondrial genomes has previously been attributed
to recent introgression (Solignac and Monnerot 1986; Aubert and
Solignac 1990; Ballard 2000a,b; Nunes et al. 2010).

Likelihood-based test for complex speciation

Under a strictly allopatric model of speciation, single lineages
sampled from different species are exchangeable (i.e., able to
coalesce) only in the population of the common ancestor, prior to
the time of the species split. The time to exchangeability, 7, for
two lineages from different species will therefore vary across the
genome solely due to variation in coalescence times in the an-
cestral population (Takahata 1986; Takahata et al. 1995). The
distribution of divergence times thus depends on the effective
size of the ancestral population, but with a distribution that is
truncated at a lower bound of 7 (Takahata et al. 1995). In a speci-
ation model that includes gene flow, however, some loci become
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D. simulans
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0.0007 aurtiana

Q017 D. sechellia
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Figure 1. Sampling of phylogenetic trees. Three maximum likelihood
trees with branch lengths that are estimated under a GTR model of nu-
cleotide substitution. The trees are reconstructed from all aligned sites in
the genome (A), all aligned sites from the mitochondrial genome (B), and
a 15-kb region on chromosome 3R (C) (D. melanogaster reference co-
ordinates 3R: 16,675,000-16,690,000) that includes the Ir93aand CG3822
ionotropic glutamate receptor genes. The asterisk on the interior branch in
panel A indicates that this branch length can be regarded as statistically
greater than zero; the resulting node has 100% bootstrap support.

exchangeable at times that are more recent than the species split
time (Yang 2010).

To test whether the distribution of site type frequencies in the
genome are compatible with a strictly allopatric model of species
divergence, we implemented a likelihood ratio test. The test begins
by fitting a “global” model of allopatric divergence to the site type
frequencies from all sites across a given compartment of the ge-
nome. Next, a “local” model is fit to the site type frequencies oc-
curring in a given 1- or 5-kb window of the genome. The likelihood
of the global model versus the likelihood of the local model is
compared for each window via a standard likelihood ratio test.
Therefore, each window is associated with a P-value reflecting the
deviation of the site type frequencies in that window compared
with the rest of the genome. This approach is similar in principle to
the maximized composite likelihood surface test to detect regions
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of genomes affected by natural selection (Kim and Stephan 2002;
Nielsen et al. 2005).

Our likelihood ratio test proceeds by estimating parameters
of a three-species allopatric model of divergence from the six dif-
ferent site type frequencies for the major autosomes. The allopatric
model has five parameters: the species tree topology; the two times
of species divergence (T; and T5); the ratio of the effective pop-
ulation size of D. mauritiana to that of D. simulans («); and the ratio
of the effective population size of D. sechellia to that of D. simulans
(B). Note that the « and B parameters represent ratios of effective
population sizes only in the case of strict neutrality of mutations;
in practice, these parameters serve as population mutation rate
scaling factors that allow the terminal branch lengths of the spe-
cies tree to vary.

To fit a global model to the site type frequency distributions
(Supplemental Fig. S2), we used a coalescent simulation-based
approach. An analytical approach, which uses only the first mo-
ment of the site type frequency distribution, failed to provide
a good fit to the data (not shown). The reason is that the data are
fundamentally incompatible with a sequentially bifurcating spe-
ciation history in which the two ingroup species have elevated
sharing relative to that of either with the outgroup species. Instead,
the observed frequencies of shared site types are nearly equal for
D. simulans—D. mauritiana and for D. simulans-D. sechellia (0.0531
and 0.0533, respectively) whereas both are greater than that for
D. mauritiana-D. sechellia (0.0437) (Table 1). We therefore opted to
use a coalescent simulation-based approach to fit a global model
to the quantiles of the observed distributions in Supplemental
Figure S2 rather than an analytical approach that relies solely on
the means (see Supplemental Figs. S3, S4 for quantile-quantile plots
for simulated data under the best-fitting global model versus the
observed data).

We find that the best-fitting, strictly allopatric global model
for the autosomes is a polytomy with an estimated divergence
time of 1.21 X 2Nym 4 generations before the present. Assuming
Niim,a = 10° and 10 generations per year, this species split time
estimate corresponds to ~242,000 yr ago. The global model for
the autosomes estimates that the ratios
of effective population sizes (mutation
rate scalars) are « = 1.47 and B8 = 2.26,

We next allowed the time to exchangeability (7) to vary
among non-overlapping 5- and 1-kb windows across both the
autosomes and the X chromosome. For the autosomes, we esti-
mated the likelihood for values of = between 0.01 and 1.21 in
intervals of 0.01, for which the upper bound of 1.21 X 2Ngm
generations represents the time of the polytomy in the globally
best-fitting model. The autosomal data consist of 66,099 1-kb
windows with =10 variable sites or 17,703 5-kb windows with
=20 variable sites. For each window, the likelihood of the locally
best-fitting parameters (r, «, and B) was contrasted with the
likelihood of the globally best-fitting parameters. We considered
any particular local window significant if the P-value of its like-
lihood ratio test was <0.029, which accommodates the typeI error
rate associated with the test (see Methods). The 5-kb windows
have greater power to reject the global model than the 1-kb
windows (see Supplemental Fig. S6).

There are 1151 5-kb windows on the major autosomes and
122 5-kb windows on the X that reject the global allopatric models
with P <0.029. At this level of significance, the false discovery rate
(FDR) is ~30%, so that 822 autosomal and 85 X chromosome 5-kb
windows remain after correction. This corresponds to 4.6% of all
5-kb autosomal windows and 2.2% of all 5-kb X chromosome
windows that truly reject the allopatric model. Similarly, there are
1180 1-kb windows on the major autosomes with P < 0.029 and,
correspondingly, 80 1-kb windows on the X with P < 0.029. Ac-
counting for false discovery (~30%), 826 autosomal (1.2% of all
windows) and 56 X chromosome 1-kb windows (0.6% of all
windows) should be considered significant. When discussing
the total amount of introgressed genomic regions, we will refer
to the 5-kb windows because the likelihood ratio test has greater
power with this data set. Figure 2 shows the genomic distribu-
tion of significant 1-kb windows and highlights their relative
paucity on the X chromosome relative to the autosomes. To de-
termine the robustness of this finding, we evaluated the number
of significant windows resulting from the likelihood ratio test
over a range of P-values, after correcting for multiple tests. For
both 1-kb and 5-kb windows, at any arbitrary level of statistical
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D. mauritiana and for D. sechellia, re- !

