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The population genetic perspective is that the processes shaping genomic variation can be revealed only through
simultaneous investigation of sequence polymorphism and divergence within and between closely related species.
Here we present a population genetic analysis of Drosophila simulans based on whole-genome shotgun sequencing of
multiple inbred lines and comparison of the resulting data to genome assemblies of the closely related species, D.
melanogaster and D. yakuba. We discovered previously unknown, large-scale fluctuations of polymorphism and
divergence along chromosome arms, and significantly less polymorphism and faster divergence on the X chromosome.
We generated a comprehensive list of functional elements in the D. simulans genome influenced by adaptive evolution.
Finally, we characterized genomic patterns of base composition for coding and noncoding sequence. These results
suggest several new hypotheses regarding the genetic and biological mechanisms controlling polymorphism and
divergence acrossthe Drosophila genome, and provide arich resource for the investigation of adaptive evolution and
functional variation in D. simulans.
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inferences about recent selectionNwhich may be manifest as
reduced polymorphism or elevated linkage disequilibriumRN

or about selection that has occurred in the distant pastN
which may be manifest as unexpectedly high levels of
divergence. The application of these conceptual advancesto
the study of variation in closelyrelated specieshasresulted in
several fundamental advancesin our understanding of the
relative contributions of mutation, genetic drift, recombina-
tion, and natural selection to sequencevariation. However, it
is also clear that our genomic understanding of population
genetics has been hobbled by fragmentary and nonrandom
population genetic sampling of genomes.Thus, the full value

Introduction

Given the long history of Drosophilaas a central model
systemin evolutionary genetics beginning with the origins of
empirical population geneticsin the 1930s,it is unsurprising
that Drosophila data have inspired the development of
methods to test population genetic theories using DNA
variation within and between closely related species [1D4].
These methods rest on the supposition of the neutral theory
of molecular evolution that polymorphism and divergence
are manifestations of mutation and genetic drift of neutral
variants at different time scales[5]. Under neutrality, poly-
morphism is a @napshot® of variation, some of which
ultimately contributes to species divergence as a result of
pxation by genetic drift. Natural selection, however, may

causefunctionally important variants to rapidly increase or
decreasein frequency, resulting in patterns of polymorphism
and divergence that deviate from neutral expectations [1,2,6].
A powerful aspect of inferring evolutionary mechanism in
this population genetic context is that selection on sequence
variants with miniscule btness effects, which would be
difbcult or impossible to study in nature or in the laboratory
but are evolutionarily important, may cause detectable
deviations from neutral predictions. Another notable aspect
of these population genetic approachesis that they facilitate
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Author Summary

Population genomics, the study of genome-wide patterns of
sequence variation within and between closely related species,
can provide a comprehensiveview of the relative importance of
mutation, recombination, natural selection, and genetic drift in
evolution. It can also provide fundamental insights into the
biological attributes of organismsthat are specifically shaped by
adaptive evolution. One approach for generating population
genomic datasetsis to align DNA sequencesfrom whole-genome
shotgun projects to a standard reference sequence.We used this
approachto carryout whole-genome analysisof polymorphism and
divergence in Drosophilasimulans a close relative of the model
system, D. melanogaster We find that polymorphism and diver-
gence fluctuate on a large scaleacrossthe genome and that these
fluctuations are probably explained by natural selectionrather than
by variaton in mutation rates. Our analysissuggeststhat adaptive
protein evolution is common and is often related to biological
processesthat may be associatedwith gene expression,chromo-
some biology, and reproduction. The approachespresented here
will have broad applicability to future analysis of population
genomic variation in other systems,including humans.

of genome annotation has not yet been applied to the study
of population genetic mechanisms.

Combining whole-genome studies of genetic variation
within and between closely related species(i.e., population
genomics)with high-quality genome annotation offers several
major advantagesFor example, we haveknown for more than
a decade that regions of the genome experiencing reduced
crossing over in Drosophilatend to show reduced levels of
polymorphism yet normal levels of divergence between
species [7D10]. This pattern can only result from natural
selection reducing levels of polymorphism at linked neutral
sites, becauseit violates the neutral theory prediction of a
strong positive correlation between polymorphism and
divergence [5]. However, we have no general genomic
description of the physical scale of variation in polymor-
phism and divergence in Drosophilaand how such variation
might be related to variation in mutation rates, recombina-
tion rates, gene density, natural selection, or other factors.
Similarly, although several Drosophilageneshave been targets
of molecular population genetic analysis,in many casesthese
geneswere not randomly chosenbut were targeted becauseof
their putative association with phenotypes thought to have a
history of adaptive evolution [11,12].Such biaseddata make it
difbcult to estimate the proportion of proteins diverging
under adaptive evolution. In a similar vein, the unique power
of molecular population genetic analysis, when used in
concert with genome annotation, could fundamentally alter
our notions about phenotypic divergence due to natural
selection. This is because our current understanding of
phenotypic divergence and its causesis based on a small
and necessaily highly biased description of phenotypic
variation. Alternatively, a comprehensive genomic investiga-
tion of adaptive divergence could use genome annotations to
reveal large numbers of new biological processespreviously
unsuspected of having diverged under selection. Here we
present a population genomic analysis of D. simulans D.
simulansand D. melanogastare closely related and split from
the outgroup species,D. yakubaseveralmillion yearsago [13D
15]. The vast majority of D. simulansand D. yakubaeuchro-
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matic DNA is readily aligned to D. melanogasterhich permits
direct use of D. melanogastennotation for investigation of
polymorphism and divergence and allows reliable inference
of D.simulan&D. melanogastancestral statesover much of the
genome. Our analysis uses a draft version of a D. yakuba
genome assembly (aligned to the D. melanogasteeference
sequence)and a set of light-coverage, whole-genome shotgun
data from multiple inbred lines of D. simulanswhich were
syntenically aligned to the D. melanogasteeference sequence.

Results/Discussion

Genomesand Assembles

Sevenlines of D. simulansand one line of D. yakubawere
sequencedat the Washington University Genome Sequencing
Center (the white paper can be found at http://www.genome.
gov/11008080).The D. simulandines were selectedto capture
variation in populations from putatively ancestral geographic
regions [16], recent cosmopolitan populations, and strains
encompassing the three highly diverged mitochondrial
haplotypes previously described for the species[17]. These
strains have been deposited at the Tucson DrosophilaStock
Center (http://stockcenter.arl.arizona.edu).A total of 2,424,141
D. simulanstraces and 2,245,197 D. yakubatraces from this
project have been deposited in the National Center for
Biotechnology Information (NCBI) trace archive. D. simulans
syntenic assemblies were created by aligning trimmed,
uniquely mapped sequencetracesfrom eachD. simulansstrain
to the euchromatic D. melanogastaeference sequence (v4).
Two strains from the same population, sim4and sim§ were
unintentionally mixed prior to library construction; reads
from thesestrains were combined to generateasingle, deeper,
syntenic assenbly (see Materials and Methods), which is
referred to as SIM4/6 The other strains investigated are
referred to as C167.4 MD106TS MD199S NC48S and w°™.
Thus, six (rather than seven)D. simulanssyntenic assemblies
are the objects of analysis. Details on the Ry strains and
procedures usedto create theseassembliesjncluding the use
of sequence quality scores, can be found in Materials and
Methods. The coverages (in Mbp) for C167.4, MD106TS,
MD199S NC48S SIM4/6 and w*°?, are 56.9, 56.3, 63.4, 42.6,
89.8,and 84.8,respectively. A D. yakubastrain Tail8E2whole-
genome shotgun assembly (v2.0; http://[genome.wustl.edu/)
generated by the Parallel Contig Assembly Program (PCAP)
[18] was aligned to the D. melanogasterference sequence
(Materials and Methods). The main use of the D. yakuba
assemblywasto infer statesof the D. simulansBDmelanogaster
ancestor. For many analyseswe useddivergence estimatesfor
the D. simulandineage or the D. melanogastéineage (from the
inferred D. simulansbDmelanogast@mncestor) rather than the
pairwise (i.e., unpolarized) divergence between these species.
These lineage-specibcestimates are often referred to as @.
simulansdivergence @@. melanogastetivergence @or @olar-
ized divergence @

A total of 393,951,345 D. simulans base pairs and
102,574,197D. yakubabase pairs were syntenically aligned to
the D. mdanogaster reference sequence. Several tens of
kilobases of repeat-rich sequencesnear the telomeres and
centromeres of each chromosome arm were excluded from
our analyses(Materials and Methods). D. simulansggeneswere
conservatively Pbltered for analysis based on conserved
physical organization and reading frame with respect to the
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Table 1. Autosome and X ChromosomeWeighted Averagesof Nucleotide Heterozygosity(p) and Lineage Divergence

Sequence Type Sites Chromosome n DiVinel DiVgim Divyak
Euchromatic Nonsynonymous X 0.0018 0.0067 0.0070 0.0253
A 0.0026 0.0061 0.00667 0.0223

Synonynous X 0.0199 0.0767 0.0519 0.2314

A 0.0352 0.0695 0.024 0.2187

Intron X 0.0166 0.0248 0.030 0.1175

A 0.0212 0.0240 0.0381 0.1028

59UTR X 0.0079 0.0233 0.058 0.1018

A 0.0108 0.0216 0.0203 0.0842

39UTR X 0.0088 0.0199 0.0%1 0.0957

A 0.0113 0.0186 0.0192 0.0775

Intergenic X 0.0153 0.0231 0.0299 0.1102

A 0.0204 0.0225 0.0%5 0.0957

Heterochromatt Nonsynonymous X 0.0014 0.0088 0.0089 0.0269
A 0.0017 0.0083 0.0075 0.0354

Synonynous X 0.0132 0.0664 0.0493 0.2385

A 0.0136 0.0589 0.0823 0.2338

Divie;, D. melanogasterlineage divergence; Divsim, D. simulanslineage divergence; Divy,, D. yakubalineage divergence (correspondsto divergence between D. yakuba and the

D. simulangD. melanogastecommon ancestor),see Materialsand Methods.
doi:10.1371/journapbio.0050310.t001

D. melanogasteeference sequencegene models (Materials and

Methods). We took this conservative approach so asto retain

only the highest quality D. simulansdata for most inferences.

The number of D. simulanggenesremaining after bltering was
11,466. Ninety-eight percent of coding sequence (CDS)

nucleotides from this gene set are covered by at least one D.

simulansallele. The average number of lines sequenced per

aligned D. simulandasewas3.90.For severalanalysesin which

heterozygosity and divergence per site were estimated, we
further Pbltered the data so as to retain only genes or

functional elements (e.g., untranslated regions [UTRs]) for

which the total number of basessequencedacrossall lines

exceededan arbitrary threshold (seeMaterials and Methods).
The numbers of genesfor which we estimated coding region

expected heterozygosity, unpolarized divergence, and polar-

ized divergence were 11,403,11,439,and 10,150, respectively.
Coverage on the X chromosome was slightly lower than

autosomal coverage,which is consistent with lessX chromo-

some DNA than autosomal DNA in mixed-sex DNA preps.

Variable coverage required analysis of individual coverage
classes(n ! 1B6)for a given region or feature, followed by
estimation and inference weighted by coverage(Materials and

Methods). The D. simulanssyntenic alignments are available at

http://www.dpgp.org/. An alternative D. simulans @nosaic®
assembly,which is available at http://www.genome.wustl.edu/,
was created independently of the D. melanogasteeference

sequence.

Geneal Patternsof Polymorphism and Divergence
Nucleotide variation. We observed 2,965,987 polymorphic
nucleotides, of which 43,878altered the amino acid sequence;
77% of sampled D. simulansgeneswere segregating at least
one amino acid polymorphism. The average, expected
nucleotide heterozygosity (hereafter, @eterozygosity@® or
@, @for the X chromosome and autosomeswas 0.0135and
0.0180, respectively. X chromosome p,; wasnot signibcantly
different from that of the autosomes (after multiplying X
chromosome py; by 4/3,to correct for X/autosome effective
population sizedifferences when there are equal numbers of
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males and females, see [19]). However, X chromosome
divergence was greater than autosomal divergence in all
three lineages (50-kb windows; Table 1, Table S1, Figure 1,
Dataset S8). We will discuss this pattern in greater detail
below.

Not surprisingly, many patterns of molecular evolution
identibed from previously published datasetswere conbrmed
in this genomic analysis.For example, synonymous sites and
nonsynonymous sites were the fastest and slowest evolving
sites types, respectively [20D24].Nonsynonymous divergence
(dN) and synonymous divergence (dS were positively, though
weakly, correlated (r?! 0.052,p, 0.0001)[25D27].and dNwas
weakly, negatively correlated with CDS length (SpearmanOg
I "0.03,p! 0.0005)[28,29].More generally, longer functional
elements showed smaller D. simulansdivergence than did
shorter elements (intron SpearmanOs) ! " 0.33; intergenic
SpearmanOg! " 0.39;39UTRs SpearmanOg! " 0.11:all show
p, 0.0001)[21,30].

Insertion/deletion (indel) variation. We investigated only
small indels (# 10 bp), becausethey were inferred with high
conbdence (Materials and Methods). Variants were classiped
with respect to the D. mdanogase reference sequence;
divergence estimates were unpolarized. An analysisof trans-
posable element variation can be found in Text S1.Estimates
of small-indel heterozygosity for the X chromosome and
autosomes(Table S1)were lower than estimatesof nucleotide
heterozygosity [31]. Interestingly, variation in nucleotide and
indel heterozygosity across chromosome arms was highly
correlated ([32], Figures 1 and 2; SpearmanOg between 0.45
and 0.69,p, 10 *for eacharm). Deletion heterozygosity and
divergence were consistently greater than insertion hetero-
zygosityand divergence (FiguresS1land S2,DatasetsS11DS15)
for both the X chromosome and the autosomes, which
supports and extends previous claims, based on analysis of
repetitive sequences[33], of a general mutational bias for
deletions in Drosophila

D. simulansautosomal p,; and divergence are of similar
magnitude. Mean polarized autosomal divergence (50-kb
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Figure 1. Patternsof Polymorphism and Divergenceof Nucleotidesalong ChromosomeArms

Nucleotide p (blue)and div on the D.simulanslineage(red)in 150-kbpwindows are plotted every 10 kbp. v[Plogf)] (olive)asa measureof deviation (¢
or b)in the proportion of polymorphic sitesin 30-kbp windows is plotted every 10 kbp (seeMaterialsand Methods).Cand T correspord to locationsof
centromeres and telomeres,respectivey. Chromosomearm 3Rcoordinates correspord to D. simulanslocationsafter accounting for fixed inversionon

the D. melanogastetineage.
doi:10.132/journal.pbio.0050310.g01

windows; 0.024) was only slightly greater than mean autoso-
mal pp (0.018),evenwith regions of severelyreduced p,; near
telomeres and centromeres included. Indeed, estimatesof pn;
for severalgenomic regions are roughly equal to the genomic
average polarized divergence (Figure 1), suggesting the
existence of large numbers of shared polymorphisms in D.
simulansand D. melanogastesuch variants should be over-
represented in regions of higher nucleotide heterozygosityin
D. simulans These patterns suggestthat the averagetime to
the most recent common ancestor of D. simulansalleles is
nearly as great as the average time of the most recent
common ancestor of D. simulansand D. melanogasteiThe
similarity in scale of polymorphism and divergence in D.
simulansalso suggestghat many of the neutral mutations that
have bxed in D. simulanswere polymorphic in the common
ancestor of the two species. As we discuss below, this has
implications for interpreting chromosomal patterns of poly-
morphism and divergence in this species.

As expected under the neutral model, and given the
observation that much of the D. simulanslineage divergence
is attributable to polymorphism, D. simulansp,; and diver-
gence (50-kb windows) were highly, signipcantly correlated
(autosome SpearmanOs ! 0.56,p, 0.0001:X chromosome
SpearmanOs ! 0.48,p, 0.0001)[5]. Moreover, the genetic
and population genetic processes shaping patterns of
divergence along chromosome arms appear to operate in a
similar manner in D. simulansand D. melanogasteas polarized
divergence (50-kb windows) for the two lineages was highly
correlated (SpearmanOsg ! 0.74;p ,
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some regions of the genome showed highly signibcant
increasesin divergence in either the D. simulansor the D.
melanogastéineage (seebelow).

Variation near centromeres and telomeres. Figure 1 and
Figure S1 support previous reports documenting severely
reduced levels of polymorphism in the most proximal and
distal euchromatic regions of Drosophilachromosome arms
[7,10,34B86]. The fact that divergence in such regions
(Materials and Methods) is only slightly lower (50-kb median
I 0.0238)than that of the rest of the euchromatic genome (50-
kb median! 0.0248)(Mann-Whitney U, p, 0.0001),supports
the hypothesis that reduced p,; in these regions is due to
selection at linked sitesrather than reduced neutral mutation
rates [1,3,6]. Genesthat are located in repetitive regions of
chromosomesnear telomeres and centromeres (Materials and
Methods), which we refer to as @eterochromatic, @showed
moderately reduced nonsynonymous and synonymous heter-
ozygosity compared with other genes (Table 1, Dataset S6)
[37] and showed a substantially higher ratio of nonsynon-
ymous-to-synonymous polymorphism and divergence relative
to other genes(Table S2)[38].

