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Abstract

We characterize the type of selection acting within and among mitochondrial lineages in five closely related Drosophila species.
We focus on D. simulans, where three genetically distinct mitochondrial haplogroups show high interhaplogroup divergence and low
intrahaplogroup polymorphism. Using maximum likelihood models we find that the branches leading to these three distinct mito-
chondrial groups show a significantly reduced rate of nonsynonymous relative to synonymous substitution. This interhaplogroup
rate is significantly reduced compared to the intrahaplogroup rate, and closely resembles the rate observed between distinct species.
The data suggest that slightly deleterious mutations segregating within D. simulans haplogroups are removed by selection prior to
their fixation among haplogroups. We explore several hypotheses to explain how lineages within a single species can be compatible
with this model of slightly deleterious mutation. The most likely hypothesis is that D. simulans haplogroups have persisted in iso-
lation, perhaps due to association with the bacterial symbiont Wolbachia and/or demographic history, introducing a bias against the

fixation of slightly deleterious mutations.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Detecting shifts in the rate of nonsynonymous sub-
stitution has provided important insights into the evo-
lutionary process (Gillespie, 1991; Kimura, 1983; Li,
1997). If the majority of nonsynonymous substitutions
are slightly deleterious, they may segregate within a
population but are removed by selection prior to fixa-
tion among species (Hasegawa et al., 1998; Nachman,
1998; Ohta, 1992). In contrast, if most nonsynonymous
substitutions are selectively advantageous, then their
fixation among species may be accelerated by selection
(Aguadé, 1999; Begun and Whitley, 2000; Clark and
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Wang, 1997, Coulthart and Singh, 1988; Schlenke
and Begun, 2003; Swanson et al., 2001; Swanson and
Vacquier, 1998).

In this study, we characterized the type of selection
acting within and among mitochondrial lineages in five
closely related Drosophila species, an important step to-
wards understanding the discrepancies between poly-
morphism and divergence among these haplogroups.
We focused on the three haplogroups harbored by D.
simulans (sil, -11, and -IIT) which show average pairwise
nucleotide and amino acid divergence on the order of
1072 (Ballard, 2000a; Solignac et al., 1986). This amount
of divergence approaches interspecific comparisons to
the closely related D. melanogaster (Fig. 1). In contrast,
there is a significant reduction of polymorphism within
each D. simulans haplogroup compared to nuclear loci
(Ballard, 2000a; Ballard et al., 2002). D. melanogaster
also shows a significant reduction in mitochondrial
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Fig. 1. Genealogical relationships inferred by Ballard (2004). Branches labeled ‘‘simulans’ indicate those for which an additional o was estimated
under the simulans-specific model (see Section 2). Branch lengths drawn according to the number of nucleotide substitutions per codon, relative to
scale bar shown. Branch leading to D. yakuba was truncated as there were ~0.60 substitutions per codon along this branch. Arrows indicate where
the four strains of Wolbachia that infect D. simulans were either gained or lost. Although this phylogeny shows a gain and a loss of wRi, it should be

noted that a single gain of wRi (no loss) cannot be rejected (Ballard, 2004).

polymorphism relative to divergence, while D. yakuba
does not (Ballard et al., 1996).

Estimating the number of nonsynonymous substitu-
tions per nonsynonymous site (dN) relative to the num-
ber of synonymous substitutions per synonymous site
(dS) has proven an effective means to study selection
(Yang and Bielawski, 2000). Under a neutral model,
the null hypothesis is that the ratio of dN/dS () is equal
to one. An o significantly less than one suggests purify-
ing selection suppressed the fixation of nonsynonymous
relative to synonymous substitutions over time. In con-
trast, an o significantly greater than one suggests recur-
rent positive selection accelerated fixation of
nonsynonymous substitutions over time.

These simple predictions assume that o has remained
constant among lineages, which in the case of these five
Drosophila species spans some 5-10 million years (Li
et al., 1999). By estimating separate w’s for interspecific
and intraspecific lineages, we partially relaxed this
assumption and tested more specific hypotheses of selec-
tion. A hypothesis of slightly deleterious mutations pre-
dicts a higher intraspecific compared to interspecific w

because selection removes nonsynonymous mutations
segregating within a species prior to their fixation
among species (Hasegawa et al., 1998; Ohta, 1992).
Alternatively, a hypothesis of recurrent positive selec-
tion predicts accelerated fixation of nonsynonymous
substitutions along interspecific, compared to intraspe-
cific, lineages. Under either hypothesis, neutral muta-
tions will continue to fix according to the neutral
mutation rate, independently of linkage to strongly se-
lected sites (Birky and Walsh, 1988; Gillespie, 2000).
However, nearly neutral substitutions may experience
relaxed selective constraint and fix more frequently than
without linkage (Comeron and Kreitman, 1998).