T
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: : :
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the X chromosome also results in a species 2L |

tree with a basal polytomy. The estimated
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: : : :
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. . . . 1
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:
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: : : :
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Conversely, assuming that the species split |
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autosomes (242,000 yr ago), then Ngim x/
Nsima = 0.70, instead of 0.75. The ratio
of the effective population sizes for D.
mauritiana to D. simulans is a = 1.40 for
the X chromosome and the ratio for D.
sechellia to D. simulans is B = 2.30, both
similar to the autosomal estimates.

T
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Figure 2. Spacing of putatively introgressed 1-kb windows for each major chromosomal arm. (Red
lines) The position of a putatively introgressed 1-kb window between D. simulans and D. mauritiana. (Blue
lines) The position of putatively introgressed windows between D. simulans and D. sechellia. (Green lines)
The position of windows of putative introgression between D. mauritiana and D. sechellia.
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significance, the X chromosome has fewer significant tests than
expected (Fig. 3).

Features of putatively introgressed genomic windows

To explore why some local genomic windows reject the best-
fitting global allopatric model, we focus on 1-kb windows (see
above), as these smaller windows span fewer different genea-
logical histories, on average, than do the larger 5-kb windows.
Figure 4 shows the frequency distributions for best-fitting values
of 7 in 1-kb autosomal windows deemed significant at the level
of P < 0.029. Most of the significant 1-kb windows have local
genealogies favoring more recent times to exchangeability be-
tween D. simulans and either D. mauritiana (median 7 = 0.169, or
~33.8 kya) or D. sechellia (median 7 = 0.193, or ~38.6 kya), with
both distributions showing strong modes near = = 0. The two island
endemic species, in contrast, show both the fewest significant 1-kb
windows and a flat distribution of 7 (median 7= 0.398, or ~79.6 kya;
Mann-Whitney test, W > 95,700; P < 0.001; Kolmogorov-Smirnov
test, D > 0.237; P < 0.001). Qualitatively similar results hold for
significant 1-kb windows on the X chromosome (Supplemental
Fig. 7).

We next tested if particular features of the genome affect the
probability of rejecting the global model. First, we further explored
differences between the X chromosome and autosomes. The under-
representation of putative introgressions on the X chromosome
(x* = 21.60, P < 0.001) is not evenly distributed among the three
species pairs, being strongest between D. simulans and D. sechellia
(where we observe 43% of the expected number of introgres-
sions; y?=14.9, P=0.0012) and weaker for the other two species
pairs (=59%; X% = 3.66, P = 0.055). Between D. simulans and
D. mauritiana, the distribution of 7 differs between the X chromo-
some and the autosomes (Kolmogorov-Smirnov test, D = 0.387; P <
0.001), with a significantly more recent median 7 on the X (rx =
0.075 versus 74 = 0.169; Mann-Whitney W = 7100; P = 0.0484). No
such X-autosome differences in = occur for the other two species pairs

(Kolmogorov-Smirnov test, D < 0.222; P > 0.159; Mann-Whitney
W < 7121; P > 0.722). Thus, putative X chromosome introgressions
are significantly rarer between D. simulans and D. sechellia and sig-
nificantly younger between D. simnulans and D. mauritiana.

Second, we tested if regions of the genome with low rates of
crossing over have different propensities for possible introgres-
sion and gene flow (Noor et al. 2001; Rieseberg 2001). For these
tests we crudely defined chromosomal regions of low crossing over
as those in cytological divisions with estimated rates of 0 cM/Mbp
in D. melanogaster (Charlesworth 1996). Across the genomes of all
three species pairs, we find no significant effect of recombination
rate on the incidence of putative introgression (Fisher’s exact test;
P = 0.101 for all).

Third, we tested if functional elements of the genome were
more or less likely to be shared between species. Across all chro-
mosome arms and for all three species pairs, significant 1-kb win-
dows show a ~55% enrichment for exonic sequence (Fisher’s exact
test; P < 0.001). Table 2 shows the 25 most significant 1-kb win-
dows (P < 0.001) that also overlap genes, of which 20 have very
recent T between D. simulans and D. sechellia. The most extreme
deviations from the global model involve several windows span-
ning a ~15-kb region in cytological division 93A on chromosome
arm 3R and comprising two protein-coding sequences, [r93a and
CG3822. In this region, 100% of the shared sites occur between
D. simulans and D. sechellia, and nearly all of the remaining sites
are exclusive to D. mauritiana. Figure 1C shows a maximum like-
lihood phylogenetic tree reconstructed from the entire 15-kb re-
gion. Interestingly, both Ir93a and CG3822 are members of a gene
family encoding ionotropic glutamate receptors known to be ex-
pressed in chemosensory neurons (Benton et al. 2009) and which
function in the detection of acidic compounds (Ai et al. 2010).

Lineage-specific coding sequence evolution

We estimated lineage-specific synonymous (ds) and nonsynony-
mous (dy) sequence distances for 8222 single-copy genes, a data
set comprising nearly 12 Mbp of coding
sequence per species. For each species,
we calculated sequence distances from
the tip of the branch to the parsimony-