Interestingly, the magnitude and physical extent of reduced
pnt Near telomeres and centromeres appears to vary among
arms. Moreover, the physical scale over which divergence
varied along the basal region of 3R appears to be much
smaller than the scalefor other arms, which is seenin Figure
1 as a more compressed, thick red line representing
divergence. These heterogeneous patterns of sequence
variation near centromeres and telomeres across chromo-
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doi:10.132/journal.pbio.0050310.g02

some arms may ref3ect real differences. For example, genetic
data from D. mdanogaster suggest that the centromere-
associated effects of reduced crossing-over are greater for
the autosomesthan for the X chromosome and also suggest
that the X chromosome telomere is associatedwith a stronger
reduction in crossing-over compared with the autosomal
telomeres [39]. Alternatively, some of the heterogeneity
between chromosome arms in the central proximal regions
may ref3ect variation in the amount of repeat-rich sequence
excluded from the analysis(Materials and Methods).

XversusAutosome Divergence

Faster-X divergence. The X chromosome differs from the
autosomesin its geneticsaswell asin its population genetics
[40,41]. These differences have motivated severalattempts to
compare patterns of polymorphism and divergence on these
two classesof chromosomes and to use such comparisons to
test theoretical population genetic models [19,41]. For
example, several population genetic models (e.g.,recessivity
of benebcial mutations) predict faster evolution of X-linked
versus autosomal genes[42]. Nevertheless,there is currently
no statistical support for greater divergence of X-linked
versusautosomal genesin Drosophild19,43,44].

The genomic data presented here clearly showthat the X is
evolving faster than the autosomes. For example, median
(standard error [SE]) X versusautosome divergence for 50-kb
windows was 0.0274 (0.0003) versus 0.0242 (0.0001) for D.
simulans 0.0233 (0.0002) versus 0.0223 (0.0007) for D. mela-
nogasterand 0.1012 (0.0007) versus 0.0883 (0.0003) for D.
yakubaThe X evolvessignibcantly faster than the autosomesin
D. simulansD. melanogastesnd D. yakubgTables1 and S1;50-
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kb windows, Mann-Whitney U; z! 4.99,12.92,and 14.68for D.
melanogasteD. simulans and D. yakubarespectively, all p ,
0.0001),although the faster-X effect appeared to be consid-
erably smallerin D.melanogastéran in D.simulanr D.yakuba
Moreover, of the 18lineage divergence estimates(six site types
and three lineages),only one, D. simulanssynonymous sites,
failed to show faster-X evolution (Table 1). However, not all
classeof site/lineagesshowed statistically signibcant faster-X
evolution (Table S3).Thus, the faster-X effect is likely to be
general for Drosophilébut vary in magnitude acrosslineages
and site types. Mean X chromosome divergence in previous
analysesof smaller datasets[19,43,44]washigher (though not
signibcantly so)than autosome divergence,in agreementwith
these genomic results. Finally, indel divergence also showeda
faster-X effect (Mann-Whitney U, p , 0.0001 for both
insertions and deletions).

Interestingly, the lengths of coding regions, introns, inter-
genic regions, and 59 and 39 UTRs were signibcantly longer
(Mann-Whitney U, all bve have p , 0.0001) for the X
chromosome than for the autosomesin D. melanogastgd5].
Longer introns, intergenic sequences,and genes tend to
evolve more slowly than shorter functional elements (above
and [45]), suggestingthat the faster-X inference is conserva-
tive. Perhapsthe X chromosome requires additional sequen-
cesfor proper regulation through dosagecompensation (e.g.,
[46D48]) or proper large-scale organization in the nucleus
[49]. Alternatively, if directional selection were more com-
mon on the X chromosome, then Hill-Robertson effects [50]
could favor insertions, because selection is expected to be
more effective when there is more recombination between
sdected sites. However, the fact that X-linked deletion
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divergence is much greater than insertion divergence, at least
for small indels (see below), does not support this idea.
Further analysis of larger indels could clarify this matter.
Finally, under the premise that ancestral polymorphi sm
makes a considerable contribution to D. simulansdivergence,
lower X chromosome polymorphism (relative to ancestral
autosome polymorphism) would also make the faster-X
inference conservative.

As noted above, faster-X evolution has several possible
explanations, including recessivity of benebcial mutations,
underdominance, more frequent directional selection on
malesthan on females, higher mutation ratesin femalesthan
in males, or higher mutation rates on the X chromosome
versus the autosomes [19,40D4]. The fact that faster-X
evolution is observed acrossmost site typesis consistent with
the hypothesisthat X chromosome mutation rates are greater
than autosomal mutation rates.The X chromosome is distinct
from the autosomesin that it is dosagecompensatedin males
through hypertranscription of X-linked genes[51D53].Dosage
compensation of the Drosophilamale germline [52] could
result in higher X-linked mutation rates if chromatin
conformation associated with hypertranscription increases
mutation rates.Indeed, cytological and biochemical studies of
the male Drosophilgpolytene chromosomes suggestthat the X
has a fundamentally different chromatin organization than
the autosomes[54]. Alternatively, DNA repair in the hetero-
gametic male could have different properties than repair in
females.In addition to the possible contribution of elevated
X-linked mutation ratesto faster-X evolution, someaspectsof
the data support a role for selection in elevating X
chromosome substitution rates. For example, the three site
classeghat showedthe greatest X/autosome divergence ratio
in D. simulans(nonsynonymous, 59 UTR and 39 UTR) also
showed the strongest evidence for adaptive divergence in
contrasts of polymorphic and pxed variants in D.simulangsee
below). Furthermore, the observation of a signibcantly higher
frequency of derived polymorphic variants on the X relative
to the autosomes [55] (Table S4) is consistent with more
adaptive evolution on the X chromosome [56,57]. However,
there is no obvious enrichment of genesshowing a history of
recurrent adaptive protein evolution on the X chromosome
(seebelow).

In addition to the overall faster rate of X chromosome
evolution, relative rate tests(Materials and Methods) revealed
that the deviations of observednumbers of substitutions from
neutral expectations are signibcantly greater for the X
chromosome than for autosomesin both D. simulansand D.
melanogastéMann-Whitney U, p! 1.33 10 **and 1.43 10 4
for D. smulans and D. mdanogaster, respectively). The
magnitude of the deviations of D. simulanssubstitutions from
expected numbers (Materials and Methods) varied along
chromosome arms (Table S5 and Figure S3), with the X
chromosome showing a particularly strong physical clustering
of unusual regions. Though thesepatterns could be explained
by natural selection [56,58],the possible role of demography
or differences in the distribution of ancestral polymorphism
within and among chromosome arms as factors contributing
to these patterns require further study.

Greater X-linked deletion divergence. Although nucleotide
and indel polymorphism and divergence showed similar
patterns across the genome, there was a great disparity
between X chromosome and autosome deletion divergencein
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D. simulans(Figure S1). Whereas X chromosome nucleotide
divergence was only 14% higher than autosomal nucleotide
divergence, X chromosome deletion divergence (10-kb
window median ! 0.0056) was about 60% higher than
autosomal deletion divergence (10kb window median !

0.0035). Furthermore, X chromosome deletion divergence
was much larger than X chromosome insertion divergence
(10-kb window median! 0.0035).The lack of a homologous X
chromosome for recombinational repair in G1 of the cell
cyclein males,or an X chromosome bias for gene conversion
of small deletions over small insertions, could contribute to
this pattern. However, any neutral equilibrium explanation
for accelerated X-linked deletion divergence should predict
that the X showsa disproportionately high ratio of deletion-
to-insertion heterozygosity relative to the autosomes,which
was not observed. More generally, the ratio of deletion-to-

insertion divergence was greater than the ratio of deletion-
to-insertion heterozygosity (Mann-Whitney U, p , 0.0001),
with the X showing a larger discrepancy than the autosomes
(Mann-Whitney U, p, 0.0001).This can be explained either
by invoking a changein the mutation process(e.g.,a recent
mutational bias shift towards insertions) or by natural
sdection (e.g., deletions more often favored relative to
insertions).

Chromosonal Gradents of Divergence

One of the main goals of large-scale investigations of
sequence divergence is to characterize the many biological
factors infBuencing variation in substitution rates throughout
the genome. Most analyses of Drosphila data focus on
variation in functional constraints or directional selection
asthe main causeof heterogeneity in substitution rates across
genesor functional elements [20,21]. However, the available
data havebeentoo sparseto detect any patterns of increasing
or decreasing divergence along chromosome arms.

Centromere proximal regions tend to be more divergent
than distal regions (Figure 1, Figure S4,and Table S5). This
pattern is more consistent for D. simdans than for D.
melanogster Proximal euchromatic regions tend to have
lower inferred ancestral GC content compared with distal
regions of chromosome arms (Figure S4and Table S5),which
is consistent with the observation that D. simulangdivergence
wasnegatively correlated with inferred ancestral GC content
(Materials and Methods) (50-kb windows, SpearmanOgy !
" 0.23,p! 1.43 10 25 [30]. The correlation between ancestral
GC content and divergence was much weaker and only
marginally signibcant for D. melanogastefSpearmanOgy !
"0.05,p! 0.03). However, while chromosomal gradients of
divergence were observedfor most chromosome arms (Figure
S4and Table S5),inferred ancestral GC content tends to show
a less-consistentpattern. For example, some arms showed a
more U-shaped distribution, with euchromatic regions near
centromeres and telomeres tending to have higher estimated
ancestral GC content (Figure S5). More proximal and distal
regions alsotend to have reduced crossing-over [39], which is
consistent with the observation that inferred ancestral GC
content is negatively correlated with cM/kb (Materials and
Methods) on the X chromosome (SpearmanQOsg ! " 0.33,p!
0.0002) [59], the only chromosome arm for which we
investigated correlates of recombination rate variation (see
below).

The neutral model of evolution predicts that gradients of
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divergence along chromosome arms are explained by
gradients of functional constraint or mutation rates. For
example, higher divergence in regions near centromeres
could be explained if such regions harbor a lower density of
functional elements (e.g.,genes).However, with the exception
of chromosome arm 2L (SpearmanOg! " 0.19,p! 63 10 %),
variation in coding sequencedensity (CDS basesper 50-kb
window) showedno signibPcant chromosomal proximalbdistal
trend, suggestingthat variation in constraint that is associ-
ated with coding density plays, at best, a small part in
explaining chromosomal gradients of divergence. More
generally, the expectation of a negative correlation between
coding density and nucleotide divergence in D. simulanswas
not met. This seemingly counterintuitive result probably
relBects the fact that exons constitute a relatively small
fraction of the genome and were not dramatically less
diverged (0.016)compared with intergenic DNA (0.027).

If proximalbdistal gradients of decreasingdivergence along
chromosome arms result from variation in mutation rates,
then the neutral theory predicts that we should observe
similar gradients of polymorphism. This is the casefor some
chromosome arms but not others (Figure 1 and Table S5),
after regions of reduced p, in the most distal/proximal
regions are excluded (Materials and Methods; this result is
robust to variation in the extent of proximal and distal
chromosomal regions removed from the analyds). Thus,
variable neutral mutation rates alone is an insufpbcient
explanation for the overall genomic patterns of variation.
Below we address the possibility that recombination rate
variation contributes to variation in D. simulansp, and
divergence acrosschromosome arms.

Fluctudions in Polymorphism and Divergence along
Chromosome Arms

There was considerable variance of polymorphism and
divergence across chromosome arms, even when regions of
sewrely reduced heterozygosity near centrom eres and telo-
mereswere excluded. Figure 1 clearly shows that variance in
polymorp hism and divergence is not randomly arranged, but
rather appearsto be spatially structured on the scde of seveal
tens of kilobases. These qualitative visual asssnents were
supported by signibcant statistical autocorr elatio ns (Materials
and Methods) for nucleotide heterozygosity and divergence
acrossall chromosome arms (Table S6) [60]. Furthermore, the
strength of thi sautocorr elatio n appeared to diff er acrossarms,
because X and 3L showevidence of stronger correlation sover
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longer distances(Figure 1). The strength of autocorr elation is
consigently higher for heterozygosity than for divergence.

Under the neutral theory, Ructuations in polymorphism
and divergence could be the result of variation in gene
density, with windows that have more exons per kb showing
lower polymorphism and divergence. This expectation was
not met. Indeed, for 50-kb autosome windows (but not X-
linked windows), divergence is positively correlated with
coding density (SpearmanOsg) ! 0.12,p, 0.0001).This is
consistent with an important role of directional selection on
coding sequenceto genome divergence, a point we will revisit
in several analyses below. In contrast to the positive
correlation between coding density and divergence, we found
anegative correlation between coding density and D. simulans
Pnt (autosome SpearmanOsg ! " 0.10,p, 0.0001;X Spear-
man® g ! 0.29, p , 0.0001). Overall, the contrasting
correlations between coding density and polymorphism
versusdivergence suggestthat directional selection in exon-
rich regions generates greater divergence and reduced
polymorphism due to hitchhiking effects [3,6,61].

Correlations between recombination rates and sequence
variation. One of the mostunusud genomic regions,at around
3 Mb on the X chromosame (Figure 1), showed a large peak of
both polymorphism and divergence. A previous analyss
suggeding that this region might have higher-th an-average
recombination ratesin D. méanogate [62] motivated a more
detailed investigation of the possible relation ship between
crossing-over versus polymorphism and divergence. Most
estmates of crossng-over per bas pair in D. melmo@serhave
been generated using approaches that could obscure mega-
basescde variation in crossing-over along chromosome arms
[63,64. Figure 3 shows the results of a sliding window analysis
of D. sinulans py, divergence, and cM/kb (see Materials and
Methods) along the D. méanogater X chromosome, which has
the bed genetic data of the Pve major chromosome arms.
There is a surprisingly strong correlation between D. mela
nagaser X chromosome recombination ratesand D. simudanspp;
(Spearman®s! 0.45,p! 8.53 10 8), especially given the fact
that the genetic dataare from D.médanogate. There isawealer,
marginally signibcant correlation between recombination and
D. simuans divergence (SpearmanOg! 0.17, p! 0.03) and D.
méanogate divergence (pearmanOsg ! 0.19 p! 0.03.

Under neutrality, if neutral mutation rates were correlated
with recombination rates, regions with higher recombination
rates would tend to be more polymorphic and diverged,
thereby explaining why recombination rates are positively
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correlated with polymorphism and divergence. This neutral
explanation makestwo predictions. First, regions of severely
reduced heterozygosity near telomeres and centromeres
should show severely reduced divergence. Second, the
correlation between recombination and divergence should
be greater than the correlation between recombination and
polymorphism. The second prediction ref3ects the fact that
selection at linked sites, the effects of which should be
correlated with recombination rates, is expected to reduce
the correlation between mutation rate and polymorphism
but not affect the correlation between mutation rate and
divergence. The brst prediction was not met by our data
(Figure 1), and the converse of the second prediction was
observed. An alternative population genetic explanation is
that the observed correlations are partly attributable to
hitchhiking effects of benebpcial mutations.

Although there is no expected effect of recent hitchhiking
on divergence at linked neutral sites[61], long-term, chronic
hitchhiking effects can induce a correlation between recom-
bination rates and both polymorphism and divergence
(Figure 4), especially when the ancestral genealogy is a
substantial part of divergence, as is the casein D. simulans
(seeabove).Regionsof higher recombination are expected to
haveexperienced fewer hitchhiking effects, both in the recent
and more ancient past. Such regions are expected to be
associated with deeper genealogiesin the ancestor and in
extant samples,and thus should be more diverged and more
polymorphic. The converse should be true for regions of
lower recombination. This model posits that hitchhiking
effects dominate chromosomal patterns of polymorphism in
D. simulansand that much of the genome harbors levels of
variation well below those expected in the absenceof linked,
directional selection [3,6]. Under this model, lower levels of
nucleotide polymorphism in D. melanogasténan in D.simulans
[24,65] could be due mainly to differences in the scale of
hitchhiking effects in the two species. Furthermore, under
this model, an as-yet-undetected proximalPdistal gradient of
recombination rate could contribute to proximalbdstal
gradients of polymorphism and divergence. Correl ations

@ PLoSBiology | www.plosbiology.org

0008

Population Genomicsof D. simulans

between polymorphism and divergence may be weaker at
telomere and centromere proximal regions (e.g.tip of the X,
base of 3R) compared to other regions due to larger-scale,
recent hitchhiking effects on heterozygosity, which would
tend to reduce any correlation between polymorphism and
divergence induced by hitchhiking effects on ancestral
variation. An alternative population genetic hypothesis for
the high correlation between recombination and polymor-
phism is that the removal of deleterious variants by natural
selection reduces variants at linked sites [1,66], which is
referred to asbackground selection. We will addressthis issue
below.