The mechanism leading to large divergence among D.
simulans haplogroups has remained a mystery ever since
Solignac et al. (1986) first described the three distinct
mitochondrial types. Until the current study, the
hypothesis of repeated positive selection acting to accel-
erate interhaplogroup divergence has never been evalu-
ated. Here, we rejected this hypothesis, showing
instead strong evidence for a long history of purifying
selection acting on lineages leading to these three haplo-
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groups. High divergence among mitochondrial haplo-
groups is not predicted under a regime of long term
purifying selection. However, the intimate association
between distinct D. simulans mitochondria and strains
of the bacterial symbiont Wolbachia may offer reconcil-
iation between long term purifying selection and high
interhaplogroup divergence.

The most common phenotype induced by Wolbachia
is cytoplasmic incompatibility. In the simplest case,
incompatibility occurs when an uninfected female mates
with an infected male, causing a reduction in the egg
hatch rate (reviewed by Hoffmann and Turelli, 1997).
All other crossing types are compatible, giving a repro-
ductive advantage to infected females which successfully
reproduce with either infected or uninfected males. In a
population of intermediate infection frequency, infected
females quickly replace uninfected females in a few gen-
erations. Such Wolbachia-induced population sweeps
have been observed theoretically (Caspari and Watson,
1959), in population cages (Kambhampati et al., 1992;
Nigro and Prout, 1990), and in nature (Turelli and Hoff-
mann, 1991). During a Wolbachia-induced population
sweep, all maternally inherited factors initially associated
with infected females will increase in frequency. For this
reason, mitochondrial polymorphism decreases in a way
analogous to genetic hitchhiking (sensu Maynard Smith
and Haigh, 1974). Interestingly, population dynamics
following a Wolbachia-induced population sweep have
not been explored in detail. Here we hypothesized that
following a sweep, mitochondrial haplogroups remained
isolated. Slightly deleterious mutations segregating with-
in mitochondrial haplogroups were effectively removed
by purifying selection prior to their fixation among
haplogroups. This model of slightly deleterious mutation
was originally applied to within and between species
comparisons (Ohta, 1992). The low polymorphism ob-
served within each mitochondrial haplogroup is consis-
tent with a Wolbachia-induced sweep, and may be
decreased even more through multiple sweep-recovery
cycles (Ballard et al., 1996).

2. Materials and methods
2.1. DNA sequences used

We employed the mitochondrial genealogy proposed
by Ballard (2004) to characterize the type of selection
acting on the mitochondrial genome. That genealogy
utilized complete mitochondrial genomes from one
D. yakuba (Clary et al., 1982), two D. melanogaster,
one D. mauritiana (haplogroup mall), 27 D. simulans
(six sil, 12 sill, and nine silll), and one D. sechellia.
The mal haplogroup from D. mauritiana probably re-
sulted from very recent introgression of the D. simulans
silll haplogroup into D. mauritiana (Ballard, 2000c) and

was not included. Of the 27 D. simulans genomes, 22
were from Ballard (2000a) and five from Ballard
(2004). Four of these latter five sill came from a popu-
lation with significantly higher mtDNA polymorphism
then all previous investigations of D. simulans (Dean
et al., 2003). From all genomes, the 13 protein coding re-
gions in Drosophila were analyzed. Nonprotein-coding
regions, including intervening spacer regions, tRNAs,
and rRNAs (but not the unsequenced A + T-rich re-
gion), were used to assess background base composition.

2.2. Codon bias

Codon-based maximum likelihood models were used
to investigate the role that selection has played through-
out the mtDNA genealogy. These methods correct for
codon usage bias, transition:transversion bias (x), and
the occurrence of multiple substitutions by taking a
probabilistic approach to estimating o (Yang and Bie-
lawski, 2000). Changes between codons i and j occur
at the instantaneous rate

0 if the two codons differ at more than
one position,

; for synonymous transversion,

95 = e
km;  for synonymous transition,

on;  for nonsynonymous transversion,

wkm; for nonsynonymous transition,

where 7; is the equilibrium frequency of codon j, « is the
transition:transversion rate ratio, and o = dN/dS. The
equilibrium frequency of each codon was estimated
using the observed nucleotide frequencies at the three
codon positions (Yang and Nielsen, 2000).

Because there is little or no effective recombination in
Drosophila mtDNA, one might consider calculating
from the 13 protein coding regions as a pooled group.
However, pooling genes assumes that the instantancous
rate matrix is homogeneous among genes. One way this
assumption could be violated is if codon bias were het-
erogeneous among genes.