= Xchromosome-Observed
—— X chromosome-Expected

inferred sequence of the ancestor of the
D. simulans clade (Table 3; see Methods).
As previous genome-wide comparisons
have been made between D. simulans
and D. sechellia (Clark et al. 2007; McBride
etal. 2007; Singh et al. 2007, 2008), we are
especially interested in comparisons in-
volving D. mauritiana: How, in particular,
do patterns of substitution compare be-
tween the two island endemic species? For
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D. sechellia, the average ds = 0.0264, while
those of D. simulans and D. mauritiana are
identical, ds = 0.0234. The average dy is
roughly an order of magnitude lower for
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Figure 3. The number of genomic windows that reject the global allopatric model. Results of the
likelihood ratio test comparing globally best-fitting allopatric model parameters versus locally best-
fitting parameters in both 5-kb windows (A4) and 1-kb windows (B) across both the autosomes (red lines)
and the X chromosome (blue lines). The number of windows that reject the global model parameters,
after correction for multiple tests, is plotted as a function of the threshold P-value that is used to de-
termine significance (see Results section for additional explanation). (Black lines) The expected number
of significant windows on the X chromosome, calculated as the product of the number of significant
windows on the autosomes and the ratio of the total length of the X chromosome and autosomal
alignments. This illustrates a dearth of windows on the X chromosome that are able to reject a strictly
allopatric model, given any level of statistical significance.

each species: dy = 0.00272, 0.00182, and
0.00188 for D. sechellia, D. simulans, and
D. mauritiana, respectively. D. sechellia
thus has a 13% higher ds and a 47% higher
dn compared with its two sister species.
We also estimated the ratio w = dy/ds as a
proxy for selective constraint. D. sechellia
shows a ~30% higher o (0.103) than
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Figure 4. Test for complex speciation. (A) For the autosomes, the
globally best-fitting model is a polytomy with a divergence time of T, =
1.21 X 2Nsim,a generations before the present, while for the X chromo-
some it is also a polytomy with Tx = 1.72 X 2Ngm x generations. This
corresponds to ~242,000 yr ago for the autosomal data set. (B) Di-
vergence time between pairs of species is allowed to be <1.21 X 2Ngm a
generations in 1-kb windows across the autosomes. Windows that reject
the globally best-fitting model in favor of a more recent divergence time
are shown. A total of 379 of autosomal windows support a more recent
divergence time between D. simulans and D. mauritiana (31 for the X
chromosome), while 507 autosomal windows support a more recent di-
vergence time between D. simulans and D. sechellia (27 for the X). Lastly,
294 autosomal windows support a more recent divergence time between
D. mauritiana and D. sechellia (22 for the X). This set of results does not
correct for multiple tests, and ~30% of the windows shown are expected
to be false positives.

D. simulans (0.078) and D. mauritiana (0.080). It is important to
note that, given the relatively large population sizes and short
branches separating each species from their common ancestor,
many inferred changes are polymorphisms not fixed substitutions.
Although we cannot distinguish polymorphic versus fixed changes
with a single sequence from each species, the much smaller effective
size of D. sechellia implies that a far greater fraction of changes are
fixed in this lineage than in the other two lineages.

The elevated w in D. sechellia relative to both of its sister
species suggests either a reduced efficacy of purifying natural se-
lection or, alternatively, a genome-wide increased rate of adaptive
substitution (see also McBride 2007; Singh et al. 2007, 2008). To
distinguish these possibilities, we binned genes into 20 quantiles,
each containing ~410 genes, by their mean level of selective

constraint, w, across the three species. The ratio w was calculated
for each species in comparison with the inferred ancestral se-
quence. Genes in the lower quantiles are presumably enriched for
negative selection, while those in the upper quantiles are enriched
for positive selection. For each pair of species, we performed a
simple sign test to determine if one species has more genes with
higher w than the other (Fig. 5). Comparing D. simulans with
D. mauritiana, we observe no significant sign tests in any bin.
However, comparing D. sechellia to the other two species reveals
a qualitative difference between genes in the lower versus upper
quantiles: For bins having an average w < 0.155, D. sechellia shows
an excess of genes with higher w; conversely, for bins with an
average w>0.230, D. sechellia shows a general excess of genes with
lower w. These findings show that D. sechellia has experienced
more changes in slowly evolving genes but fewer changes in more
rapidly evolving genes. For genes in the top 10% (w > 0.349),
however, there were no significant species differences in w for
any pair.

To evaluate further the relative efficacy of natural selection in
D. sechellia, we studied synonymous codon usage, an index of
weak purifying selection (Akashi and Schaeffer 1997). We find that
D. sechellia has the lowest average frequency of optimal codons
(Fop; D. sechellia: 0.540, D. simulans: 0.543, D. mauritiana: 0.543)
across all chromosome arms (Supplemental Table S2; see also
Vicario et al. 2007). The lower optimal codon usage in D. sechellia
results from the accumulation of nonoptimal synonymous changes.
For >475,000 codons in each lineage, we polarized synonymous
changes between the inferred ancestor and the three descendant
species and categorized the changes as either “preferred,” “unpre-
ferred,” or “equivalent,” according to the optimality of the two co-
dons (see Methods). As may be expected, D. sechellia has the most
synonymous changes overall (75,380), while D. mauritiana and
D. simulans have similar numbers of substitutions (66,339 versus
66,603, respectively; Supplemental Table S3). For the X chromo-
some and the major autosomal arms, D. sechellia has significantly
fewer preferred changes and significantly more unpreferred and
equivalent changes than both D. simulans and D. mauritiana (x* test,
P <0.01). The D. simulans and D. mauritiana genomes differ only in
the number of preferred and unpreferred substitutions on the X,
with D. mauritiana having fewer preferred and more unpreferred
changes than D. simulans ( X2 test, P < 0.001). The distribution of
synonymous changes on chromosome 4 does not differ among
species. While both D. sechellia and D. mauritiana are recently de-
rived island endemics with necessarily smaller census population
sizes than their cosmopolitan sister species, D. simulans, our findings
show an overall relative decline in the efficacy of selection that is
largely specific D. sechellia (see also Kliman et al. 2000).