Better meiotic exchange data for all of the chromosome
arms in D. simulansand D. melanogastewill be necessaryto
investigate theseideas.If the X chromosome data are reliable,
we predict that variation in the spatial distribution of
crossing-over along chromosome arms is substantially differ-
ent for the X versus autosomes of D. simdans and D.
melanogastg67]. Finally, we note that the region centered
on location 3 Mb of the D. simulansX (Figure 1) is near a D.
melanogastaneiotic @airing site@®[68] and harbors several
copies of the X chromosomebPenriched 1.688 satellite
sequence[69]. It remains to be seenhow the distribution of
such entities acrossthe genome contributes to patterns of
polymorphism and divergence in Drosophila

Correlated levels of nucleotide and indel polymorphism.
Although hitchhiking effects are expected to induce corre-
lated patterns of variation along chromosome arms for SNPs
versus indels, the extraordinarily high correlation observed
(Figure 2) suggeststhe possibility that regional variation in
mutation or repair could also contribute. Given that
mutation rates differ for early versus late replicating DNA
and that chromatin conformation affects both mutation and
DNA repair, weinvestigated polymorphism and divergencein
the context of genomic features related to replication [70].
Comparison of 10-kb windows (genomic data in Dataset S7)
that overlap early-replicating regions on 2L versus the
remaining 2L windows showed that early replicating origins
had slightly higher heterozygosity (0.0188versus0.0179,F!
5.94p! 0.015)and divergence (0.0266versus0.0251,F! 13.40,
p ! 0.0003). Origin-of-replication complexes appear to
preferentially bind to AT-rich intron and intergenic sequen-
ces [70], consistent with the observation that the proximal
regions of chromosomestend to have lower GC content and
greater divergence. Whole-genome data on origins of
replication, preferably from germline cells, will be necessary
to further investigate this issue. Nevertheless, the available
data suggest that the effect of origin s-of-replication on
polymorphism and divergence is likely to be minor, and that
the correlation between SNPand indel heterozygosity s likely
causedby the effects of selection on linked sites.

It is alsopossiblethat spatial heterogeneity in transcription
acrossthe genome is associatedwith variation in mutation
rates and thus, levels of polymorphism and divergence. Such
an association could result from a correlation between
transcription and replication [70,71] or because highly
transcribed regions are associated with different mutation
or repair than lowly transcribed regions. Though there are no
data specibcallyfrom Drosophilegermline cells, which are the
only relevant cells for this question, to begin to addressthis
issue we analyzed published gene expression data from D.
melanogastdo identify a set of genes showing testis-biased
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expression (Materials and Methods). Median intron diver-
gencein these genes(0.061)is much higher than the median
intron divergence for the rest of the genome (0.042) (Mann
Whitney U, p, 10 %), which is consistent with an association
between mutation and germline transcription.

Hitchhiking Effectsin D. simulans

The analyses presented above, especially for the X
chromosome data, strongly suggestthat hitchhiking effects
contribute to shaping patterns of polymorphism acrossthe D.
simulansggenome. To provide a more quantitative assessment
of the physical extent, magnitude, and biological basis of
thesehitchhiking effects, we carried out a genomic analysisof
polymorphism and divergence in the context of the Hudson-
Kreitman-Aguade (HKA) test [2] (Materials and Methods).
The analysisshould be thought of asa method for identifying
unusual genomic regions rather than as a formal test of a
specibPcmodel, since our data violate the assumptions of the
simple neutral model (neutral alleles sampled from a single,
equilibrium, panmictic population). The results (Figure 1,
Datasets S6, S16BS20) statistically support our earlier
contention and previous reports [7,8,10,34,36]that Drosophila
chromosomes show greatly decreasedpolymorphism, relative
to divergence, in both telomere- and centromere-proximal
regions. The fact that corrected X chromosome heterozygos-
ity was not signibcantly different from autosomal hetero-
zygosity,although X chromosome divergence wassignibcantly
higher than autosomal divergence, supports a role for
hitchhiking effects reducing nucleotide variation on the X
chromosome.

Our previously mentioned result, that coding density is
positively correlated with divergence and negatively corre-
lated with polymorphism, suggestedthat hitchhiking effects
of directional selection are more common in exonic
sequence. The HKA-like analysis supports this contention.
We identibed regions of the genome that had either two or
more consecutive, nonoverlapping 10-kb windows with p, 1
3 10 ® or four such windows with p, 0.01.The number of
coding nucleotides per 10 kb in these @itchhiking windows®
(n! 378 windows, mean coding density! 2,980bp) wasmuch
higher than coding density in other windows (n! 9,329,mean
coding density! 1,860bp) (Mann-Whitney U, p, 0.0001).

An alternative hypothesis for the strong correlation
between recombination and polymorphism and the high
density of coding sequence in regions showing reduced
heterozygosity-to-divergence ratios is background selection,
a phenomenon whereby the removal of deleterious mutations
reduces polymorphism at linked sites [1]. To address this
possibility, we calculated Fay and WuOsH [56] for 10-kb
windows acrossthe genome using only siteswith a coverageof
bve alleles and windows not located in extended regions of
reduced heterozygosity near the distal and proximal ends of
chromosome arms (Materials and Methods). Hitchhiking
effects of benebcial mutations are expected to cause an
excessof high-frequency derived alleles (and a more-negative
H statistic) relative to neutral theory predictions, while
background selection predicts no such excess[1,72]. We
compared the averageH statistic for regions of the genome
showing four or more consecutive 10-kb windows with an
HKA-like testof p, 0.01versus10-kb windows from the rest
of the genome. For each chromosome arm, the H statistic was
signibcantly more negative in windows showing a reduced
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heterozyogsity-to-divergence ratio (Mann Whitney U, p ,
10 “ for each arm), which strongly supports the proposition
that hitchhiking effects of benepcial variants is a major cause
of the Ructuations in heterozygosity acrossthe genome. Note,
however, that this analysisdoesnot rule out a contribution of
background selection [1].

Unusual genomic regions and the biology of recent
selection. Severallarge genomic regions (on the order of 20
to 400 kb) showed severelyreduced polymorphism. We have
established University of California at Santa Cruz Genome
Browser tracks (http://rd.plos.org/pbio.0050310) reporting
(for nonoverlapping 10-kb windows) p,, polarized nucleotide
divergence, coverage, and signed log;o of HKA p-values
(DatasetsS16DS20jo facilitate investigation of theseregions
and promote further investigation of polymorphism and
divergence across the D. simulansgenome. As an example,
Figure 5 showsa Genome Browser snapshotfrom an unusual
region on 3R (asindicated by large, negative HKA p-values)
containing 23 genes,including three testis-biasedgenes,scpr-
A, scpr-Band scpr-Cwhich are located near the center of the
region.

To investigate whether particular biological functions were
more likely to be associatedwith genomic regions showing
reduced polymorphism (relative to divergence), we used the
genesencompassedby @itchhiking @windows (n! 880 genes
for % two 10-kb windows and n! 728 genes for % four
windows) to search for overrepresented gene ontology (GO)
terms (Materials and Methods). The most obvious trend
(Table S7)wasthe frequency of GO terms associatedwith the
nucleus and transcription, which were also common in the
McDonald-Kreitman 3 GO analysis(seebelow) [4]. This trend
supports the proposition that genomic regions of reduced
heterozygosity are caused by the spread of benebcial
mutations and suggeststhat biological functions that are
targets of recent selection alsotend to be targets of recurrent
directional selection. Moreover, these patterns suggestthat
important agentsof directional selection are likely related to
chronic biological conBict such asmeiotic drive, segregation
distortion, sexual selection, or host-pathogen/parasite inter-
actions.

Regions of strong linkage disequilibrium. A genomic
region that has experienced the recent spread of a strongly
favored allele to intermediate frequency should not exhibit a
major reduction of heterozygosity. Nevertheless,suchregions
should show strong linkage disequilibrium, becausea single
haplotype may constitute a signibcant proportion of sampled
chromosomes. Although the average sample size per basein
the D. simulanssyntenic assembly(n! 3.9)is too small for
generating reliable estimates of pairwise correlations among
polymorphic sites, the high levels of nucleotide polymor-
phism and relatively low levels of linkage disequilibrium in
this species [73,74] suggestthat unusual regions of strong
linkage disequilibrium spanning many kilobases could be
detectable in our data. We investigated the variance of
pairwise nucleotide differences [75,76] acrossthe D. simulans
genome using 150-kb overlapping windows (Materials and
Methods). Because the mean and variance of pairwise
differences showed the expected positive correlation, we
used the coefbcient of variation (CV) of heterozygosity to
summarize the magnitude of large-scale, multilocus linkage
disequilibrium for each window (Figure S3). Use of the
@himeric @5IM4/6 assemblymay reduce our power to detect
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unusual genomic regions but should not lead usto mistakenly
identify such regions. At least two salient points emerged
from this analysis.First, large regions of the genome showing
a severelyreduced heterozygosity-to-divergence ratio, suchas
the tip of the X chromosome, tend to have high levels of
linkage disequilibrium. Second, some regions of the genome
showing unremarkable HKA p-values nevertheless have
unusually high linkage disequilibrium. Such regions may be
candidates for recent selective spread of extended haplo-
types. However, several regions showing high linkage dis-
equilibrium are adjacent to regions showing signibcantly
reduced polymorphism. This suggeststhat such regions are
generated by hitchhiking effects of bxed or high-frequency
benebcial alleles [77,78] rather than benebcial mutations,
which are currently at inter mediate frequency on their
sojourn through the population.

Reduced polymorphism associated with colonization. D.
simulansprobably originated in East Africa or Madagascar
and recently colonized the rest of the world in association
with humans [16]. Lower nucleotide polymorphism in
recently established versus @ncient@populations is consis-
tent with this scenario [79D82].However, directional selection
could favor certain allelesin recently establishedpopulations,
thereby resulting in a further reduction of polymorphism
beyond those due to demographic effects [83D85].To detect
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such effects, we used 10-kb nonoverlapping windows of the
ratio of United States/(Africa$ Madagascar)p,; to identify
regions of the genome showing a disproportionate reduction
of variation in the US sample (Materials and Methods).
Consistent with previous results [79D81],we found the US
sampleto be signibcantly lesspolymorphic than the Africa $
Madagascar sample for all chromosome arms (p , 0.001).
Variation in US genomesis largely a subsetof the variation in
the Old World genomes.The reduction of polymorphism in
the US versus non-US sample is heterogeneous across
chromosomes. Although all chromosomes are different from
one another (p, 0.05),the X is clearly the most unusual (Table
S8),supporting the bnding that recently established popula-
tions are relatively depauperate of X-linked variation [19,86].
Several genomic regions (Tables S9 and S10) show
substantial stretches of disproportionately reduced US
heterozygosity. The most signibcant genomic region, which
is located on the X chromosome, spansover 100 kb and has
sewerely reduced heterozygosity in the US sample. One
interesting genein the region, CG1689(lz), is associatedwith
several functions, including defense response and sperma-
theca development. Another interesting region (chromosome
arm 2L) contains the PI kinase Pi3K21B. A related gene was
recently shown to be associatedwith diapause variation in
natural D. melanogast@opulations [87]. Table S11 showsthe
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GO terms that are signibcantly overrepresented in signibcant
regions (not Bonferroni corrected), many of which are
associated with protein metabolism. Of note is the highly
signibcant term @ransmission of nerve impulse,@which is
consistent with selection associatedwith insecticides [88] in
recently establishedpopulations. Inferences regarding recent
selection in D. simulansare weakenedby the small sample size,
large physical scaleof signibcant regions, and the absenceof
explicit demographic models in the analysis.Additional data
and analyseswill berequired to addresstheseissuesmore fully.

Lineage Effectson Divergence

Several factors can generate lineage differences in diver-
gence.For example, higher divergencein alineage (relative to
the lineage of its sister species) could be due to higher
mutation rates, shorter generation times, or stronger direc-
tional selection. Investigating which classesof mutations or
functional elements tend to show different levels of diver-
gence in two lineages can inform our understanding of the
causesof rate variation.

Previously collected data from coding regions suggestthat
D. melanogasteevolves faster than D. simulans[89,90]. We
found a similar pattern in that dN and dSare greater in D.
melanogastémedian! 0.0045and 0.0688)than in D. simulans
(median! 0.0036and 0.0507)(Table 1 and S3).This pattern
has been interpreted as ref3ecting the reduced efbcacy of
selection against slightly deleterious variants in D. melanogast-
er, supposedly resulting from its smaller effective population
sizerelative to D. simulang89]. However, a different pattern is
observed on a genome-wide scale, as median D. simulans
divergence (50-kb windows; 0.025), though only dlightly
greater than D. mdanogaster (50-kb windows; 0.022), is
consistently greater across a large proportion of windows
(Wilcoxon sign rank test, p! 1.83 10 27%). We consider the
genomic faster D. simulansbnding as provisional due the
potential biasesassociatedwith D. melanogasteentric align-
ments. For example, genomic regions that are evolving
quickly only in D. melanogastemay drop out of the D.
melanogasterb@akubaalignment, whereas regions evolving
quickly only in D. simulansmay be retained becauseof the
relatively short D. melanogasterbfimulansranch. Analysis of
rate variation acrosssite types (Table 1 and Table S3)reveals
a more complex pattern. For example, D. simulansshows
greater divergence than D. melanogastéor intergenic, intron,
and 39 UTR sites, whereas D. melanogasteshows greater
divergence than D. simulansfor 59 UTRs, nonsynonymous
sites, and synonymoussites.

Adaptive Protein Evolution

A decades-oldissuein population geneticsis the extent to
which directional selection determines protein divergence.
Severalanalytic strategiesfor investigating the prevalence of
adaptive protein divergence between closely related species
have been proposed (reviewed in [91]). Here we focused on
two approaches. First, we used comparisons of synonymous
and nonsynonymous polymorphic and Pxed variants in
individual genes to test the neutral model. Secand, we
identibed proteins that show very different divergence
estimatesin D. simulansversusD. melanogaster

Population genetic analysis of recurrent adaptive protein
evolution. McDonald and Kreitman [4] proposed a test
(hereafter, MK test) that contrasts the numbers of polymor-
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phic versusbxed/nonsynonymousversussynonymousvariants
to detect non-neutral protein evolution. The test is basedon
the neutral theory prediction that the ratio of the number of
nonsynonymous-to-synonymous polymorphisms should be
similar to the ratio of the number of nonsynonymous-to-
synonymous bxations. Recurrent directional selection is
expected to result in an increased ratio of nonsynonymous-
to-synonymous bxations. We carried out MK testsout for all
genesthat showedn. 6 for eachof polymorphisms, Pxations,
synonymous variants, and nonsynonymous variants (Dataset
S1).The Pltered data set of unpolarized MK tests contained
6,702 genes, of which 1,270 (19%) were signibcant (in the
direction of adaptive evolution) at the 0.05 critical value and
539 (8%) geneswere signibcant at a 0.01 critical value. Given
that MK tests can only detect directional selection when
multiple benebcial mutations have bxed,theseresults provide

a conservative view of the prevalence of adaptive protein

divergence. There was a slight enrichment of signibcant
unpolarized MK tests on the autosomes relative to the X
chromosome (FisherOsExact test, p ! 0.0014). However,
conclusions regarding the incidence of directional selection
on autosomesversusthe X chromosome should be tempered
by the fact that the average numbers of polymorphic and
bxed variants per gene may differ between the two types of
chromosomes, which affects the power of the MK test to
reject neutrality. We observed no enrichment of signibpcant
tests in regions of the X chromosome hypotheszed to
experience greater versuslower rates of crossingover. Several
of the most highly signibcant MK test statistics are from genes
with known functions and in many casesknown namesand
mutant phenotypes. More generally, among the geneswith no
associated GO term, a smaller proportion had signibcant
unpolarized MK tests compared to the proportion for genes
associatedwith one or more GO terms (0.16versus0.20,p! 3
3 10°9).

Included among the most highly signibcant genesin the
unpolarized MK tests (Table S12) were several with repro-
duction-related functions. For example, the sperm of males
carrying mutations in Pkd2 (CG6504, the gene with the
smallestMK p-value in the genome, are not properly stored in
females, suggesting spermEfemale interactions (perhaps
associated with sperm competition) as a possible agent of
selection [92,93]. Other examplesinclude Nc (CG8093, which
plays a role in sperm individualization [94]; Acxc(CG5983, a
sperm-specibc adenylate cyclase [95]; and Dhcl16F(CG7093,
which is a component of the axonemal dynein complex
(suggestinga possible role of selection on sperm motility).

For polarized MK tests, we used the D. yakubagenome to
infer which Pbxed differences between D. simulansand D.
melanogasterccurred along the D. simulandineage (Materials
and Methods). These bxations were then compared to D.
simulanspolymorphisms. This reduced, Pltered dataset con-
tained 2,676 genesof which 384 (14%) and 169 (6%) were
signipcant at the 0.05 and 0.01 levels, respectively (deviating
in the direction of adaptive evolution; DatasetsS1). Twenty-
three genesshowedevidence of a signibcant (p, 0.05)excess
of amino acid polymorphism, of which the Pbve that were
signibpcant at p, 0.01are presented in Table S13.We found
no evidence of more recurrent, adaptive protein evolution on
the X chromosome, assignibcant polarized MK testswere not
more common for X-linked versusautosomal genes(FisherOs
Exacttest, p! 0.74).
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Table S14 lists the genes associated with the smallest p-
values in the polarized MK tests. As expected, there was
considerable overlap between the most highly signibcant
genesin the polarized and unpolarized analyses.However,
somegenesare highly signibcantin the polarized analysis,but
not signibcant in the unpolarized analysis.For example, Pvr
(CG8223 plays a role in male genitalic development (in
addition to the roles noted in Table S14)in D. melanogaster
[96]. Male genitalic traits evolve very quickly in Drosophilde.g.,
[97]), presumably due to some form of sexual selection. Pvr
thus becomesan attractive candidate gene for investigating
the molecular basis of genitalic divergence between D.
simulansand its relatives. Another interesting gene is Gapl
(CG672), which can act as a modiber of minichromosome
transmission in D. melanogast§¢®8], suggestinga possible role
in normal chromosome segregation and potentially meiotic
drive. Many proteins under recurrent directional selection,
such as nuclear pore and cytoskeleton components, have
fundamental and diverse cell biological functions. A naé&e
view would be that pleiotropy associatedwith mutations in
such proteins would be so ubiquitous that rapid adaptive
evolution would be unlikely. The genomic data suggestthat
this view is incorrect.