Using the 27 D. simulans taxa, we tested the assump-
tion of homogeneity in codon bias using ENCprime
(Novembre, 2002). This program corrects for background
base composition, an important consideration given the
A + T richness of the mitochondrial genome. Back-
ground base composition was calculated using 3926 bp
of noncoding mtDNA in the mitochondrial genomes,
which included intervening spacer regions, tRNAs, and
rRNAs. Theoretically, the effective number of codons
ranges from 20 (codon bias so extreme that only one co-
don is used per amino acid) to 62 (no codon bias where
all redundant codons are used at equal frequency, minus
the two stop codons in Drosophila mtDNA), assuming
all amino acids are present at least as many times as their
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redundant codons. The effective number of codons was
calculated for each gene after excluding initiation and ter-
mination sites, then regressed onto gene length to test for
heterogeneity among genes. Gene length has been shown
to predict codon bias (Comeron et al., 1999; Duret and
Mouchiroud, 1999; Eyre-Walker, 1996; Marin et al.,
1998; Moriyama and Powell, 1998). Additionally, we
tested whether codon bias differed among groups of mito-
chondrial genes sharing a particular expression level.
Information on expression level was gathered indirectly,
by considering that mitochondrial gene products differ
in stoichiometry (Schigger and Pfeiffer, 2001).

2.3. Lineage-specific hypotheses

After testing for homogeneity in codon bias among
mitochondrial genes, four codon-based maximum likeli-
hood models were analyzed using PAML version 3.15
(Yang, 1997). The major differences among the four
models are summarized in Table 1. The simplest model
tested was the one-ratio-fixed model. In this model, an
o =1 was enforced along all branches in the mtDNA
genealogy (Table 1). This is the expected ratio under a
neutral model of evolution (Yang and Bielawski,
2000), so one-ratio-fixed served as the baseline model
from which to begin explorations of evolutionary rates.

In the one-ratio-estimated model, we relaxed the con-
straint that w = 1. Instead, a single w that best explained
the data was estimated (Table 1). This model differed
from the one-ratio-fixed model by one additional param-
eter, and comparing these two models was akin to asking
if the overall o deviated significantly from unity.

We compared two models to the one-ratio-estimated
model to ask whether the lineages leading to D. simulans
haplogroups (those labeled “‘simulans™ in Fig. 1) were
significantly more similar to intraspecific or interspecific
rates of evolution. First, we compared the one-ratio-esti-
mated model to an interspecific-intraspecific model,
which estimated a single o for all intraspecific lineages
and another w for all interspecific lineages (Table 1). In
this model, we considered the lineages leading to D. sim-
ulans haplogroups as intraspecific. Because we had only a
single representative of D. mauritiana and D. sechellia
(Fig. 1) we included the branches leading to these termi-
nal taxa in the interspecific category. This assignment
was reasonable since no variation has been found within
D. sechellia (Ballard, 2004) or within D. mauritiana mal

Table 1
The major differences among four lineage-specific maximum likelihood
models tested

Model ’s estimated: description

One-ratio-fixed 0: (w fixed at 1)
One-ratio-estimated I: o
Interspecific-intraspecific
Simulans-specific

2: Dinters Dintra

6: Winters Dintra> Dsils DIty Dyillly Dl I+silll

(unpublished data). Comparing the one-ratio-estimated
to the interspecific-intraspecific model was akin to ask-
ing whether interspecific and intraspecific lineages
showed significantly different rates of evolution. These
two models differed by one additional parameter.

Additionally, we compared the one-ratio-estimated
model to a simulans-specific model, in which an inde-
pendent @ was estimated for each lineage leading to
D. simulans haplogroups, as well as the branch leading
from the common ancestor of sill + siI11 to the immedi-
ately preceding ancestor (the branches labeled “simu-
lans” in Fig. 1). The simulans-specific model estimated
five additional parameters compared to the one-ratio-es-
timated model (Table 1).

All models were analyzed three times to assure con-
vergence of the maximum likelihood estimation of
parameters. The few cases where differences among runs
occurred were negligible in magnitude, and interpreta-
tion of statistical significance was not affected. Statistical
significance was judged using the likelihood ratio test
statistic (LR) which is twice the difference in log-likeli-
hoods of two models. This statistic approximately fol-
lows a y° distribution, with degrees of freedom equal
to the number of additional parameters estimated in
the more complex model.