Discussion

Our analysis of the genealogical histories of single genomes sam-
pled from D. simulans, D. sechellia, and D. mauritiana yields three
main findings. First, the time to a common ancestor for all three
species is ~242,000 yr ago. Second, up to 4.6% of 5-kb windows on
the autosomes and 2.2% of 5-kb windows on the X chromosome
can be interpreted as having histories consistent with recent intro-
gression between D. simulans and the two island endemic species.
Third, the uniquely and persistently reduced effective population
size of D. sechellia has been accompanied by a lineage-specific re-
duction in the efficacy of both purifying and positive natural se-
lection. Below we discuss the history of speciation and gene flow
among the three species, including the possible effects of genetic
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Table 2. Top 25 1-kb windows that overlap genes and reject the global allopatric model

Coord
Chr (end) Cyt Pos Sites sim mau sec sim-mau sim-sec mau-sec P-value T Ingroup Genes
2L 3478450 23F3-6 15 0.13 0.40 0.00 0.00 0.40 0.07 229x10* 0.0121 sim-sec  Thor
13788450 34D1 30 0.10 0.47 0.13 0.03 0.27 0.00 1.56 x 107> 0.0121 sim-sec CG37731
13986450 34E5-6 23 0.13 0.35 0.13 0.00 0.35 0.04 5.36 x 107> 0.0121 sim-sec  rk
15629450 35D3 30 0.20 0.17 0.30 0.00 0.30 0.03 1.78 x 10™* 0.1206 sim-sec CG7631
16006450 35E1 16 0.19 0.25 0.06 0.00 0.50 0.00 113 x 107> 0.0121 sim-sec  CG13245, CG31820
16305450 35F1 19 0.16 0.21 0.16 0.05 0.42 0.00 543 x 107° 0.0121 sim-sec c(2)M
2R 5938633 46D9 16 0.38 0.19 0.06 0.00 0.00 0.38 1.63 x 107" 0.0121 mau-sec €G2249, CG12918
9163633 49F15 50A1 14 0.00 0.21 0.00 0.00 0.79 0.00 1.59 x 10°® 0.0121 sim-sec CG32843
10384633 51A4 17 0.12 0.18 0.24 0.00 0.47 0.00 490 x 107> 0.0121 sim-sec L
10738633 51C5 17 047 0.12 0.06 0.00 0.00 0.35 3.51 x 107> 0.0121 mau-sec SMC2
14732633 55F6-7 24 0.13 0.50 0.08 0.00 0.29 0.00 1.35% 107> 0.0121 sim-sec  CG15099
3L 2444701 62E.2 27 033 0.15 0.19 0.04 0.00 0.30 7.60 x 107> 0.0121 mau-sec CG42669
4867701 64C1-2 20 0.25 0.30 0.05 0.00 0.35 0.05 1.30 x 10" 0.0723 sim-sec  CG17150
21494701 78D4 12 050 0.00 0.08 0.00 0.00 0.42 212 x107* 0.0121 mau-sec CG33274, CG7529
22733701 80A1 22 0.05 0.45 0.18 0.00 0.32 0.00 1.05 % 107* 0.0121 sim-sec  /(3)04053
3R 1289236 83A4 20 0.10 0.20 0.05 0.00 0.60 0.05 7.45 % 107° 0.0121 sim-sec  PEK
2118236 83E2 19 0.11 0.53 0.05 0.00 0.32 0.00 4.43x107° 0.0121 sim-sec Osil3
2119236 83E2 20 0.10 0.50 0.00 0.10 0.30 0.00 8.77 x 107> 0.0121 sim-sec  Osil3
10651236 88D4-5 19 032 0.16 0.11 0.00 0.42 0.00 1.58 x 107> 0.0121 sim-sec  btsz
12204236  89B14-15 30 0.17 0.23 0.17 0.30 0.13 0.00 1.66 x 107 0.1567 sim-mau ss
16679236 93A2 15 0.00 0.60 0.00 0.00 0.40 0.00 1.29 x 10> 0.0121 sim-sec  IR93a
16687236 93A2 15 0.00 0.33 0.00 0.00 0.67 0.00 1.11 x 1077 0.0121 sim-sec CG3822
16689236 93A2 11 0.09 0.27 0.00 0.00 0.64 0.00 3.39 x 107> 0.0121 sim-sec  CG3822
22667236 97D2 20 0.05 0.45 o0.10 0.05 0.35 0.00 6.08 x 107> 0.0121 sim-sec T/
24355236 98D3-4 22 0.27 0.23 0.09 0.00 0.41 0.00 3.71 x 107® 0.0121 sim-sec  Ppn

incompatibilities on the genomic distribution of introgressed re-
gions. We also consider the implications of lineage-specific evo-
lution on the accumulation of genetic incompatibilities between
the species.

Genealogical history of speciation and gene flow

The overall pattern of nucleotide variation at 2.25 million variable
sites across the genome alignment is inconsistent with a single,
strictly bifurcating speciation history. This can be most readily
inferred from the average frequency of sites shared between pairs
of species: The frequencies of sites shared between D. simulans and
either of the two island endemics are the highest and equivocal,
while those shared between D. mauritiana and D. sechellia are less
frequent (Table 1). Under a strictly bi-
furcating speciation history, only the
ingroup species pair should show a high
degree of sharing, while sites shared be-

Table 3.

these two species in the phylogenetic analysis may be a conse-
quence of interspecific gene flow.

We detect a total of 1260 1-kb windows in the genome that
have more recent ancestry between pairs of species than expected
under the best-fitting genome-wide allopatric divergence model.
Of these, 42% show recent ancestry between D. simulans and D.
sechellia, 33% between D. simulans and D. mauritiana, and 25%
between D. mauritiana and D. sechellia (Fig. 4B). The estimated time
to common ancestry among these putatively introgressed win-
dows tends to be more recent for the species pairs involving
D. simulans than for the D. mauritiana-D. sechellia pair. For the
D. simulans-D. sechellia and D. simulans-D. mauritiana species
pairs, the distributions of the times to exchangeability (7) suggest
long histories of modest gene flow with strong modes of = — O,

Synonymous (ds) and nonsynonymous (dn) sequence distances between the
D. simulans-clade ancestor and each extant species

tween the outgroup species and each

) ) dn dy/ds

ingroup species are expected to be less

frequent. A maximum likelihood phylo-  Region sim mau sec sim mau sec sim mau sec

genetic tree, reconstructed from the en-

tire autosomal alignment, suggests that 2L 0.0258% 0.0258° 0.0283° 0.0018° 0.0019° 0.0027% 0.0697° 0.0749% 0.0955°