Adaptive protein evolution and gene function. We inves-
tigated the broader biological basis of adaptive protein
evolution by determining whether certain GO terms are
overrepresented among the genesfound to be signibcant (p,
0.05)in unpolarized (Table S15)or polarized (Table S16)MK
tests. The unpolarized analysis revealed 26 cellular compo-
nents, 40 molecular functions, and 96 biological processes
signibcantly enriched for genesunder recurrent directional
selection. Of particular note among the signibcant cellular
function terms were chromosome, heterochromatin, nuclear
envelope, nuclear pore, and polytene chromosome chromo-
center, all of which showed p, 0.001.Molecular function
terms that were enriched (p , 0.001) among genes with
signibcant MK tests included adenlyate cyclase activity,
chromatin binding, glucose transporter activity, histone
methlytransferase activity, lipase activity, microtubule motor
activity, and ubiquitin-specibc protease activity. Finally, the
biological processesterms with p, 0.001were establishment/
maintenance of chromatin architecture, female meioss
chromosome segregation, fusome organization/biogeness,
histone methylation, mRNA processing, regulation of cell
growth and size,protein deubiquitination, and reproduction.

The polarized analysisrevealed eight cellular components,
17 molecular functions, and 47 biological processesthat were
signibcant (weusep, 0.05,becausethere were fewer data for
each polarized test), including actin binding, glucose trans-
porter activity, ubiquitin-specibc protease activity, amino
acid biosynthesis, cell motility, cytoplasm and cytoskeleton
organization and biogenesis,mRNA processing, and protein
import into nucleus.

Overall, biological functions that appear to be under
particularly frequent directional selection include those
regulating chromosome biology (including motor proteins
and chromatin regulation), those regulating movement of
material between nucleus and cytoplasm, and those involved
in meiosis and reproduction. These bndings support spec-
ulation based on small datasets[99,100] that intragenomic
conflicts relating to gametogenesismay be a major cause of
adaptive evolution in DrosophilaSperm competition, sperm-
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female interactions, or cytoplasmic parasites[101D103]could
alsoresult in directional selection on phenotypes related to
spermatogenesis. The data and analyses presented here
motivate comprehensive investigation of the functional
biology of adaptively evolving proteins in D. simulansand
the role of such proteins in the evolution of reproductive
isolation.

Adaptive protein evolution and gene expression. We used
severalpublished geneexpression experiments (Materials and
Methods) to investigate whether the proportion of genes
showing signibcant MK tests in a given expression category
wassignibcantly greater than expected by chance (Table S17).
The strongest result was that genes primarily expressedin
males are more likely to be under recurrent directional
selection, which is consistent with our aforementioned results
from MK tests and previously reported results from smaller
datasets[104]. We also found evidence that genesexpressed
primarily in females are enriched for signiPcant MK tests,
although only in the polarized analysis.The bnding that both
male- and female-biased genes are enriched for adaptively
evolving proteins supports the idea that antagonistic maleb
female interactions [105] may drive protein divergence.
However, we found no evidence that genesexpressedin the
sperm-storage organs of mated femalesare more likely to be
under recurrent directional selection than a random sample
of genes.

Adaptive evolution and proteinBprotein interactions. We
used published data on DrosophilaproteinBprotein interac-
tions (Materials and Methods) to ask whether proteins
showing evidence of recurrent directional selection (based
on the MK test) are more likely to interact physically with
other such proteins. We found no signibcant genomic
association between protein interactions and positive selec-
tion. However, there were interesting individual casesin
which interacting proteins appear to have diverged under
positive selection. For example, asnoted here and in previous
work [106], nuclear pore components appear to be frequent
targets of adaptive evolution. Another interesting caseis the
Nc gene, which has one of the most signibcant unpolarized
MK testsin the genome. The Nc protein, which has several
roles including sperm individualization [94], may physically
interact with products of at least eight other genes (Ice
Laminin A, tramtrack BTB protein-VI| Apaf-1relatedkiller, Dodeca
satellite binding protein 1, CG4282 and CG6767 see [107]).
Annotations associated with these proteins include sperm
individualization and chromatin condensation, assembly,or
disassembly.All four of the eight genesfor which we could
carry out an unpolarized MK test (LamininA Apaf-1 related
killer, Dodecaatellitebindingproteinl, and CG4283 rejected the
neutral model. These data suggesta history of selection on
the molecular components of sperm individualization and
differentiation and provide yet further evidence that male
reproductive functions are frequent targets of directional
selection in DrosophilaThe causesof such selection are still
unclear, but could include gametic selection in Drosophila
males [108,109], exclusion of cytoplasmic parasites during
spermatogenesis[101,103],or selection on aspectsof sperm
morphology associated with sperm competition or spermb
female interactions [110]. The role of physically interacting,
adaptively evolving proteins that function in spermatogenesis
for hybrid sterility remains an intriguing, open question.

Proteins showing increased divergence. Genes that show
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relatively low nonsynonymous divergence in D. yakubaand D.
mdanogaster but high nonsynonymous divergence in D.
simulansmay have a history of adaptive evolution in D.
simulans Similarly, genes showing elevated nonsynonymous
divergence only in D. melanogastemay have a history of
adaptive evolution in this species. Although this approach
does not exploit the D. simulans polymorphism data, it
permits investigation of genesthat show little polymorphism
due to hitchhiking effects or low sequence coverage.
Although directional selection is the most plausible explan-
ation for a lineage-specibc rate increase, a change in the
neutral mutation rate could also lead to a rate increase.
However, three results support the proposition that an
inRated lineage-specibcdN is associatedwith natural selec-
tion. First, the median relative rate v? statistic for dN is
greater for geneswith signibcant unpolarized MK tests (1.91)
than for geneswith nonsignibcant test (1.69) (Mann-Whitney
U,p, 13 10 2°).Second,of the 352 genesshowing signibcant
(p, 0.05)D. simulansdN rate accelerations and which had
sufbcient data for polarized MK tests (seebelow), 28% (99) of
the tests were signibcant (p , 0.05). Of the 2,301 non-
signibcant genes,only 12% (285) had signibcant polarized
MK tests. Finally, the median synonymous p,;/D. simulansdS
for genesthat showedsignibcant D. simulangiN rate increases
(n! 743,median! 0.46)is dramatically lower than the median
for nonsignibcant genes(n! 9300, median ! 0.63, Mann-
Whitney U; p! 2.13 10 23), which is consistent with recurrent
selection inRating protein divergence while reducing hetero-
zygosity at closely linked synonymous sites.

The genes (n ! 25) showing the largest test statistics
consistent with lineage-specibc protein acceleration are
shown in Tables S18 and S19 for D. smulans and D.
melanogasterespectively. Many of the top 25 genesin each
lineage are named and associated with considerable func-
tional information. Thus, genes with important functions
may still be subject to strong, lineage-specibc rate accel-
eration.

Accelerated protein divergence and genefunction. We used
permutation teststo gain a broader view of enrichment of
particular protein functions with dN v? test statistics in D.
simulangTable S20).The GO terms with p, 0.00landn. 10
genesinclude nuclear envelope, nuclear pore, amino acid-
polyamine transporter activity, ubiquitin-specibc protease
activity, protein deubiquitination, and protein import into
the nucleus. Results from a comparable analysis of D.
melanogastgrotein evolution are shown in Table S21.Using
the samecriteria of n. 10 genesand p, 0.001,we bnd only
FAD binding and antimicrobial humoral responseGO terms.
However, severalother GO terms are signibcant (e.g.,choline
dehydrogenase activity, endopeptidase inhibitor activity,
oxidoreductase activity, and dosage compensation) and
worthy of further investigation in D. melanogaster

Adaptive Evoluion of Noncoding Elements

The samelogic originally proposed in the MK test using
nonsynonymous and synonymous variation can be extended
to any setting in which variant types can be categorized, a
priori. We tested variation in individual noncoding elements
(introns, UTRs, and intergenic sequences)relative to varia-
tion at tightly linked synonymous sites (Materials and
Methods) using the samecriteria described for the MK tests;
we present only polarized analyses (Datasets S2DS5).The
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proportion of tests(Materials and Methods) that rejected (p,
0.05) the null model for 59 UTR, 39 UTR, intron, and
intergenic sites are 0.13, 0.13, 0.12, and 0.17, respectively.
However, unlike the case for the nonsynonymous versus
synonymous polarized MK tests, of which only 6% of the
signibcant tests deviated in the direction of excess poly-
morphism (relative to synonymous sites), a much greater
proportion of noncoding MK tests deviated in this direc-
tionN0.13, 0.24,0.28, and 0.28 for 59 UTR, 39 UTR, intron,
and intergenic regions, respectively. Thus, the proportion of
noncoding elements showing evidence of adaptive evolution
for 59UTR, 39UTR, intron, and intergenic sitesis 0.12,0.10,
0.08,and 0.12,respectively, which is similar to the proportion
of coding sequencesinferred (by polarized MK tests) to be
under direction selection (0.14). It would be tempting to
conclude from this result that intergenic variants are aslikely
to be under directional selection asnonsynonymous variants.
However, such an interpretation ignores the fact that the
number of variants per element for each MK test is much
greater for intergenic sequence(median! 87) compared to
the numbers for coding regions (median ! 42), 59 UTRs
(median! 34),39UTRs (median! 35), or introns (median !
64). Thus, there is more power to reject the neutral model for
intergenic sequence and introns than for exonic sequence.
The fact that MK p-values are signibcantly negatively
correlated with the total number of observations per test is
consistent with this explanation. There was no evidence of
different proportions of signibPcant versus nonsignibcant
testsfor X-linked versusautosomal elements.

Tables S22bS24report data from the ten most highly
signibcant MK tests (average coverage . 2) indicative of
directional selection on 59 UTRs 39 UTRs and intron
sequences, respectively. Among the most unusual 50UTRs
are those associatedwith genescoding for proteins associated
with the cytoskeleton or the chromosome, categoriesthat also
appeared as unusual in the MK tests on protein variation.
Two of the top-ten 39 UTRs are associatedwith the SAGA
complex, a multi-subunit transcription factor involved in
recruitment of RNA Pol Il to the chromosome [111]. Among
the extreme introns, two are from genes coding for
components of the ABC transporter complex and two are
from genescoding for centrosomal proteins, again pointing
to the unusual evolution of genes associated with the
cytoskeleton and chromosome structure and movement. As
previously noted, a large number of signiPcant UTRs deviate
in the direction of excess polymorphism (relative to
synonymous mutations). Given the potential importance of
the UTRs in regulating transcript abundance and local-
ization, translational control, and as targets of regulatory
microRNAs [112], such UTRs could be attractive candidates
for functional investigation. Contingency tests of signibcant
versusnonsignibcant MK test for amino acids versuseach of
the noncoding elements yielded p-values of 0.65, 0.04, and
0.07 for 59 UTRs, 39 UTRs, and introns, respectively. Thus,
there is weak evidence that genesunder directional selection
on amino acid sequencestend to have 39 UTRs and introns
inBuenced by directional selection aswell.

Whole-Geome Analysisof Polymorphic and Fixed
Variants

Up to this point, our analyseshave investigated various
attributes of polymorphism and divergence based on win-
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Table 2. Whole-GenomeCounts of PolarizedPolymorphicand Fixed Variants

Variant Polymorphic Fixed Poly/Fix Ratio Poly/Fix Ratio CI Versus Synonymous Sites Versus Preferred Sites n
N.I. a a Cl FETp-Value N.I. «

Preferred 29,601 25,051 1.18 1.15P1.21 N N N N N N N
Unpreferred 76,506 32,632 2.34 2.29D2.40 N N N N N N N
Synonymous 143,076 81,554 1.75 1.72D1.79 N N N N N N 10,065
Nonsynonynous 23,599 29,254 0.81 0.78D0.83 0.46 0.54 0.55D0.554 , 10'%® 0.68 0.32 10,065
Intron 412,465 248,406 1.66 1.62D1.70 0.95 0.07 0.0430.098 , 10'1® 1.41 £0.41 7,924
Intergenic 887,158 552,510 1.61 1.58D1.63 0.92 0.07 0.0%D0.094 , 10 ® 1.36 .36 12,316
5QUTR 10,276 9,363 1.10 1.05D1.15 0.63 0.37 0.34D0.404 , 10°%° 0.93 0.07 3,338
3QUTR 16,808 14,002 1.20 1.16D1.25 0.68 0.32 0.29090.345  0.2112 1.02 .02 3,764

Neutrality Index (N.1.)and a, estimated relativeto synonymousvariantsor preferredvariants.UTRsare from Gold Collection.Confidenceintervals(Cl)(95%)determined by bootstrapping
(10,000permuted datasets)n! number of genes/elementsfor varianttype. FisherCExacttest p-valuesare from 23 2 contingencytables using preferred polymorphic and fixed variants

versusother polymorphic (poly) and fixed (fix) variants.
doi:10.1371/journ&pbio.0050310.t002

dows or genes.An alternative approach for understanding
the causesof variation and divergence is to analyze poly-
morphism and divergence across site types. Table 2 shows
whole-genome counts of polymorphic and polarized Pxed
variants for UTRs, synonymous sites, nonsynonymous sites,
introns, and intergenic sites. We also provide data for
polarized, synonymous preferred or unpreferred variants.
Almost all preferred versus unpreferred codons in D.
melanogasteznd in GC versus AT, respectively [113]; thus,
preferred versus unpreferred codons can be thought of as
GC-ending versusAT-ending codons.

Nonsynonymous sites showed the smallest ratio of poly-
morphic-to-Pxed variants, which is consistent with the MK
testsand supports the idea that such sites are the most likely
to be under directional selection. Nonsynonymous poly-
morphisms also occur at slightly lower frequency than do
noncoding variants (Table S25). Synonymous sites have the
highest ratio of polymorphic-to-bxed variants, which sup-
ports the previously documented elevated ratio of polymor-
phic-to-bpxed unpreferred synonymousvariants in D. simulans
[89]. The conbdenceintervals of the ratio of polymorphic-to-
Pxed variants among site types are nonoverlapping with the
exception of intron and intergenic sites. If preferred
synonymous mutations are, on average, benebcial [89,114],
then the smaller polymorphic-to-bxed ratio for nonsynon-
ymous and UTR variants versus preferred variants implies
that a large proportion of new nonsynonymous and UTR
mutations are benebPcial. Using similar reasoning, the data in
Table 2 suggestthat directional selection playsalarger role in
nonsynonymous and UTR divergence compared to intron
and intergenic divergence [20,115,116].Theseconclusions are
consistent with estimatesof a [11,117],the proportion of sites
pxing under directional selection (assumingthat synonymous
sites are neutral and at equilibrium) for different site types.

BaseCompoaosition Evolution
Determining the relative contributions of various muta-

tional and population genetic processesto basecomposition

variation and inferring the biological basis of selection on

base composition remain difbcult problems. Much of the

previously published data on basecomposition variation in D.
simulanshave been from synonymous sites [55,89,90,118].
Several lines of evidence [55,89,90,113,118Jsuggestthat on
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average, preferred codons have higher btnessthan unpre-
ferred codons, with variation in codon usage being main-
tained by AT-biased mutation, weak selection against
unpreferred codons, and genetic drift [23,114]. However,
the possibilities of nonequilibrium mutational processesand/
or natural selection favoring different base composition in
different lineages have also been addressed [119]. The D.
simulans population genomic data allow for a thorough
investigation of the population genetics and evolution of
base composition for both coding and noncoding DNA
[59,120]. The analyses discussed below use parsimony to
polarize polymorphic and bxed variants. Complete genomic
and gene-baseddata are available as DatasetsS9 and S10.

Synonymous sites. Previous reports suggested that D.
simulanssynonymous sites are evolving towards higher AT
content, although the excessof AT over GC bxations is small
[55]. That trend wasconbrmed in this larger dataset;there are
many more ancestral preferred codons that have bxed an
unpreferred codon (coverageclassesfourbsix, n! 21,156)in
D. simulanscompared with ancestral unpreferred codons that
have bxed a preferred codon (coverage classesfourbsix, n !
15,409) Furthermore, the population genomic data also
support previous reports [89] that D. melanogastsynonymous
sites are becoming AT-rich at a faster rate than D. simulans
synonymous sites (Table S26), contributing to the higher
median dSin D. melanogast€f.069) compared to D. simulans
(0.051,Wilcoxon Signed Rank, p, 0.0001).