D. simulans and D. sechellia group to- 2R 0.0243* 0.0245% 0.0279° 0.0018* 0.0019% 0.0028* 0.0761* 0.0767° 0.1000°
ther to the exclusion of the outeroup - 0.0253% 0.0257° 0.0284% 0.0019% 0.0020° 0.0029° 0.0740° 0.0780° 0.1030

gethn <l ¢ gtoup  3p 0.0243% 0.0242° 0.0275° 0.0019* 0.0019* 0.0028% 0.0782° 0.0784° 0.10107

species D. mauritiana (Figure 1A). How-  Autosomes 0.0249 0.0250 0.0280 0.0019 0.0019 0.0028 0.0747 0.0771 0.1000

ever, a coalescent-based analysis is unable X 0.0157° 0.0149® 0.0181° 0.0017° 0.0016° 0.0023° 0.1050° 0.1100° 0.1280°

to reject a basal polytomy for the species 4 0.0082° 0.0069° 0.0070° 0.0010° 0.0014° 0.0018° 0.1220° 0.1990° 0.2560¢

Total 0.0234 0.0234 0.0264 0.0018 0.0019 0.0027 0.0778 0.0804 0.1030

tree. Given the evidence for highly lo-

calized regions of derived base sharing
between D. sechellia and D. simulans
(Supplemental Fig. S2b), the grouping of

*b<Indicate significant differences among chromosomes within species (Mann-Whitney, P < 0.05).
Chromosomes with the same superscript are not significantly different from each other, whereas
chromosomes with different superscripts are significantly different from each other.
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between D. simulans and D. sechellia. The
estimated time to exchangeability, 7, for
this region is just ~2400 yr ago. The re-
gion spans three genes, including [r93a
and CG3822, both involved in chemo-
sensory detection of acidic compounds. It
is unclear what role, if any, these genes
play in the well-documented olfactory
adaptation of D. sechellia to the volatile
compounds of Morinda fruit. If gene flow
occurred from D. simulans into D. sechellia,
then it seems doubtful that either of
these genes contributes to host speciali-
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Figure 5. Reduced efficacy of selection in D. sechellia. A total of 7008 autosomal genes are binned
according to level of selective constraint as measured by the average dy/ds between the inferred an-
cestor and each species. In each bin, three sign tests are performed to determine whether, for a given
species pair, one species has significantly more genes with higher dy/ds. (Y-axis) Relative excess of genes
with higher d\/ds for the first species in the pair. For example, in the first bin, D. simulans has 185 genes
with higher dy/ds than D. mauritiana, while D. mauritiana has 175 genes with a higher dn/ds value. The
difference, 10, is plotted. Values outside the region delimited by the dashed lines are significant for the sign
test. D. sechellia tends to have higher dy/ds values in genes with high constraint (dy/ds < 0.155) and lower
dn/ds in genes that experience positive selection or less constraint (dy/ds > 0.230). There is no significant

difference between D. simulans and D. mauritiana for any of the bins.

suggesting very recent introgression within the last ~2400 yr.
These quite recent introgression times are consistent with those
previously inferred for the mitochondrial introgression between
D. simulans and D. mauritiana (Ballard 2000a,b). It seems possible
that these recent introgression times could be the consequence of
human activity, moving flies between islands during very recent
history.

The genomic distribution of putatively introgressed segments
among the D. simulans and the two island endemic species shows
that, instead of “islands of speciation,” i.e., regions of differentia-
tion in genomes otherwise consistent with frequent gene flow
(Turner et al. 2005), the D. simulans clade species present the op-
posite, i.e., islands of introgression in genomes with histories
otherwise consistent with isolation. Given that, at the resolution
of 1 kb, only 1.2% of autosomal windows reject the timing of the
allopatric split, it is perhaps unsurprising that previous, smaller
scale divergence population genetic analyses failed to reject the
strict allopatry model—13 of the 14 loci surveyed by Kliman et al.
(2000) failed to sample histories with sufficient signal of intro-
gression. However, Kliman et al. (2000) did uncover one poten-
tially introgressed haplotype, a D. simulans-like sequence from the
In(2L)tregion segregating in D. sechellia but, the authors cautioned,
lab contamination could not be excluded. Although our D. sechellia
sample does not have the D. simulans-like sequence recovered by
Kliman et al. (2000), given our evidence for introgression at many
other loci between these species, this earlier In(2L)t result seems
more plausibly a natural introgression.

We identified several strong examples of recent gene flow (see
Table 2), but two cases stand out. First, the mitochondria of the
D. mauritiana and D. simulans lines sequenced here differ at just
three nucleotide sites. We have by chance sampled the common
D. mauritiana mitochondrial haplotype that introgressed from D.
simulans some time in the very recent past (Solignac and Monnerot
1986; Solignac et al. 1986; Ballard 2000a,b; Nunes et al. 2010).
Second, our genome-wide scan identified a ~15-kb region on
chromosome arm 3R that shows extreme sharing of derived states

0.230

zation directly. However, host specializa-
tion also entailed a striking acceleration
in the evolution of D. sechellia olfactory
and gustatory receptor genes, including
a 10-fold increase in the rate of pseudo-
gene formation relative to D. simulans,
consistent with relaxed functional con-
straints (McBride 2007). One possibility,
then, is that introgression of the [r93a-
CG3822 region from D. simulans may
have reversed a previously fixed gene
loss in D. sechellia. It is possible, how-
ever, that a D. sechellia haplotype at this
region has migrated into D. simulans populations in Madagascar.
Inferring the direction of gene flow is not possible with a single se-
quence from each species.