The data also support previous reports [89] in that 23 2
contingency tables of polymorphic versus bxed, preferred
versus unpreferred variants are highly signibcant for the X
chromosome and the autosomes (Table S27). Under the
mutation-selection-drift model [89,114],this pattern hasbeen
interpreted as refRecting a disproportionate contribution of
borderline deleterious unpreferred variants to the synon-
ymous polymorphism in D. simulansThis model predicts that
unpreferred polymorphisms should occur at lower average
frequency than preferred variants. Indeed, contingency tests
(coverage-bvesites) showedthat this is the case(Table S28).

Previous results showing higher levelsof codon bias for the
X chromosome versus autosomes suggestthe possibility of
more effective selection against X-linked unpreferred var-
iants [58]. The population genomic data revealed that the
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Table 3. Counts (Frequenciespf Variantsfor the X and Autosomes(A) for Siteswith Coverageof Five D. simulansAlleles

Chromosome Base Composition Frequency Class/ Unpreferred Intergenic Intron
Variant Polymorp hic-to-Fixed Ratio

X AT 1/5 978 (0.68) 4568 (0.62) 1483(0.63)
2/5 224 (0.16) 1292 (0.16) 410(0.17)
3/5 132 (0.09) 832(0.11) 288(0.12)
4/5 100 (0.07) 653 (0.09) 168 (0.07)
All Polymorphisms 1434 7345 2349
Fixations 894 5270 1675
Poly:Fx 1.6 1.39 14

A AT 1/5 14684 (0.64) 56259(0.66) 17424(0.65)
2/5 4469 (0.19) 15484(0.18) 4834(0.18)
3/5 2312(0.10) 7587 (0.09) 2541 (0.10)
4/5 1502 (0.07) 5814 (0.07) 1890 (0.07)
All Polymorphisms 22967 85144 26599
Fixations 6947 29736 9647
Poly:kx 3.31 2.86 2.76

X GC 1/5 295 (0.51) 4719 (0.54) 1633(0.54)
2/5 124 (0.21) 1733(0.20) 624 (0.21)
3/5 75 (0.13) 1156 (0.13) 394 (0.13)
4/5 88 (0.15) 1091 (0.13) 350(0.12)
All Polymorphisms 582 8699 3001
Fixations 710 7632 2536
Poly:Fx 0.82 1.14 1.18

A GC 1/5 4205 (0.53) 47436(0.57) 15373(0.57)
2/5 1711(0.21) 16576(0.20) 5343(0.20)
3/5 1126 (0.14) 9759(0.12) 3191(0.12)
4/5 965 (0.12) 8814 (0.11) 2935(0.11)
All Polymorphisms 8007 82585 26842
Fixations 5062 41108 13498
Poly:Rx 1.58 2.01 1.99

doi:10.1371/journ&pbio.0050310.t003

ratio of preferred-to-unpreferred Pxations was not signib-
cantly different for the X versusautosomes(coverageclasses
four and bve p-values! 0.28 and 0.11, respectively), which

showsthat rates of codon bias evolution are not detectably
different for X chromosomes and autosomes.However, two

additional aspectsof the data support the idea that selection

on codon bias differs between the X chromosome and the

autosomes.First, the ratio of unpreferred-to-preferred poly-

morphisms is signipcantly smaller for the X chromosome
compared to the autosomes(coverageclassedour and bve,p-

values, 0.0001land 0.003,respectively). Second,unpreferred

polymorphisms occur at signibcantly lower frequency on the

X chromosome than on the autosomes(Table S28;coverage
bve sites, p ! 0.0014). Both of these observations are
consistent with an increased efpcacy of natural selection

against X-linked unpreferred mutations [58].

Finally, we note that the ratio of preferred-to-unpreferred
pxations in D. simulanswasslightly higher (p! 0.002)among
the genesassociatedwith a signibcant polarized MK test (0.83)
compared to those associatedwith a nonsignibcant test (0.75).
This is consistent with the notion that amino acid variants
experiencing directional selection are more likely to bx if
they are associatedwith preferred codons (Table S29).

Noncoding sites. Becauseselection on codon bias occurs
only in protein-coding regions, comparisons of basecompo-
sition variation in protein-coding versusnoncoding regions
can serve to rule out some explanations for codon bias or
point to general explanations for basecomposition variation
that are unrelated to selection on codons.
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Although synonymous sites are evolving toward higher AT
content in D. simulans analysis of noncoding sites clearly
demonstrate that GC bxations are signibcantly more com-
mon than AT Pxations (coverageclasseswobsix;277,005GC
versus 218,302 AT). This observation is inconsistent with
predictions of equilibrium base composition (binomial
probability, p , 1 3 10 %). The D. simulans genome is
becoming more GC-rich, as the large GC bxation bias for
intron and intergenic sites greatly outweighs the counter-
vailing AT Pxation bias at synonymous sites (Table S30).

To gain further insight into basecomposition evolution, we
investigated polymorphic and bxed AT versusGC variants in
intergenic and intron DNA (coveragebvesitesin Table 3). We
found that the ratio of polymorphic-to-bxed AT variants was
much larger than the corresponding ratio for GC variants for
both intron and intergenic sequence. These data are
consistent with selection favoring GC over AT mutations;
although if this is the case,such GC mutations are apparently
favored signibcantly lessstrongly than preferred mutations,
asthe polymorphic-to-bxed ratio for GC is much higher for
intron/intergenic variants than for synonymous variants.
Alternatively, biased gene conversion favoring GC could
increase the frequency of GC variants. Although conbgura-
tions of polymorphic versus bxed variants were generally
similar for intron and intergenic DNA (Table S30),autosomal
data from coverage-sixsites(DatasetS9)suggestthat the ratio
of polymorphic-to-bxed AT variants is greater for introns
(3.12)than for intergenic DNA (2.76;v?! 30.4,p! 33 10 9).

We further investigated base composition variation by
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comparing the frequency spectrum of derived GC versusAT
polymorphisms in noncoding DNA for coverage-bve sites.
For the X chromosome and the autosomes, intergenic and
intron GC polymorphisms occurred at signibcantly higher
averagefrequencies than AT polymorphisms (Table 3;v? p,

10 “for all tests).As expected, if geneconversion favoring GC
variants contributes to their higher frequency and if most
gene conversion occurs during female meiosis, the X
chromosome has signibcantly higher frequencies of GC
polymorphisms (Table 3, v2, p, 10 %. We also compared
GC-to-AT ratios for the X versusautosome polymorphisms in
coverage-sixsites (sitesat which a basewascalled in all six D.
simulanssyntenic assemblies)In agreement with predictions
for biased gene conversion, the ratio of GC-to-AT poly-
morphisms was greater on the X chromosome than on the
autosomes for each frequency class (Table S31), although
frequency class1 wasthe only one that individually had a
signibcantly greater GC-to-AT ratio on the X (1.06)than on
the autosomes (0.89) (v ! 25.8, degrees of freedom ! 1).
Overall, these results support a role for biased gene
conversion favoring GC or more-effective selection favoring
GC on the X.

The observation that ancestral GC content is negatively
correlated with D. dmulans divergence (50-kb windows;
described above) may be understood as a consequence of
the fact that genomic regions having higher ancestral AT
content havemore, new GC mutations that may be favored by
genic selection or biased gene conversion compared with
regions that ancestrally were more GC rich. The question
remains as to why fewer preferred codons have bxed
compared to unpreferred codons given that the former may
be favored by genic selection due to translational efpciency
or accuracy, as well as by biased gene conversion. One
possibility is that ancestral codons were so enriched for
preferred variants that the mutation rate to unpreferred
variants has outweighed selection against such variants.
Alternatively, selection on base composition could be
stronger for noncoding than for coding sequence.However,
thes interpretations do not help us explain the basic
conundrum: the D. smulans genome is far from base
composition homogeneity and stationarity for many site
types. The biological explanation for evolving base compo-
sition remains a mystery.

Conclusims and Prospeds

The genomic analysis of polymorphism and divergence
based on alignments to a reference sequenceis poised to
become a central component of biological research.Here we
have demonstrated that such analysiscan be basedon high-
quality whole-genome syntenic assembliesfrom light shotgun
sequence data; accounting for variable coverage and data
quality is fundamentally important. Several,noteworthy new
results have been reported here. First, our genome-level
investigation of adaptive protein evolution has revealed a
large number of proteins and biological processesthat have
experienced directional selection, setting the stage for a
general analyss of functional protein divergence under
selection in Drosophila Second, we identibed several UTRs,
introns, and intergenic sequencesshowing the signature of
adaptive evolution. The functional biology of suchnoncoding
elements and their connections to adaptive protein and gene
expression evolution is open to investigation. Third, D.
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simulanspopulations exhibit large-scale chromosomal pat-

terning of polymorphism and divergence that is poorly
explained by current genome annotations. Variation in

recombination rates acrosschromosomes may contribute to

these patterns. Fourth, the population genetics of the X

chromosome differs in several ways from that of the
autosomes.It evolvesfaster, harbors lesspolymorphism, and

showsa different spatial scale of variation of polymorphism

and divergence compared to the autosomes. Finally, base
composition is evolving in both coding and noncoding

sequencesfor reasonsthat are asof yet unclear. This project

is, in many ways,a brst step toward population genomics in

general,and in the Drosophilanodel specibcally.For example,
the average number of alleles sampled per baseis too small

for investigating many interesting properties of variation.

Some genomic regions have been excluded due to low

coverage, their repetitive nature, or very high divergence
from D. melanogasteMany aspectsof biological annotation

have not been investigated here, and many new Drosophila
annotations will be produced in the near future ascompa-

rative and functional annotations of the D. mdanogder
genome move forward. Nevertheless, the data are a stun-

ningly rich source of material for functional and population

genetic investigation of D. smulans polymorphism and

divergence. It will be interesting to compare the processes
determining polymorphism and divergence in D. simulansto

those controlling variation in D. melanogastethttp://www.
dpgp.org) and in other species, such as humans. Such

comparisons are likely to result in new insights into the

genetic, biological, and population genetic factors respon-

sible for similarities and differences among speciesin the

genomic distribution of sequencevariation.

Materials and Methods

Drosophilastocks. D. simulanst (malesand females).This strain was
established by ten generations of sibling mating from a single,
inseminated female collected by D. Begun in the Wolfskill orchard,
Winters, California, USA, summer 1995.

D. simulans (malesand females).This strain wasestablishedby ten
generations of sibling mating from a single, inseminated female
collected by D. Begun in the Wolfskill orchard, Winters, California,
summer 1995.

D. simulansv*®(malesand females). This strain carries a white (eye
color) mutation. It has been in culture since the mid 20th century,
likely descended from a female collected in North America. The
strain used for sequencing wassib-mated for nine generations by D.
Barbash at UC Davis. Libraries for sequencing were prepared from
DNA isolated from embryos.

D. smulans MD106TS (males and females). This strain was
descended from a single, inseminated female collected by J. W. O.
Ballard in Ansirabe, Madagascaron 19 March 1998. It has the sill
mitochon drial genotype, and wascured of Wolbachiay tetracycline.
The strain was sib-mated for Pve generations in the Ballard lab,
followed by an additional bvegenerations of sib-mating by D. Begun.

D. simulansMD199S (females). This strain was descended from a
single, inseminated female collected by J.W. O. Ballard in Joffreville,
Madagascar on 28 March 1998. It has the silll mitochondrial
genotype, and probably lost Wolbachianfection. The strain was sib-
mated for Pve generations in the Ballard lab, followed by an
addition al pPve generations of sib-mating by D. Begun. All-female
DNA was made to assistin assembly of the Y chromosome by
comparison to mixed-sex libraries of other lines.

D. simulansNC48S (malesand females). This strain wasdescended
from a collection by F. Baba-Aisa in Noumea, New Caledonia in
1991.1t hasthe sil mitochondr ial genotype, and wassib-mated for pve
generations in the Ballard lab, followed by an additional bve
generations of sib-mating by D. Begun.

D. simulansC167.4 (malesand females).This strain wasdescended
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from acollection in Nanyuki, Kenya.lt is unusual in that can produce
fertile femaleswhen hybridized to D. melanogger The line used for
genome project wasobtained from the Ashburner laboratory via D.
Barbash,and wassubjectedto atotal of 13 generations of sib- mating.

D. yakubaTail8E2 (malesand femaleg). This strain derives from a
single inseminated female captured in 1983 by D. Lachaisein the Taé
rainfore st, on the border of Liberia and Ivory Coast.This line wassib-
mated for ten generations by A. Llopart and J.Coyne. Inspection of
21 salivary gland polytene chromosomes showed no chromosomal
rearrangements segregatng within the strain. Therefore, Tail8E2
appears homokaryotypic for the standard arrangement in all
chromosome arms, save2R, which is homokaryotypic for 2Rn.

DNA extraction. DNA preparation sfor sequencingall lines except
w?®! and Tail8E2 were made from adults. Drosophilanuclei were
isolated followin g Bingham et al. [121]. For all lines except w*°* and
Tail8E2 DNA wasisolated by phenol/chloroform extraction of nuclei
followed by ethanol precipitatio n. For lines 1 and Tail8E2,
embryos were collected using standard procedures [122] followed
by DNA isolation on CsCl gradients [121].

D. yakubasequencingand assembly. Sequencedata were obtained
from paired-end plasmids and fosmids (Table S32) using standard
Washington University Genome Sequencing Center laboratory
protocols (http://genome.wustl.edu).A highly automated production
pipeline using a 384-well format ensured the integrity of the paired-
end data.

We determined the nucleotid e-level accuracy by reviewing the
quality valuesof the D.yakubaconsensusassemblyand by comparison
to manually edited D. yakubasequence.More than 97% of the D.
yakubagenome sequence has quality scores of at least 40 (Q40),
corresponding to an error rate of # 10 . Further, we extracted reads
from two local fosmid-sized regions (68 kb, debPned by fosmid-end
sequencepairs, one on chromosome X and one on chromosome 3L)
of the assemblyand reassembledusing Phrap (P. Green, unpublished
data). The resulting @osmids@were manually reviewed and edited.
Comparison of the sequence to these manually edited regions
revealed a r.)izgh—quality discrepancy rate of 2 3 10 * substitution's
and 1 3 10 “ insertion/deletion errors, consistent with the above
estimates based on consensus base quality. We also found no
evidence of misassenbly when comparing the WGS assemily to
these projects.

Repetitive content was estimated both in D. yakuba and D.
melao@gser using RECON to generate the repeat families and
RepeatMasker to then identify those repeatsin the genomes The D.
yakubagenome was ; 27% repetitive overall (of which ; 2.5% is
simple sequence repeats/low complexity sequence)and 8% in the
euchromatic portion of the genome. The D. melanogstergenome was
; 11% repetitive overall (of which 2.3% is simple sequencerepeats/
low complexity sequence)and ; 7% in the euchromatic portion of
the genome.

The brst step in creating D. yakubachromosomal fasta bleswasto
align the D. yakubaWGS assemblydata against the D. melanoggter
genome. D. yakubasupercontigs were artipcially broken into 1,000-bp
fragments and aligned againstthe D. melanogsiergenome using BLAT
[123]. An alignment wasdebned as @nique @if its best scoring match
had a score of at leasttwice that of its next bestscoring alignment. Of
the 139.5Mb of D. yakubaupercontigs that uniquely aligned to the D.
mdanogaster genome (4.2 Mb of which aligned uniquely to D.
melanoggterunlocalized sequence chrU), only 16 supercontigs total-
ing 151 Mb contained unique assgnments to more than one
chromosome arm. Eleven of these involved alignments to hetero-
chromatin where only lessthan ; 5% of the supercontig aligned
uniquely to the D. melanogatergenome. These contigs were assigned
to either chrU or the heterochromatic portion of the chromosome
for caseswhere the contig aligned to both the heterochromatic and
nonheterochromatic portion of the samechromosome. One 200-kb
contig had only 6.2 kb that uniquely mapped to the D. melanogzer
genome, 3.8 kb mapping to chr2R, and 2.4 kb mapping to chrX. This
supercontig wasassignedto chrU. The remaining four supercontigs
were alignments to chromosome arms 2L and 2R, the location of a
known pericentric inversion between D. melanogastemnd D. yakuba

The D. yakubaontigs were initially ordered by their position along
the assigned D. mdanogaster chromosomes. Because there are
rearrangements in D. yakubaas compared to D. melanogastemwe
allowed one portion of a D. yakubasupercontig to align to one region
of achromosome and the remaining portion to align elsewherealong
that chromosome. For example, four supercontigs aligned to both
chromosome arms 2L and 2R. However, these 2L/2R cross-oversand
other interspecibc nonlinearitie s are expected given the known
chromosome inversions [124] between D. yakubaand D. melanoaster
This initial ordering for 2L, 2R, 3L, 3R, and X wasusedasthe starting
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point for manually introduci ng inversions in the D. melanogaster
ordered D. yakubasupercontigs. The goal wasto minimi ze the total
number of inversions required to @ejoin @all D. yakubasupercontigs
previously assignedto distant chromosomal regions based on D.
melanagsteralignments (L. Hillier, unpublished data). Inversions were
only introduced between contigs and not within contigs. Using this
process, we created the Pnal chromosomal D. yakubasequence.

D. simulanssequencing Sequencedata were obtained from paired-
end plasmids from the various D. simulansstrains using standard
laboratory protocols (http://genome.wustl.eds). A genomic assembly
wasalsocreated. We beganby generating an ; 43 WGSassemblyof D.
smulans w?°! using PCAP [18]. The w**‘contigs were initially
anchored, ordered, and oriented by alignment with the D. melanogaster
genome in a manner similar to that described above for alignments
between the D. yakubaand D. melanogetergenome. The assemblywas
then examined for places where the w*®! assembly suggested
inversions with respect to the D. melanogasteassembly.One major
inversion was found, conPrming the already-documented inversion
found by [124]. Six other D.simulandines (C1674, MD106TS MD199S
NC48S SIM4, and SIM6) were also assembledusing PCAP with ; 13
coverage.Using the 43 WGSassemblyof the D. simulansy®** genome
as a scaffold, contigs and unplaced reads from the 13 assemblies of
the other individual D. simulandines were usedto cover gapsin the
w*°! assembly where possible. Thus, the resulting assembly is a
mosaic containing the w*°! contigs as the primary scaffolding, with
contigs and unplaced reads from the other lines blling gapsin the
w*°! assembly (L. Hillier, unpubli shed data). The D. simulansw*®*
whole-genome shotgun assemblycan be accessedat GenBank.

D. simulanssyntenic assembly The goal was to align unique D.
méanogester reference sequence assembly v4 to orthologous D.
simulanssequence The D. melanogasterenome was preprocessed to
soft maskall 24mersthat were not unique, assuch sequences were not
expected to have a discriminati ng effect during mapping of D.
simulangeads. Transposable elementsin the reference sequencewere
also masked.

The D. simulandNGSreadswere quality trimmed prior to assembly
based on their phred-score derived error probabili ty. These error
probabilities were used to trim the read back to the longest
contiguous interval with an average probability of error lessthan
0.005.Eachend wasthen examined and trimmed until its terminal 10
bp had an averageprobability of error lessthan 0.005.1f the read was
lessthan 50 bp after this process,it was discarded. These criteria
resulted in 164,480discarded reads from a total 2,424,141reads. See
Table S33for read and trim statistics.

A dynamic programming algorithm was used to create a
maximume-likelihoo d description of the evolutionary path between
sequences from the two species with respect to the standard
alignment model, which wasextended to incorporat e the possibility
of sequencing error. To improve the accuracy of the alignments,
optimal parameters were estimated with respect to the overall
expected evolutionary distance between the two species. This was
done from a brst-passassemblyusing the method described in [129].
Becausedynamic programmi ng is not feasible on a genomic scale,we
determined candidate locations for eachread using the MegaBLAST
(http://www.ncbi.nim.nih.gov/BLAST/docs/megabést.html) algorithm.
A read was then realigned to each candidate location as a single
contiguous alignment using a derivative of the Smith-Waterman
algorit hm, which wasadapted to incorpor ate the expected divergence
and the error probabilities provided by Phred quality scores.
Alignments were ranked by score. Readswere considered unambig-
uously mapped if their alignment covered at least 90% of the
sequence and showed more than two high-quality differences
between the putative best orthologous location and a possble
seconday candidate location. Reads were incorporat ed into the
assemlly on a clone-by-clone basis only if both mate-pairs were
unambiguously mapped with the proper orientation and appropria te
distance from each other.

For each D. simulansline, the aligned reads were coalescedinto
syntenic contigs using their overlap with respectto the D. melanogaster
genome. Note that @verhanging@or unaligned sequencethat may
represent transposable elements, other repetitive sequence,or highly
diverged sequence,wasnot considered. This @nasterDslavé@multiple
alignment containsreadsthat are aligned @ptimally @with respectto
the D. melanoggterreference sequence.However, this doesnot ensure
that the reads are optimally aligned with respect to each other. For
instance, small, identical insertion or deletion variants may not be
mapped to precisely identical locations in all D. simulansreads. To
addressthis problem, the D. melanogasteeference sequencewas set
aside, and the method of Anson and Meyers [125] was used to
optimize the alignment of each component read of each D. simulans
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line with respect to a D. simulanBonly consensussequene. This

method, which minimizes the sum of differences between eachof the

readsand the consensussequence belongsto the classof expectation

maximization algorithms [125]. The round robin, align-and-update

algorithm converges on a consensis sequence and alignment that

most parsimoniously describe the differences between eachread and

the consensus. This hasthe effect of coalescingdeletions and aligning

insertion s. The end result of the assemblyis a multi-tiered alignment

with associatel quality scores for (i) the trimmed reads, (ii) the

assembled sequences within lines, and (iii) a species consensus
sequence all aligned to the D. melanogasteeference sequene. A
reference sequence was produced for each D. simulansline by
concatenating the syntenically assembledcontigs that were padded
with respectto the D. melanogasteeference sequence The result is a
setof D. simulanggenomesonto which D. melanogast@nnotation can
be directly mapped.

Empirical validation of syntenic assembly.Nine regions, including
coding and noncoding DNA, were chosen to cover a range of
polymor phism levels as predict ed by an early version of the syntenic
assembly.Theseregions were amplibed from lines C167.4 MD106TS
NC48S, and w*®, and sequenced at UNC-Chapel Hill High-
Throughput Sequencing Facility. Sequenceswere assembled using
Consed;a minimu m quality score of 30 wasrequired. Approximat ely
27500 bp were sequenced per line. The per-base discrepancy
between these sequences and the current syntenic assembly
(insertions, deletions, and masked basesomitted) was estimated as
0.00043.

Alignment of D. yakubato the D. melanogastereference sequence.
An orthology map (with respect to the D. melanogster reference
sequence of D. yakubaassembly(v1.0)wasgenerated by the Mercator
program (http://rd.pl 0s.org/pbio.0050310a).The MAVID [126] aligner
was run on each orthologous segment in the map. MAVID uses
protein-c oding hits reported by Mercator to anchor its alignment of
each segment. It recursively bPnds addition al anchors and then runs
the Needleman-Wunsch algorithm in betweenthe anchorsto obtain a
single, global alignment of the entire orthologous segment.

Heterochromatic regions. These regions were Pltered based on
manual examination of the density of annotated repetitive sequence
in the centromere and telomere proximal regions of the bve large
arms. The transition from the (m/plcal(o)euchromatlc density of large
repeatsto the typical @eta heterochrom atlc(D;oattern is obvious. The
@uchromatic/heterochromatic boundaries@were drawn roughly at
the edgesof the brst annotated gene within each euchromatic arm.

The followin g regions were excluded from analysis: (i) X 1 to
171944 AND 19740624to END; (ii) 2L 1 to 82455 AND 21183096to
END; (i) 2R 1 to 2014072AND 20572063to END; (iv) 3L 1 to 158639
AND 22436835to END; and (v) 3R 1 to 478547 AND 27670982to
END.

Consersus and quality scores. The sequene for each line is
derived from the multiple alignment of readsto the D. melanoggter
reference assembly(v4). For each line and each column (nucleotide
position) corresponding to a D. melanogserbase,a likelihood model
was used to determine the quality score for each of the four bases.
The quality score was calculated as" 10log(1 B probability base is
correct). To compute the probability a basecall is correct, we assume
that each read is an observation of a random variable with equal
likelihood sfor all four baseswith someprobability of error. From the
depnition of a phred score, the probability of error for a particular
observed call is; 10P"ed score/®10) e assumedthat a basein error is
equally likely to be any one of the three other basesThen, for a given
position A, Bayestheorem implies the probabili ty (Pr) that the call is
correct is

PréA iscorrect' ! &r&\'3 Pr&bservationsjA is correct”
/Pr&bservations

Where Pr[A] ! 1/4, Pr[ObservationsjA is correct] ! likelihood of A
observations being correct and non-A observations being incorrect,
and Pr[Observations] ! likelihood of seeing observed values given
frequency and error rates.

Quality scoreswere truncated at 90. The sequences for each line
were investigated for regions containing unusually high densities of
high-quality discrepancies, which are due to residual heterozygosty,
duplication, and erroneous sequence. These regions were bltered
from subsequentanalysis(seebelow). For each line, the support for
each alternative (A, G, C, and T) at each aligned basewasthe sum of
the qualities, with the highest quality base assignedas the base for
that line/position. Implicit in this approach is that a baseis called
only if the highest quality basehasa quality score that is 30 or more
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greater than that of the next highest quality base.The combined sim4
SIM4/SM6 consensuswasalso treated in this manner.

Filtering of high-quality discrepancies within lines. Residual
heterozygosity within lines or duplication s present in D. simulansbut
not D. melanoggter can lead to regions with excess high-quality
discrepancies between reads within lines. We refer to theseassingle-
nucleotide discrepancies.We derived a distribution of the number of
discrepanciesper site over eachchromosome for eachD. simulandine.
We basedthe distributions on counts of within-lin e discrepancies per
site in 500-bp windows that had 250-bp overlap. We took the
conservative approach of Pltering windows in all the lines that fell
into the top 0.5% of the distribution in any singleline. In other words,
awindow with a high-quality discrepancyin one line waspltered from
the entire dataset,evenif the other lines had no discrepancy. Overall,
334,500basepairs were bPltered from the genome.The number of sites
bltered for eachchromosome arm were 39 kb for 2L, 86.5kb for 2R, 58
kb for 3L, 73 kb for 3R, and 78 kb for X.

Inversion on the D. melanogsterlineage. One large inversion on
chromosome arm 3R distinguishes the two species. Phylogenetic
analysisof the cytogenetic data suggestedthat the inversion bxed in
the D. melanogasténeage [39]. Thus, D. simulans3R is rearranged with
respect to the D. mehnaaster reference sequence. We used D.
melanoastefD. simulansalignments provided by the UC Santa Cruz
Genome Browser to locate the putative breakpoints of the inversion
asChr3R: 3874907and 17560827.

Features. All features were debned in the D. melanogastev4.2
annotation (http:/Bybase.org)For eachgene,the longestisoform (i.e.,
the isoform the with greatest number of codons) was chosen for
analyses. Exons that were not part of the longest isoform were
excluded from all feature-based analyses, but were included in
window analyses.The analyzed introns correspond to these longest
isoforms; all introns were included in window analyses. Intronic
sequenes within annotated UTRs or that overlapped any coding
sequene were excluded. UTRs investigated for this_paper were
restricted to those inferred from @5old Collection @ genes with
completely sequenced cDNAs (http://lwww.fruitBy.org/EST/
gold_ collection.shtml). All annotated CDS sequences were used
regardless of the associated empiric al support. Intergenic regions
were debPned as noncoding segments between annotated genic
regions (UTRs, coding sequence,and noncoding RNAS) regardless
of strand. Debned intergenic regions from v4.2 annotation were
checked against all known coding and UTR coordinates;, any
nucleotides that overlapped a genic region were removed from the
intergenic set before analysis.

Debning the D. smulans syntenically aligned gene set. We
established a conservative gene set for analyses(base composition
analyses excepted) by including only genesfor which the start codon
(ATG or otherwise), splice junctions (canonical or otherwise), and
terminat ion codon position agreedwith the D. melanoggterreference
sequene. We took the conservative approach of excluding from the
gene-ba®d analysisany genefor which any of the six D. simulangiene
models disagreed with the D. melanoastergene model.

Insertions and deletions. Long insertions and deletions (indels) are
difbcult to identify usng only aligned reads. As indel length
increases, the likelihood that indels are missed increases because
they are either too long or occur near the end of a read, which
compromises alignment. Furthermore, indel error probabilitie s are
difpcult to estimate. These considerations led us to restrict our
analysis to indels of 10 bp or lessand to restrict our analysis of
divergence to the D. simulansversus D. melanogastecomparison.
Variant s were classiPedas insertions or deletions relative to the D.
melanoasterreference sequence The quality score for an insertion
wasthe averagequality scoreof sequencein that insertion; the quality
scorefor adeletion wasthe minimum of qualities of the two Ranking
nucleotides. Qualities were determined this way to provide a metric
of overall sequencequality in the region of a putative indel, thereby
allowing a quantitati vely debned cutoff for inferrin g indel variants;
only indels of high quality (over phred 40) were considered in the
analysis.

Estimation and inferences. Light, variable coverage of each line
requir esthat statistical estimation and inference account for cover-
age variation. When appropriate (e.g., contingency tables of
frequency variation), counts of variants within a coverage category
were used. In other estimation and inference settings, the familiar
estimators were applied to each coverage classand then averaged,
weighting by the proportion of total covered basepairs in the window
or other feature.

Heterozygdgi The expected nucleotide, insertion, and deletion
heterozyogsity was estimated as the average pairwise differences
between D. simulansalleles as follows:
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pi is the coverage-weidited average expected heterozygosty of
nucleotid e variants (i ! nt), deletions (i ! D) or insertions(i! , ) per
base pair. @xpected heterozygosty@ assumesthe six sequenced
genomes were drawn from a single, randomly mating population.
Variable coverageover sitesled usto extend the typical calculation of
expected heterozygosty [127,129 to the following:

0 1
xl' ! Do
ki ¢ 2j(c"j)

%6 !
pi! -—E——E Ne — 7
X6 a2 a1 Ne ¢ 1 (o2

X X1 kg
d2 jr1 oc” j)
X6
Nc
d?2

where n. is the number of aligned basepairs in the genomic region
(e.g.,gene feature or window) with sequencing coveragec k; is the
number of sitesin this region with coveragec at which the derived
state (nt, n, or , ) occurs in j out of the ¢ sequences. This estimator
was used for 10-kb windows, 50-kb windows, 30-kb sliding windows
(10-kb increments), 150-kb sliding windows (10-kb increments), and
210-kb windows (10-kb increments), including all windows for which
coveragewas . 200 bp. Expected heterozygosty was also estimated
for genomic features (exons,introns, UTRs, and intergenic sequence)
that had aminimum sizeand coverageli.e.,n(n ©1)3 s%100,wheren
I average number of alleles sampled and s! number of sites]. For
coding regions, the numbers of silent and replacement sites were
counted using the method of Nei and Gojobori [129]. The pathway
between two codons was calculated as the averagenumber of silent
and replacement changesfrom all possible paths between the pair.

The variance of pairwise differences in sliding windows (150-kb
windows, 10-kb increments) wasusedasa method of summarizing the
magnitude of linkage disequilibri um acrossthe D. simulansgenome.
For each window, we calculated coverage weighted variance of the
expected heterozygosty (seeabove)for all pairs of alleles.

Divergence. Unpolarized (i.e., pairwise) divergence between D.
simulansand D. melanogastavas estimated for 10-kb windows, 50-kb
windows, 30-kb sliding windows (10-kb increments), 150-kb sliding
windows (10-kb increments), 210-kb windows (10-kb increments), and
genomic feature that had a minimum number of nucleotides
represented [i.e., n3 s. 100, with n and s asabove in calculations
of p. Unpolarized divergence was calculated asthe average pairwise
divergence at each site, which was then summed over sites and
divided by the total number of sites.A Jukes-Cantor[130] correction
was applied to account for multiple hits. For coding regions, the
numbers of silent and replacement sites were counted using the
method of Nei and Gojobori [129]. The pathway betweentwo codons
was calculated as the average number of silent and replacement
changes from all possible paths between the pair. Estimates of
unpolariz ed divergence over chromosome arms were calculated for
each feature with averagesweighted by the number of sites per
feature.

Lineage-specibcdivergence wasestimated by maximum likelihood
using PAML v3.14[131] and wasreported asa weighted averageover
each line with greater than 50 aligned sites in the segment being
analyzed. Maximum likelihood estimates of divergence were calcu-
lated over 10-kb windows, 50-kb windows, 30-kb sliding windows (10-
kb increments), 150-kb sliding windows (10-kb increments), 210-kb
windows (10-kb increments), and gene features (exons, introns, and
UTRs). PAML wasrun in batch mode using a BioPerl wrapper [132].
For noncoding regions and windows, we used basemlwith HKY asthe
model of evolution to account for transition /transversion bias and
unequal basefrequencies [133]; for coding regions, we used codeml
with codon frequencies estimated from the data.

Insertion and deletion divergence was calculated as div;, the
coverage-weighted average divergence of deletions (i ! n) or
insertions (i! , ) per basepair.

0 1 .
- X6 Xe jkei
6 T . C
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where n. is the number of aligned basepairs in the genomic region
(e.g.,gene feature or window) with sequencing coveragec k; is the
number of sitesin this region with coverage c at which the derived
state with respect to the D. melanoasterreference sequence(n or , )
occurs in j out of the ¢ sequences.

MK tests (unpolarized and polarized). Unpolarized MK tests [4]
used D. simulangolymorph ism data and the D. melanoastemeference
sequene for counting bxed differences. Polarized MK tests used D.
yakubéo infer the D. simulanfD. melanogastancestral state. For both
polarized and unpolarized analyses, we took the conservative
approach of retaining for analysisonly codons for which there were
no more than two alternative states. For cases in which two
alternative codons differed at more than one position, we used the
pathway between codons that minimi zed the number of nonsynon-
ymous substitutions. This is conservative with respect to the
alternative hypothesis of adaptive evolution. Polymorphic codons at
which one of the D. simulanscodons was not identical to the D.
melanogstercodon were not included. To reduce multiple testing
proble ms,we bltered the data to retain for further analysisonly genes
that exceededa minimu m number of observations; we requir ed that
each row and column in the 2 3 2 table (two variant types and
polymorphic versus bxed) sum to six or greater. Statistical signib-
cance of 23 2 contingency tables was determined by FisherO&xact
test. MK tests were also carried out for introns and Gold Collection
UTRs by comparin g synonymous variants in the associatedgeneswith
variants in these function al elements. For intergenic MK tests, we
used synonymous variants from geneswithin 5 kb of the 59 and/or
3%oundary of the intergenic segment. For some analyses, we
restricted our attention to MK tests that rejected the null in the
directi on of adaptive evolution. This categorization wasdetermined
followin g Rand and Kann [134].