As the X chromosome is known to play a large role in the
genetic basis of hybrid male sterility, we tested for simple X ver-
sus autosome differences in the propensity for introgression. As
X-linked sequences are more likely to be associated with hybrid
incompatibilities, they ought to be less likely to introgress between
species. In general, we find that putative introgressions are indeed
underrepresented on the X chromosome, significantly so between
D. simulans and D. sechellia. We hesitate, however, to draw strong
conclusions about the contribution of hybrid incompatibilities
from these patterns for two reasons. First, the appropriate genetic
analyses are lacking. We suspect that the predominant direction of
natural introgression involves D. simulans material moving into
the two island endemic species. However, most large-scale genetic
analyses, and especially those documenting the high density of
X-linked hybrid male sterility, have evaluated D. mauritiana ma-
terial in otherwise D. simulans (True et al. 1996) or D. sechellia
genetic backgrounds (Masly and Presgraves 2007). Second, the
D. mauritiana-D. sechellia species pair—a priori the best candidates
for a strictly allopatric history—has a similar underrepresentation
of significant 1-kb windows on the X chromosome. While not
quite significant (P = 0.056), this observation implies one of two
things. Either, contrary to our expectations, some historical gene
flow has occurred between the two island endemic species or, al-
ternatively, the underrepresentation of significant X-linked win-
dows between these two species results from something other than
gene flow—e.g., complex demography or a greater rate of false
discovery on autosomes relative to the X. Given the limits of a
single genome sequence from each species, we consider the evi-
dence for gene flow between the island endemics tentative.

Because we estimate the divergence parameters of the D.
simulans clade using a neutral model, it is important to consider
the effects of non-neutral evolutionary forces on our inferences.
Using only a single sequence per species, we cannot distinguish

0.349
0.488 —
2.932
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whether variant sites are polymorphisms or fixed substitutions.
Some of the variant sites in our data set are undoubtedly delete-
rious mutations, which exist as transient polymorphisms, but are
nevertheless counted as neutral exclusive site types in our analyses.
Deleterious mutations should thus introduce an upward bias to our
estimates of external branch lengths. Any differences in selective
constraint between species are then accommodated in our model
by the parameters o and B, the relative effective population size
scaling factors. The presence of deleterious mutations in the data
set should not systematically bias the inferred species tree topology
or the time to exchangeability analysis, as both depend strongly on
the frequency of shared site types between two lineages and both
tend to be far older than the mean sojourn time of a typical dele-
terious mutation.

Lineage-specific evolution and the accumulation
of hybrid incompatibilities

Like many island endemic species, D. sechellia has both a smaller
effective population size and a history of excess non-neutral sub-
stitutions relative to its mainland sister species (Kliman et al. 2000;
Legrand et al. 2009). As our analysis includes a single sequence
from each species, polymorphic and fixed changes are necessarily
confounded. Nevertheless, our conclusion that D. sechellia has
accumulated an excess of slightly deleterious fixation events is
undoubtedly conservative: Polymorphism levels in D. sechellia are
known to be nearly an order of magnitude lower than its sister
species (Kliman et al. 2000; Legrand et al. 2009), and yet we find
that the number of changes on the D. sechellia branch is 150% that
of D. simulans, summing over all functional categories of site.
Several patterns substantiate that D. sechellia has experienced
a reduced efficacy of natural selection. First, the excess of non-
synonymous changes in D. sechellia occurs disproportionately in
genes otherwise conserved across the three species (Fig. 5). Second,
for genes evolving rapidly across the three species, and thus pre-
sumably enriched for adaptive evolution, D. sechellia shows fewer
nonsynonymous changes than its sister species (Fig. 5). Finally, the
relative excess in changes along the D. sechellia lineage appears to
scale with the relative magnitudes of selection coefficients for
each mutation class where, roughly, we expect Sxonsyn < Sunpref
< Sgquiv < 0 < Sprer. As shown in Figure 6, when compared with its
two sister species, D. sechellia has the greatest relative excess of
nonsynonymous changes (40%-50% excess), followed by unpre-
ferred changes (25%-40%) and equivalent changes (5%-20%);
conversely, D. sechellia shows a relative dearth of preferred
changes (5%-20%). These results and others (Baudry et al. 2006)
suggest that the D. sechellia genome has been strongly shaped by
nearly neutral evolution. In contrast, despite its endemism to the
islands of Mauritius and Rodrigues, D. mauritiana maintains sur-
prisingly high levels of polymorphism, only slightly smaller than the
cosmopolitan D. simulans (Caccone et al. 1988; Baudry et al. 2006).

The patterns of lineage specific molecular change among the
three species have implications for the accumulation of genetic
incompatibilities. In particular, theoretical models have consid-
ered the possibilities that hybrid incompatibilities accumulate as
by-products of neutral (Lynch and Force 2000), peak-shift driven
(Carson and Templeton 1984), and a variety of selection-driven
substitution processes (Mayr 1963; Frank 1991; Hurst and
Pomiankowski 1991). A constant rate neutral model predicts that all
three lineages have accumulated similar numbers of hybrid in-
compatibilities, whereas a peak-shift model predicts that D. sechellia
has accumulated an excess of hybrid incompatibilities relative to
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Figure 6. Relative rates of evolution of four functional classes of mu-
tation. Top panel shows rates for the autosomes, while bottom panel shows
rates for the X chromosome. For each pair of species, we calculated the
relative excess in the number of changes in species 1 compared with
species 2 (see Methods). The functional classes are listed in order of in-
creasing selection coefficient.

its two sister lineages. Good estimates exist on the relative densities
of the hybrid incompatibilities separating the three species of the
D. simulans clade (Palopoli and Wu 1994; True et al. 1996; Tao et al.
2003; Masly and Presgraves 2007). Based on the genetic data, both
of these simple predictions can be rejected. Many more genetic in-
compatibilities exist between D. mauritiana and D. simulans than
between D. sechellia and D. simulans (Palopoli et al. 1996). Given the
nearly simultaneous species split, these genetic findings suggest
D. mauritiana has accumulated genetic incompatibilities more
rapidly than D. sechellia. We can also reject a simple relationship
between the number of substitutions—greatest in D. sechellia—and
the number of genetic incompatibilities. These findings, along
with the recent analyses of individual hybrid incompatibility
genes (Presgraves 2010), suggest that selection-driven models
more plausibly account for the accumulation of interspecific ge-
netic incompatibilities. Lastly, it should be noted that, because
our alignments primarily cover euchromatin sequence, we are
missing heterochromatic regions where several known incompat-
ibilities have accumulated (Cattani and Presgraves 2009; Ferree and
Barbash 2009).