Polarized 23 2 contingency tables were usedto calculate a, which
under some circumstances can be thought of asan estimate of the
proportion of variants bxing under selection [11]. Bootstrap
conbdence intervals of a and of the ratio of polymorphic-t o-bPxed
variants for each function al element (Table 3) were estimated in R
using bias correction and acceleration (BCa[135]).

Rate variation. Our approach takes overall rate variation among
lineages into account when generating expected numbers of
substitutions under the null model and allows for different rates of
evolution among chromosome arms (e.g., a faster-X effect). For
example, the number of substitution sfor all X-linked 50-kb windows
wasestimated using PAML (baseml),allowing different rates for each
lineage. All D. smulans lines were used, with the estimated
substitution D. simulansrate for each window being the coverage-
weighted average.This generated an empirically determin ed branch
length of the X chromosome for the average over each of the D.
simulanslines (from all three way comparisons with D. melanogaster
and D. yakubaweighted by the number of basescovered. We carried
out a relative rate test for windows or featuresin D. simulansand D.
melanoasterby generating the expected number of substitutions for
eachwindow/feature/lineage basedon the branch length of the entire
chromosome in each lineage (PAML) and the coverage of the
window/feature in question in each lineage. We then calculated the
deviation from the expected number of substitutions as (observed b
expected substitutions)®/expected substitutions for any window/
feature/lineage.

GO by MK permutations. For eachGO term associatel with at least
bve MK tests, we calculated the proportion of signibcant (p, 0.05)
tests.We then randomly selectedn p-valuesfrom the setof all MK p-
values,where n is the number of testsin the ontolo gy category. We
repeated this procedure 10,000times to get the empirical distribu-
tion of the proportio n signibcant p-valuesfor each GO term.

GO by dN permutati ons. The relative rate v2 for dN wascalculated
for each gene as described above. Genesshowing a signibcart (p ,
0.05) acceleration of dN in the D. simulandineage were identibed as
described in the previous section. The probabilities of observing as
many, or more, signibcant relative rate v? tests for dN were
determined by permutation asdescribed in the previous section.

GO terms under @itchhikin g@windows. We retrieved ontology
terms associatedwith genesthat fell under windows of interest in
linked selection analysesThen, for eachterm, we divided the number
of instancesthat the term wasrepresented in the windows of interest
by the total number of genesin the genome that are associatedwith
the ontology term. This gaveusa propor tional representation of each
GO term in windows of interest. We compared this proportion for
eachGO term with the empirical distrib ution of proportions derived
from permuted datasets For each permuted dataset, we randomly
picked a nonoverlapping set of windows that were the samesizein
numbers of base pairs asthe observed windows. Each window was
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guaranteed to contain at least one gene, given that windows of
interest havehigher-than-averagegenedensity. We then retrieved the
ontology terms associaed with the genesunder the random set of
windows. We next calculated the proportion of each term as
described above for the observed windows. We repeated this
procedure 1,000 times to obtain an empirical distribution of
proportio ns of each term in random windows. The proportion of
each GO term in the original observed windows of interest was
compared to this empirical distribution to obtain a probability of
observing that proportion of eachterm in windows of interest.

GO clustering. We wanted to know whether ontolo gy terms were
clustered in the genome. We tested whether each ontology term was
signibcantly clustered by calculating the coefbcient of variation based
on occurrence in 1-Mb, nonoverlapping windows and compared that
to the coefbcient of variation from permuted datasetsin which we
randomized the locations of geneson each chromosome arm.

Gene expression. Genes were assignedto expression categories,
with the goal of determining whether certain categorieshad a greater
proportio n of signibcant MK tests for adaptive protein divergence
than expected by chance. Two types of data, expressed sequencetag
(EST) collections and microarray experiments, were used. Genes
associatel with EST collections from D. melanogasténead, ovary, and
testis from Flybaseand spermathecafrom Swansonet al [136]) were
assignedto that tissue expression category. Female-matng responsive
geneswere those debned by microarray experiments [137]. Male- and
female-biased geneswere dePned basedon microarray experiments
of Parisi et al. [138] and Arbeitman et al. [139]. Male- and female-
biasedgenesfrom Parisi et al. [138] were obtained directly from their
Tables S41and S42.Arbeitman et al. [139] measured expression over
the D. melanogastéfe cycle for adult malesand females.We averaged
expression for each gene over the time points taken for each stage.
For example, there were 30 time point measurements during the egg
stage;we used the averageexpression over those 30 time points. We
repeated this for larvae, metamorph, adult female, and adult male
stages. Each gene was provisionally designated as having biased
expression for the stagewith the maximum averageexpression, which
we will call the biased stage.For eachgene,we calculated the average
difference between the biased stage expressbn value and the other
stage expression values. This generated a distribution of differences
for each comparison of stagesA genewaspPnally determined to have
biased expression if the averagedifference between the biased stage
and the other stagesfell into top half for that stagedistrib ution. This
procedure resulted in 592,374,223, 466, and 296 stage-biasedgenes
for egg, larvae, metamorph, adult male, and adult female stages,
respectively. We calculated the proportion of genesin a group (e.g.,
male-biased) that had signipcant MK tests (p , 0.05). We used
permutation testing to determine whether the proportion of
signipcant polarized MK tests deviating in the direction of adaptive
protein evolution exceededthe 95% tail of the empirical distribu-
tion, basedon 10,000datasetsof randomly selectedMK tests,sampled
without replacement.

ProteinBprotein interaction s. We tested whether pairs of protein s
that interact with one another were more likely to show evidence of
adaptive protein divergence than random pairs of protein s with no
evidence of interaction. Data were from Giot et al. [140]. We
considered pairs of genesto have a signibcart interaction if the
probability of interaction was greater than 0.5. We calculated the
proportio n of interacting pairs where both members had signibcant
evidence of adaptive evolution (MK p-values, 0.05).We compared
this proportion to the distribution of proportion generated from
permuted datasets generated by randomly drawing pairs of genes
without replacement from the Giot et al. [140] dataset.

Polymorphism versus divergence. Hudson, Kreitman, and Aquad&
[2] proposed a test of the neutral theory of molecular evolution in
which the numbers of polymorphic and (Pxed) divergent sites are
contrasted between two independent loci (genomic regions). The
distribution of av2like test statistic can be determin ed by simulation
for any assumedvaluesof recombination within eachlocus. However,
given the small sample sizehere and the genomic scaleof the data, we
usedan analogous statistic for polymorph ismsand bxations on the D.
simulanslineage in various sizesof sliding windows, combined over
coverageclassesFirst, the averageproportion of segregatingsitesin
D. smulans and parsimony-inferred bxed differences for each
chromosome arm in D. simulanswas determin ed for each coverage
classover a range of sliding window sizes(10 kbp to 510 kbp). The
test statistic is a simple two-cell v2, in which the observed numbers
(summed over coverage classes)of segregatng and Pxed sites are
contrasted with their expected numbers (summed over coverage
classesthe chromosome arm averagefor each coverage classtimes
the total numbers of segregatingand bxed sitesin that class).Only
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sites for which unambiguous, parsimony-inferred D. simuangD.
melanogsterancestral states could be determined were included in
the analysis.In a number of bgures,v[Plogo(p)] is plotted ; Plog of p,
critical value for this v2, wasgiven the sign of the difference, observed
number®f segregatingjiteb expechumberof segregatingjites As expected
(Figure 1), there is a clear tendency for the level of polymorphism
(both p,; and propor tion of segregatingsites)to decline proximal to
the telomeres and centromeres. Therefore, the test statistics
discussedin this section were determined by generating expected
values as described above, but only including the @entral euchro-
matic@regions. These were debned as the regions bounded by the
brst and last position on each chromosomes arm for which the
propor tion of segreating sites was greater than or equal to the
chromosome arm averagein a 510-kbp window. While this makes
deviationsin the centromere and telomere proximal regions appear
greater, it removes the obvious bias toward positive deviations (i.e.,
excess polymorphism) that would be created by including large
genomic regions known to show reduced polymorphism when
generating expectations. Minimum valuesfor the expected numbers
of segregating and bxed sites were one (unlessotherwise indicated).
Windows with coverage , 200 bp were dropped (unless otherwise
indicate d).

Autocorrelation of nucleotide heterozygosity and divergence.
Expected nucleotid e heterozygosty and polarized divergence were
calculated for 10-kb and 50-kb nonoverlapping windows spanning
each chromosome arm asdescribed above. For each arm, autocorre-
lation between successivewindows was calculated as:

X 1
&k " W(xs1" ¥’
1

r! >d

x" ¥’
t1

where there are n windows along an arm, and x, represents the value
of nucleotid e heterozyogsty or divergence for the t-th window.
Signibcance of r for all arms for both polymorph ism and divergence
wascalculated by permutation. All calculations were carried out in R
(http://www.r-project.org).

Reduced variation associatedwith colonization. We setout to bnd
putative selectivesweepsthat occurred concomitantly with migration
by D. simulansout of Africa/Madagascar We expect the signature of
these sweepsto be low variation in New World (NW) lines, debned
here asw?01 and SIM4/6 compared to Old World (OW) lines, debned
here as C167.4 MD199S and MD106TS. The method described here
addres®s the issue of autocorrelated loci. Our approach was to
simulate datasetswith the samedegree of autocorrelation asthat of
the observeddata, and to determine whether there are longer runs of
windows with disproport ionately low NW p in the actual data than
one would expect by chance.All data manipulation, calculations, and
simulatio ns were carried out in R using functions available within the
@asd0and GtatgOpackages Mean nucleotide diversity (p) from 10-kb
nonoverlapping windows throughout the genome from the two NW
and three OW lines were used. Adjacent 10-kb windows were
averaged(weighted by coverage)to obtain 20-kb windows. Remaining
windows for which no estimate of p wasavailable were conservatively
estimated by interpolat ion. There were no gapsin the 20-kb window
data longer than three consecutive windows in either population. For
each window, the ratio of NW p:OW p (p nwiPow) Was measured.
Maximum likelihood estimatesof Prst-order coefpcients of autocor-
relation for each of the chromosome arms were found (all were
signibcart).

Monte Carlo simulations of the ratio pyw:Pow Were performed
according to the following procedure. We Pbrst randomly sampled
ratios of p ynw: Pow from the data with replacement for each arm
separatdy; this ensuresthat our simulated data hasthe same mean
and variance asthe actual data. A brst-order autoregressie blter was
then applied to the randomly sampled data using the estimate of
autocorrelation for the given chromosomal arm, according to the
followin g relationship :

X1 1 $ g0 1)$ X, jai# 1, il 1,2,

where parameter | is the mean of the sampled data, q is the
autocorrelation, X; p 1 is previous value in the series,and X; is the
original sampled measurefor the ith window. This blter imposesthe
observed autocorr elation onto the sampled data to mimic the
observed autocorrelation, resulting in a new value, X;*, for each
window. Variance and estimated Prst-order autocorrelation of the
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simulations were similar to those of the empirical data without
altering this procedure.

A lower threshold of p yw: Pow, below which 5% of the empirical
data points reside, wasdetermined. Signibcance of runs of windows
below this threshold was determined by comparison to the
distribution of the run lengths in 10,000 Monte Carlo simulation
runs for each chromosome arm, performed as described above. P-
values for each arm were corrected for multiple comparisons
conservatively via Bonferroni correction (Dunn-Sidak corrections
did not result in an increased number of signipcant sweeps).

Preferred/unpreferred codons and basecomposition analyses.The
datasetfor these analyseswasaligned codons in the D. simulansgene
se& described above plus codons from genes (longest isoform)
annotated in Flybase (v4.2) that were syntenically aligned to D.
melanoggterand D. yakubaParsimony wasusedto infer D. simulanfD.
melanogsterancestral states;D. yakubavasthe outgroup. Only codons
with one synonymousvariant among the three specieswere included
in these analyses.The preferred codon set was debned following
Akashi [113]. For some analyses,preferred and unpreferred sub-
stitution rates were determined by dividing the number of
substitution s of each type by the number of ancestral codons of the
appropriat e ancestral state (unpreferred ancestorsfor the preferred
substitution rate and preferred ancestors for the unpreferred
substitution rate), all inferred by parsimony. In principle, excess
unpreferre d polymor phisms at synonymous sites could erroneously
lead one to infer directional selection on other sites. However, the
ratio of preferred-t o-unpreferr ed polymorph ismsis not signibcantly
different (pooled acrossgenesor gene-by-gee) for UTRs that had
signibcant versusnonsignibcant MK testsin contrasts of synonymous
and UTR sites. For introns that showed a signibcant MK test versus
synonymous sites, there wasa slightly larger ratio of unpreferred- to-
preferred polymorphisms compared to the ratio for introns that were
not signibcart. However, this wasseenonly in the pooled analysisand
not in the gene-by-geneanalysis.We found that signibcart intron and
UTR MK tests had more similar coverages (e.g., 59 UTR versus
synonymous) compared to tests that were not signibcant, suggesting
that the large number of signibPcant noncoding versus synonymous
tests cannot be explained by relatively small coverage differences
acrosssite-types. Overall, these data suggestthat most of the highly
signibcant MK tests of noncoding DNA are not explained by excess
unpreferre d polymorphis ms or coverage variation.

Basecomposition analyses on noncoding DNA were carried out in
asimilar fashion, with parsimony being usedto infer the D. simulan®.
melanoggter ancestor. Only unambiguous parsimony-inferred sites
were used in these analyses.

Estimates of cM/kb acrossthe X chromosome. All X-linked genes
for which Flybase reported genetic and physical locations (Prst
nucleotid e of the genein Flybaseannotation of D. melanoggterv4.2)
were used. Genetic and physical distances were determined for 12-
gene intervals, sliding one gene at a time; estimates of cM/kb per
interval were used as estimates of recombination rate per physical
length. Mean physical and genetic distancesper interval were 1.55Mb
and 5 cM, respectively. Two intervals with negative estimates of cM/
kb, indicative of discordant genetic and physical data were removed,
leaving estimatesof cM/kb for 150 intervals. The physical location of
the interval wasdebnedasthe midpoint between physical location s of
the Prst and last gene.For analysesnvestigating correlation s of 50-kb
windows of polymorphism and divergence with crossing-over,
midpoint s were rounded to the nearest 50,000.If multiple intervals
were rounded to the samenumber, the distal interval wasusedin the
analyses. n ~

Transposable elements. Clonedlement3he @anging ends@of well-
mapped plasmid clones that were not fully aligned to D. melanogzter
were examined by BLAST for extensive (100 bp or greater), high-
quality (90% or greater) sequencesimilarity to known transposable
elements of D. melanogastdr 9.2, http://www.fruitBy.org/p_d isrupt/
TE.html). The coordinates are slightly rounded to facilitate bnding
duplicat es slightly off in alignment.

Clusteedelementshis analysisused plasmid clones for which only
one mate pair mapped uniquely and unambiguously to the genome
according to the method described previously. The other mate pair
was compared to the D. melanogastdransposable element database
v9.2. If the read mapped uniquely and unambiguously to a trans-
posable element (90% coverage, 90% identity, at least two high
quality differences to a secondary candidate), a transposable element
wasconsidered asmapped to the general genomic location of its mate
pair. The estimated location begins at the end of the mate pair read
and ends 10 kb awayin the appropriat e direction determin ed by the
direction of the alignment. Transposable elements from the same
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family located within 5 kb of each other in the sameD. simulandine
were considered the sameelement, and therefore, were clustered.

Supporting Information

Dataset S1. Estimates of Polymorphism, Divergence, and Counts of
Polymorphic and Fixed Sitesfor CDS

Found at doi:10.1371journal.pbi 0.0050310sd001 (2.1 MB TXT).
Dataset S2. Estimates of Polymorphism, Divergence, and Counts of
Polymorphic and Fixed Sitesfor Introns

Found at doi:10.1371journal.pbi 0.0050310sd002 (956 KB TXT).
Dataset S3. Estimates of Polymorphism, Divergence, and Counts of
Polymorphic and Fixed Sitesfor Gold Collection 59UTRs

Found at doi:10.1371journal.pbi 0.0050310sd003 (346 KB TXT).
Dataset S4. Estimates of Polymorphism, Divergence, and Counts of
Polymorphic and Fixed Sitesfor Gold Collection 39UTRs

Found at doi:10.1371journal.pbi 0.0050310sd004 (396 KB TXT).
Dataset S5. Estimates of Polymorphism, Divergence, and Counts of
Polymorphic and Fixed Sitesfor Intergenic Regions

Found at doi:10.1371journal.pbi 0.0050310sd005 (1.7 MB TXT).
Dataset S6. Estimates of Polymorphism, Divergence, and Counts of
Polymorphic and Fixed Sitesfor CDSin Heterochromatic Regions
Found at doi:10.1371journal.pbi 0.0050310sd006 (53 KB TXT).
Dataset S7. Estimates of Polymorphism and Divergence for 10-kb
Windows.