Conclusions

Overall, our data are compatible with a model of virtually simul-
taneous species divergence, followed by limited, albeit recurrent
and nontrivial, hybridization and gene flow between D. simulans
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and the two island endemic species. We find some evidence con-
sistent with interspecific gene flow between D. mauritiana and D.
sechellia, but given geographic considerations, we consider these
findings provisional. While the genome sequencing data pre-
sented here support a model of complex speciation between D.
simulans and the two island endemic species, the question of just
how permeable the genomes are between these incompletely iso-
lated species deserves further investigation. The main limitation of
our analysis is that a single genome sequence per species limits our
power to detect, quantify, and determine the directionality of gene
flow. Additional genome sequences for each species will allow us to
estimate allele frequencies, distinguish substitutions from poly-
morphisms, and leverage unusual haplotype structure to identify
and estimate the age of introgression events.

Methods

Fly inbred lines and library preparation

The Drosophila simulans MD63 line from Madagascar (Dean and
Ballard 2004) was sib-mated for 12 generations and genomic DNA
(gDNA) was extracted from 15 female flies. gDNA was also ex-
tracted from 15 female flies of the D. sechellia reference strain
(14021-0248.25). For both D. simulans and D. sechellia, gDNA was
extracted using a modified Puregene DNA Extraction Protocol. The
15 frozen female flies for each library were lysed by 300 L cold
Cell Lysis Solution (Qiagen, 158906) with pestle homogenization
and incubation at room temperature for 15 min, and treated with
4.5 pL RNase A at 37°C for 15 min. Proteins were precipitated out
with 100 pL Protein Precipitation Solution (Qiagen, 158910) and
centrifugation at 16,000¢ for 4 min. gDNA in supernatant was
purified by DNA Clean and Concentrator -25 Kit (Zymo, D4005)
with five volumes of binding buffer to sample. The quality of all
gDNA samples was checked by running on an agarose gel, and the
concentration was measured with a Qubit Fluorometer (Invitrogen).
For D. mauritiana, gDNA was extracted from 30 females of the lab-
oratory strain, maul2 w (14021-0241.60), using Qiagen DNeasy kit
following the manufacturer’s recommended protocol.

For the library preparations of D. simulans and D. sechellia,
~3 ng gDNA was sheared to ~300 bp with Covaris, followed with
end-repairing, A-tailing, ligating to adaptors, selecting size be-
tween 350 and 450 bp with 2% agarose gel, and PCR amplifying
for 15 cycles. The final product size was estimated to be between
400 and 500 bp on a 2% agarose gel. For D. mauritiana, the esti-
mated size of the final product was between 300 and 400 bp. The
concentration of all samples was measured with Qubit Fluorometer
(Invitrogen) and the libraries were diluted to a concentration of
10 nM for sequencing.

Genome sequencing and alignment

The D. simulans MD63 line was sequenced on a PE54 lane of an
[llumina Genome Analyzer II, which generated 29.0 million paired
54-bp reads. The mean insert size for the MD63 paired reads was
~350 bp. Similarly, the D. mauritiana maul2 w line sequencing
produced a total of 29.4 million paired 86-bp reads with a mean
insert size of ~200 bp. Lastly, the D. sechellia line was sequenced
using one PES54 lane and one PE72 lane, resulting in 34.3 million
and 44.7 million paired reads, respectively. The mean insert size of
the D. sechellia library was ~350 bp. The BWA software (Li and
Durbin 2009) was used to map paired reads to release 5.31 of the
D. melanogaster euchromatin reference sequence obtained from
FlyBase (Tweedie et al. 2009). To minimize mismatching bases re-
sulting from inaccurate alignments, local realignment around indels
was performed with the GATK software (DePristo et al. 2011).

Individual nucleotide sites are considered properly aligned if
they meet three criteria: (1) The Phred-scaled root mean square
mapping score is greater than or equal to 25 in each of the three
species, (2) if the site is covered by a minimum of three reads in
each species, and (3) if it has a maximum depth of no more than
15 times the median genomic read depth. Setting a maximum
read depth and minimum mapping score reduces the probability
of calling SNPs resulting from paralogous alignments. Addition-
ally, a properly aligned site is considered a variant if the Phred-
scaled variant score is greater than or equal to 25 in one or more of
the species. Variant calling was performed using the POPBAM
software (http://popbam.sourceforge.net).

Phylogenetic analysis

We inferred phylogenetic relationships among the four species
using alignments of mitochondrial DNA, each chromosome arm
individually, and a concatenated alignment of all chromosomes
using a maximum likelihood approach implementing in RAXML
v7.2.8 (Stamatakis 2006). Phylogenies were inferred using a gen-
eral time reversible (GTR) model of nucleotide substitution (Tavaré
1986). We modeled among-site variation in substitution rates us-
ing a gamma distribution (GTRGAMMA) with four discrete rate
categories. Details of the analysis can be found in the Supple-
mental Methods.

Global allopatric model of species divergence

Autosomal and X chromosome alignments were used to estimate
separately the parameters of a “global” model of allopatric species
divergence. A global model is one that best explains the totality of
the autosomal or X chromosome data. There are five parameters in
our simple allopatric model: (1) T4, the divergence time between
the two most closely related (ingroup) species, (2) T, the diver-
gence time between the ancestor of the ingroup species and the
outgroup species, (3) the effective population size of D. mauritiana
relative to that of D. simulans (Nymau = @ Ngm), (4) the effective
population size of D. sechellia relative to that of D. simulans (Nsec =
B Ngm), and (5) the topology of the species tree. The best-fitting
global allopatric model will then be used as a null model to test for
local occurrences of gene flow between pairs of species (see the Test
of Complex Speciation subsection below).

A likelihood approach was used to fit our simple allopatric
model to summaries of the data. The aligned sequence data were
summarized by classifying each aligned variant site into one of
seven mutually exclusive categories. The first category is called
fixed, in which the site is determined to have the identical variant
in all three species of the D. simulans clade, relative to the D. mel-
anogaster reference sequence. Three additional categories of sites
are defined as exclusive, in which only one of the three species has
the derived variant base. Lastly, there are three categories of sites
that are defined as shared, in which the same derived variant base is
shared between two of the three species. The relative frequencies of
the six different exclusive and shared site types act as a summary of
the phylogenetic patterns inherent in the data and served as the
basis for a likelihood-based analysis of an allopatric model of spe-
cies divergence.

We develop two complementary approaches to estimating the
likelihood of the global allopatric model from the site type fre-
quencies. The first approach is analytical and relies exclusively on the
first moment of the probability distribution of individual site types
under an allopatric model (see Supplemental Methods). The likeli-
hood of the allopatric model parameters were estimated at intervals
of 0.01 within the following bounds for each parameter: T, € (0,3],
T1 € (0,T3], « € (0,2], and B € (0,3], where time is measured in units of
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2Nim generations. The values for these upper bounds were obtained
via preliminary exploratory analyses at lower sampling densities.

We also implemented an alternative approach that estimates
the likelihood of the allopatric model from the quantiles of the
marginal distribution of site type frequencies in windows across
the genome. A window size of 5-kb was chosen to balance between
linkage and the number of variant sites. This approach uses co-
alescent simulation to produce distributions of site type frequen-
cies, and a sum-of-squares measure was used to fit quantiles of
the simulated distributions to those of the empirical distributions.
The priors for mutation and recombination rates can be found
in the Supplemental Methods. The minimum sum-of-squares pa-
rameter estimates were from the following ranges of values: T, €
0,3], T1 € (0,T3], @ € (0,2], and B € (0,3], which (as above) were
determined via exploratory runs.

Test of complex speciation

Because we are analyzing a single sequence per species, the allo-
patric model can be easily extended to incorporate gene flow
simply by allowing the divergence time between a pair of species to
be more recent than expected under the purely allopatric model.
Under the strictly allopatric version of this model, genomic vari-
ation in divergence time between species is solely attributable to
the stochastic coalescent process in the ancestral population(s).
When no gene flow is allowed, the distribution of divergence times
will necessarily have a lower bound at the species divergence time.
This is the principle underlying the likelihood ratio test for gene
flow proposed by Yang (2010). We adopt this framework, but add
additional parameters, such as allowing the effective population
size of the species to vary.

The general approach to detecting gene flow from the site
type frequency data is to compare the “global” maximum likelihood
versus a “local” maximum likelihood in both non-overlapping 1-kb
and 5-kb windows. The “global” maximum likelihood is estimated
from the site type frequencies from all autosomes considered si-
multaneously. This method is useful for identifying candidate
genomic regions with low-probability evolutionary histories, or his-
tories that are not expected under the global neutral demographic
model (Nielsen et al. 2005; Zhu and Bustamante 2005). First, the
allopatric model is fit to the totality of the autosomal data and
maximum likelihood parameter estimates are obtained. The second
step is to calculate the likelihood of the global parameters for each
1-kb and 5-kb window across the autosomes using equations 2-5 (see
Supplemental Methods). Then, the T, parameter is held constant
while T3, «, and B are allowed to vary, resulting in an estimation of
a “local” maximum likelihood for that 1-kb or 5-kb window. Win-
dows are subject to the restriction that they have at least 10 (1-kb
windows) or 20 (5-kb windows) variable sites present. Each window
is now associated with a global and local estimate of likelihood.

A standard likelihood ratio test was implemented to test
whether the local likelihood is significantly improved over the
global likelihood within windows. The maximum likelihood esti-
mate of 7 and species tree topology for each window that rejects the
global model was recorded. This procedure was repeated separately
for the X chromosome, due to its presumed difference in effective
population size from the autosomes. Finally, the relative impor-
tance of each site type for determining the P-value in a multiple
regression model was assessed by averaging over orderings using
unweighted averages (Lindeman et al. 1980).

False discovery rate

The test of complex speciation yields a distribution of P-values
associated with the global null hypothesis that a genomic window

could be generated under the null allopatric model. Coalescent
simulations under a null model suggest that the complex speci-
ation test has a type I error rate of 0.029 and this value was chosen
for our initial critical P-value. To account for multiply testing the
null hypothesis, we apply a modified version of the FDR correc-
tion of Storey and Tibshirani (2003). Like the composite likeli-
hood ratio test used by Williamson et al. (2007), our test is also
conservative and reliably shows an excess of P-values that are close
to one (Supplemental Figs. S5, $6). Williamson et al. (2007) choose
to select a tuning parameter using a modified method. The details of
our method correcting for multiple tests can be found in the Sup-
plemental Methods.

Coding sequence analysis

A total of 8563 single-copy ortholog sequences were aligned to the
genome alignment of the three D. simulans clade species using the
BLAST software (Altschul et al. 1990). The resulting high scoring
segment pairs were then used in a multiple sequence alignment
using the T-COFFEE software (Notredame et al. 2000). A sequence
representing the ancestor of the D. simulans clade was recon-
structed using a parsimony criterion. Following quality filtering
(see Supplemental Methods), a total of 8242 single-copy D. mela-
nogaster genes remained. Pairwise synonymous (ds) and non-
synonymous (dy) sequence distances for each gene were calculated
between each species and the reconstructed ancestral sequence
using the method of Nei and Gojobori (1986). To test for differ-
ences in the efficacy of selection among the three species, we cat-
egorized genes based upon their level of selective constraint, as
measured by the average dy/ds across the three species. These genes
were ranked by average dn/ds and divided into 20 quantiles. For
each pairwise comparison of species, we conducted a sign test for
the genes within bins to determine if one species has an excess of
genes with higher dn/ds.

We estimated the frequency of optimal codons (F,p) for each
gene in each species using the program CODONW (Sharp et al.
2005). Additionally, we examined codon usage bias by annotating
all synonymous coding substitutions between the ancestral se-
quence and each extant species as either “preferred,” “unpreferred,”
or “equivalent.” For this annotation procedure, each codon was
assigned a rank value from 1 to 3, where a value of 1 represents the
most preferred and 3 is the least preferred. Codons may have the
same ranking, which are based on the correlation between codon
usage and overall codon usage bias for each gene (Vicario et al.
2007).

Data access

The raw short read sequences used in this study have been sub-
mitted to the NCBI Sequence Read Archive (SRA) (http://www.
ncbi.nlm.nih.gov/sra) under accession number SRA050824.
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