Coordin ates ref3ect D. melanoggtergenomic organization.

Found at doi:10.1371journal.pbi 0.0050310sd007 (855 KB TXT).
Dataset S8. Estimates of Polymorphism and Divergence for 50-kb
Windows.

Coordin atesref3ect D. melanoggtergenomic organization.

Found at doi:10.1371journal.pbi 0.0050310sd008 (177 KB TXT).
Dataset S9. Frequencies of Synonymous and Nonsynonymous

Variants and Base Composition Variants for Coverage Classes
ThreeBSix

P and U are preferred and unpreferred, respectively (e.g., up !
unprefer red-to-preferr ed).

Found at doi:10.1371journal.pbi 0.0050310sd009 (60 KB XLS).
Dataset S10.Counts of Polymorphic and Fixed Variants of Preferred
and Unpreferred Codons

Found at doi:10.1371journal.pbi 0.0050310sd010 (133 KB TXT).
Dataset S11. X Chromosome Insertion and Deletion Polymorphism

and Divergence Estimatesfor 150-kb Sliding Windows (Sliding by 10
kb)

Found at doi:10.1371journal.pbi 0.0050310sd011 (108 KB TXT).
Dataset S12.2L Chromosome Insertion and Deletion Polymorphism

and Divergence Estimatesfor 150-kb Sliding Windows (Sliding by 10
kb)

Found at doi:10.1371journal.pbi 0.0050310sd012 (116 KB TXT).
Dataset S13.2R Chromosome Insertion and Deletion Polymorphism

and Divergence Estimatesfor 150-kb Sliding Windows (Sliding by 10
kb)

Found at doi:10.1371journal.pbi 0.0050310sd013 (105 KB TXT).
Dataset S14.3L Chromosome Insertion and Deletion Polymorphism

and Divergence Estimatesfor 150-kb Sliding Windows (Sliding by 10
kb)

Found at doi:10.1371journal.pbi 0.0050310sd014 (123 KB TXT).
Dataset S15.3R Chromosome Insertion and Deletion Polymorphism

and Divergence Estimatesfor 150-kb Sliding Windows (Sliding by 10
kb)

Coordin ates reRRect D. simulansgenomic organization by accounting
for the inversion bPxed on 3R in D. melanogaster

Found at doi:10.1371journal.pbi 0.0050310sd015 (150 KB TXT).
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Dataset S16. X Chromosome Nucleotide Polymorphism and Diver-
gence Estimatesand HKA test statistics for 10-kb Windows

Found at doi:10.1371journal.pbio .0050310.sd01§87 KB TXT).

Dataset S17.2L Chromosome Nucleotide Polymorphism and Diver-
gence Estimatesand HKA test statistics for 10-kb Windows

Found at doi:10.1371journal.pbio .0050310.sd017493 KB TXT).

Dataset S18.2R Chromosome Nucleotide Polymorphism and Diver-
gence Estimatesand HKA test statistics for 10-kb Windows

Found at doi:10.1371journal.pbio .0050310.sd01§86 KB TXT).

Dataset S19.3L Chromosome Nucleotide Polymorphism and Diver-
gence Estimatesand HKA test statistics for 10-kb Windows

Found at doi:10.1371journal.pbio .0050310.sd019100 KB TXT).

Dataset S20.3R Chromosome Nucleotide Polymorphism and Diver-
gence Estimatesand HKA test statistics for 10-kb Windows.

Coordinates reRect D. simulansgenomic organization by accounting
for the inversion bxed on 3R in D. melanoaster

Found at doi:10.1371journal.pbio .0050310.sd02Q122 KB TXT).

Figure S1. Patterns of Polymorphism and Divergence of Small
Deletions along the Chromosome Arms

p for small deletions (blue) and the divergence from D. melanoggter
(red) in 150-kbp windows are plotted every 10 kbp. v[Plog)] (olive) as
a measure of the deviation $/-) in the proportion of polymor phic
deletions in 30-kbp windows is plotted every 10 kbp; see Materials
and Methods.

Found at doi:10.1371journal.pbio .0050310.sg01 (586 KB PDF).

Figure S2. Patterns of Polymorphism and Divergence of Small
Insertions along the Chromosome Arms

p, average number of insertions per bp (blue) and the pairwise
divergence from D. melanoggerper bp (red) in 150 kbp windows are
plotted every 10kbp. v[Plogp)] (olive) as a measure of the deviation
@&/-) in the proportion of polymorphic insertions in 30-kb windows is
plotted every 10 kbp; seeMaterials and Methods.

Found at doi:10.1371journal.pbio .0050310.sg02 (582 KB PDF).

Figure S3.Patterns of the Relative Rate Test, Nucleoti de Divergence,
and Deviation of Proportion of Divergence Nucleotide Sites

The v2 (red) for the relative rate test in 150-kbp windows is plotted
every 10 kbp. C\(p) (orange),the coefbcient of variation of nucleotid e
p in 150-kbp windows, is plotted every 10 kbp. v[Plogf)] (olive) asa
measure of deviation ($/-) in the proportion of sitesin a 150-kbp
windows is plotted every 10 kbp.

Found at doi:10.1371journal.pbio .0050310.sg03 (559 KB PDF).

Figure S4.Patterns of TEsInsertions, Nucleotide Divergence,and GC
Content along Chromosome Arms

Distribu tion of total numbers of @lustered transposable elements®
(TEs) in nonoverlapping 210-kbp windows (olive) along each of the

arms of D. simulangpooled acrosslines). The dashed (olive) lines are

the regressionlines of TEsnumbers on position (bp), with the outliers

(orange) maskedfrom the data. Note the gapped scalesfor total TEs
on the right. Average divergence on the D. simulandineage (red) in

150-kbp windows are plotted every 10 kbp for reference along with

the dashed regression line. GC content in D. simulans(blue) in 150-
kbp windows are plotted every 10 kbp for reference along with the

dashedregression line.

Found at doi:10.1371journal.pbio .0050310.sg04 (553 KB PDF).

Figure S5. Copy Numbers of TE Families in D. simulansand D.
melanogster

The numbers of each TE family in the D. melanogster reference

sequenceis plotted againstthe numbers identibed in the D. simulans
genomes (see Materials and Methods). The lower-left panel is an

enlargement of the lower ranges.

Red,Long Terminal Repeat(LTR) containing retrotransp osons;blue,

non-LTR retrotranspo sons;orange, foldback elements; olive, inverted

repeat elements; and black, MITE and SINE-like.

Found at doi:10.1371journal.pbio .0050310.sg05 (38 KB PDF).

Table S1. Coding and Noncoding Nucleotide Heterozygosity in D.
simulans Lineage-SpecibPc Nucleotide Divergence in D. simulans D.
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melanoaster and D. yakubaand Pairwise Nucleoti de Divergence for D.
simulansD. melanogaster

UTRs are from the Gold Collection genes.

Found at doi:10.1371journal.pbi 0.0050310st001 (142 KB DOC).
Table S2. Nonsynonymous (NS) and Synonymous (S) Variants in
Heterochromatic versusEuchromatic Genes

Found at doi:10.1371journal.pbi 0.0050310st002 (38 KB DOC).
Table S3.Comparisons of D. simulansrersusD. melanogast&ivergence

and X versusAutosome Divergence for D.simulansD. melanogasteand
D. yakuba

Found at doi:10.1371journal.pbi 0.0050310st003 (58 KB DOC).

Table S4. Comparison of X and Autosome Polarized Polymorphic
Variantsin Different Frequency Classedor Siteswith Coveragen! 5
or n! 6 D.simulansAlleles

Found at doi:10.1371journal.pbi 0.0050310st004 (51 KB DOC).

Table S5. Spearman Correlations of Nucleotide Heterozygosity,
Nucleotide Divergence, Relative Rate v? Tests, Ancestral GC
Content, and D. simulansTransposable Element Density (all Measured

in 50-kb Windows) versus ProximalPDistal Location along Chromo-
some Arms

Positive correlations for 2L, 3L, and X, and negative correlations for
2R and 3R indicate increasing values closer to centromeres. Inv3R
was used for D. simulandineage inferences. Trimmed data indicates
analyses for which regions of low heterozygosty were removed
(Materials and Methods).

Found at doi:10.1371journal.pbi 0.0050310st005 (70 KB DOC).
Table S6. Autocor relations of D. simulansNucleotide Polymorphism
and Divergence (10- and 50-kb Windows) along Chromosome Arms
All are signibcant at p, 0.0001.

Found at doi:10.1371journal.pbi 0.0050310st006 (52 KB DOC).
Table S7. GO Terms Overrepresented among Genes in HKA

Windows Having Unusually Low Ratios of Nucleoti de Heterozygosity
to Divergence

CC, MF, and BP are cellular component, molecular function, and
biologi cal process,respectively.

Found at doi:10.1371journal.pbi 0.0050310st007 (113 KB DOC).
Table S8. Mean (SE) Ratio of Nucleotide Heterozygosty (50-kb

Windows, Weighted by Coverage)for New World versusOld World
Lines

Found at doi:10.1371journal.pbi 0.0050310st008 (27 KB DOC).
Table S9. Regions of the Genome Showing Disproportionate
Reductions of Nucleotide Heterozygosity in the US Sample

Found at doi:10.1371journal.pbi 0.0050310st009 (29 KB DOC).
Table S10.>Gened.ocated in Genomics Regions Showing Dispropor-
tionate Reductions of Nucleotide Heterozygosity in the US Sample
Found at doi:10.1371journal.pbi 0.0050310st010 (68 KB DOC).
Table S11. GO Terms Overrepresented in Windows from Out-of-
Africa/MadagascarAnalysis.

MF and BP, molecular function and biological process,respectively
Found at doi:10.1371journal.pbi 0.0050310st011 (50 KB DOC).
Table S12. GO Terms Associated with the Top 20 Genes with the
SmallestUnpolarized MK Test p-Value

Found at doi:10.1371journal.pbi 0.0050310st012 (118 KB DOC).
Table S13.GenesShowing ExcessProtein Polymorphism (p, 0.01)in
Polarized MK Tests

Found at doi:10.1371journal.pbi 0.0050310st013 (65 KB DOC).
Table S14.GO Terms Associated with the Top 20 Geneswith the
Smallest Polarized MK Test p-Values

Found at doi:10.1371journal.pbi 0.0050310st014 (111 KB DOC).
Table S15.GO Categories Enriched among Geneswith Signibcant (p
, 0.05)Unpolarized MK Tests

Found at doi:10.1371journal.pbi 0.0050310st015 (74 KB DOC).
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Table S16.GO Categories Enriched among Geneswith Signibcant (p
, 0.05)Polarized MK Tests

Found at doi:10.1371journal.pbio .0050310.st016145 KB DOC).

Table S17.Tissue-Spechc or Developmental StagebSpecib Expres-
sion Patterns Enriched with Signibcant (p, 0.05)MK Tests

Found at doi:10.1371journal.pbio .0050310.st01753 KB DOC).

Table S18.GenesHaving the Greatest Relative Rate Test v2 Statistics
for dNin the D. simulandLineage

Found at doi:10.1371journal.pbio .0050310.st01868 KB DOC).

Table S19.GenesHaving the Greatest Relative Rate Test v Statistics
for dNin the D. melanogastéineage

Found at doi:10.1371journal.pbio .0050310.st01963 KB DOC).

Table S20. GO Categories Enriched among Proteins Showing
Accelerated Protein Evolution (v Test p-Value , 0.01) in the D
simuland.ineage

Found at doi:10.1371journal.pbio .0050310.st020(215 KB DOC).

Table S21. GO Categories Enrlched among Proteins Showmg
Accelerated Protein Evolution (v Test p-Value , 0.01) in the D
melanogsterLineage

Found at doi:10.1371journal.pbio .0050310.st021(205 KB DOC).
Table S22. Genes Associated with the Most-Signibcant 59 UTR
Polarized MK Tests (Average Coverageper Site . 2)

Found at doi:10.1371journal.pbio .0050310.st02255 KB DOC).
Table S23. Genes Associated with the Most-Signibcant 39 UTR
Polarized MK Tests (Average Coverageper Site . 2)

Found at doi:10.1371journal.pbio .0050310.st02352 KB DOC).

Table S24. Genes Associated with the Most-Signibcant Intron MK
Tests (Average Coverageper Site . 2)

Found at doi:10.1371journal.pbio .0050310.st02464 KB DOC).

Table S25.Number (Frequency) of Nonsynonymous and Noncoding
Polymorphisms (Sites with Coverageof n! 5 or n! 6 D. simulans
Alleles) for Different Frequency Classes

Found at doi:10.1371journal.pbio .0050310.st02540 KB DOC).
Table S26.Counts and Substitution Ratesper Site of Preferred and

Unpreferred Variants @ixed@along the D. simulansand D. mela-
nogastetineages (Inferred by Parsimony)

Substitution rates were determined by dividing the number of
preferred/unpreferred bxations by the number of unpreferred/
preferred ancestral bases.

Found at doi:10.1371journal.pbio .0050310.st026(74 KB DOC).
Table S27. X and A, Polymorphic and Fixed, Preferred and
Unpreferred Variants for Siteswith CoveragesFour, Five, or Six
Found at doi:10.1371journal.pbio .0050310.st027(33 KB DOC).
Table S28.Unpreferred Polymorphisms (CoverageFive Sites) Occur
at Lower Frequency than Preferred Polymorphisms

Found at doi:10.1371journal.pbio .0050310.st02§30 KB DOC).
Table S29.Geneswith Signibcant Polarized MK TestsHave a Higher

Proportio n of Preferred Fixations than Geneswith Nonsignibcant
MK Tests

Found at doi:10.1371journal.pbio .0050310.st02927 KB DOC).
Table S30. Preferred, Unpreferred, and Noncoding GC/AT Fixed
Variant s acrossthe Genome (Coverage ClassesThreeBSix)

Found at doi:10.1371journal.pbio .0050310.st030(27 KB DOC).
Table S31. Polymorphic GC Variants Occur at Higher Frequency
than Polymorphic AT Variants

X-linked polymorphic GC variants occur at higher frequency than
autosomal polymorphic GC variants (coveragesix polymorphisms
from intergenic and intron DNA).

Found at doi:10.1371journal.pbio .0050310.st031(32 KB DOC).

Table S32.D. yakubaGenome Input and Assembly Statistics

Statistics presented are for the whole-genome assemblybefore it was
anchored using alignments to D. melanogster @ontigs®are con-
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tiguous sequencesnot interrupte d by gaps, and @upercontigs@are
ordered and oriented @ontigs@including estimated gap sizes.The
N50 statistic is debned as the largest length L such that 50% of all
nucleotides are contained in contigs of sizeat leastL. The total contig
sizewas167 Mb, with 97% of the consensusbasepairs having quality
scoresof at least40 (Q40) (expectederror rate of lessthan or equal to
10 %) and 98% are at least Q20.

Found at doi:10.1371journal.pbi 0.0050310st032 (59 KB DOC).

Table S33. Read and Trim Statistics for D. smulans Syntenic
Assembies

Found at doi:10.1371journal.pbi 0.0050310st033 (35 KB DOC).

Table S34.Correlation (Kendall® s) between Copy Numbers of TE
Families in @rimmed @Euchromatic Regions of D. simulansand D.
melanoaster

The simulansTEs are the @lustered@TEs. The melanogster TEs are
those annotated in release4.0.

Found at doi:10.1371journal.pbi 0.0050310st034 (31 KB DOC).

Table S35. Tests of the Homogeneity of the Proportions of Each
Family across Six D. simulansLines, Homogeneity of Classesacross
Lines, and Homogeneity of Families within ClassesacrossLines

Found at doi:10.1371journal.pbi 0.0050310st035 (33 KB DOC).

Table S3. Test of the Homogeneity of Relative Family Copy
Numbers across the Five Chromosome Arms (Pooled across Lines)
for All TEsand within the Four Classes

Found at doi:10.1371journal.pbi 0.0050310st036 (33 KB DOC).

Table S37. Test of the Homogeneity of Relative Family Copy
Numberson the X chromosome versusthe Autosomes (Pooled across
Lines) for All TEsand within the Four Classes

Found at doi:10.1371journal.pbi 0.0050310st037 (32 KB DOC).

Table S38.Heterogeneity of @loned@TE Numbers in Various Gene
Annotation Elements

Found at doi:10.1371journal.pbi 0.0050310st038 (29 KB DOC).

Table S39.Comparison of Expected D. simulansNucleotide Hetero-
zygosity and Divergence for 30-kb Windows Centered on the
Estimated Position of @lustered®TEs ) Compared to Windows
without Clustered TEs (D)

The difference betweenthe distribution s(TEs:$/-) wastested with the
Mann-Whitney U test; the p-value is in the upper position in the last
column (probability , /ratio). The ratio of the meansis also shown
(lower in last column).

Found at doi:10.1371journal.pbi 0.0050310st039 (50 KB DOC).

Text S1.Transposable Elements
Found at doi:10.1371journal.pbi 0.0050310sd021 (48 KB DOC).

Accessicn Numbers

The GenBank (http://www.ncbi.nim.nih.gov/Genbank) accessionnum-
ber for D.yakubdas AAEU01000000 (version 1) and for the D. simulans
w*°! whole-genome shotgun assemblyis TBS-AAEU01000000(version
1).
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