2.4. Site specific hypotheses

The lineage-specific models analyzed above assumed
evolutionary forces acting along the length of a sequence
were homogeneous. However, selection may act hetero-
geneously among codons (Nielsen and Yang, 1998;
Yang et al., 2000). We employed the M7 and MS likeli-
hood models in PAML version 3.15 to detect heteroge-
neity of selection among codons (Yang et al., 2000). The
M7 model assigns codons to one of 10 different rate cat-
egories, following a f distribution, with the constraint
that no rate classes can be greater than w = 1. This null
model can be directly compared to the alternative M8
model (Yang et al., 2000). There are two additional
parameters estimated by the M8 model (the additional
rate class and the probability that codons belong to that
class). In cases where an w > 1 is detected, PAML uses
Bayes theorem to assign probabilities that particular co-
dons belong to particular w classes (Yang, 2002). Both
models were run three times to assure stability. Differ-
ences among runs were negligible and did not affect
interpretation of statistical significance.

3. Results
3.1. Codon bias

Interhaplogroup divergence and intrahaplogroup
polymorphism is shown in Table 2. The regression of
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Table 2
Interhaplogroup divergence and intrahaplogroup polymorphism

Nucleotides Amino acids
Total % Total %
Intrahaplogroup
sil 5.84 0.00039 2.00 0.00054
sill 4.78 0.00032 2.29 0.00062
silll 0.60 0.00004 0.25 0.00007
Interhaplogroup
sil vs. sill 392.05 0.02624 47.57 0.01285
sil vs. silll 345.01 0.02309 26.68 0.00721
sill vs. silll 305.27 0.02043 45.11 0.01219
Intraspecific
D. simulans 236.07 0.01580 26.84 0.00725
D. melanogaster 53.06 0.00356 10.00 0.00270
Interspecific
D. simulans vs. D. melanogaster 605.33 0.04064 89.89 0.02429

the effective number of codons on mitochondrial gene
length was significant (F=9.95, residual =66.39,
df =1, P <0.01), rejecting the null hypothesis of homo-
geneity in codon bias among genes (Fig. 2). This result
argued against pooling mitochondrial genes. Therefore,
we analyzed the three shortest (less than 150 codons)
and 10 longest (greater than 150 codons) genes indepen-
dently. These two categories formed natural groups with
similar codon usage bias (Fig. 2), as there was not a sig-
nificant regression within either group (F=1.26, 0.53,
df =1, P~ 0.46, 0.49, respectively). After pooling, the
short genes combined for 485 codons while the long
genes combined for 3398 codons.

While gene length has been shown to predict codon
bias (Comeron et al., 1999; Duret and Mouchiroud,
1999; Eyre-Walker, 1996; Marin et al., 1998; Moriyama
and Powell, 1998), gene expression may also influence co-
don bias (Gouy and Gautier, 1982; Ikemura, 1985). Mito-
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Fig. 2. Effective number of codons versus number of codons in
mitochondrial genes. There is a significant correlation when all genes
are considered, but not within groups of the three shortest and 10
longest genes (see Section 3).

chondrial protein products participate in four of five
complexes in the electron transport chain and oxidative
phosphorylation (reviewed in Scheffler, 1999). The prod-
ucts of these four complexes differ in stoichiometric levels
(Schigger and Pfeiffer, 2001), suggesting differential gene
expression among complexes. We therefore tested for dif-
ferences in effective number of codons among the four
mitochondrial gene complexes. Complex I includes the
genes ND1, ND2, ND3, ND4, ND4L, NDS5, and ND6.
The genes ND1, ND4, ND4L, and NDS5 were analyzed
separately because they occur on the negative strand
and show very different base composition compared to
genes on the positive strand (Ballard, 2000b). Complex
IT is coded entirely by nuclear genes in Drosophila and is
therefore not applicable to this analysis. Complex 111 in-
cludes only cytochrome b. Complex 1V includes COI,
COII, and COIII. Complex V includes ATPase 6 and
ATPase 8. The effective number of codons did not differ
among complexes (Kruskal-Wallis =2.78, df=4,
P =~ 0.60), suggesting heterogeneous codon usage bias
was not the result of differential gene expression. Pooling
complex I genes into a single category, instead of separat-
ing them into positive strand and negative strand groups,
did not change this result (Kruskal-Wallis = 2.77, df = 3,
P =~ 0.43). The median effective number of codons was
51.33, 52.46, 48.59, 53.09, and 53.61 for Complexes I (po-
sitive strand only), I (negative strand only), III, IV,and V,
respectively.

3.2. Lineage-specific hypotheses

The one-ratio-estimated model fit the data significantly
better than the one-ratio-fixed model for both the short
and long gene groups (Tables 3 and 4), revealing an w sig-
nificantly less than 1 (LR = 385.10 and 5767.90, df =1,
P <0.001 for the short and long genes, respectively).
The one-ratio-estimated model estimated o = 0.0115
and 0.0124 for the short and long genes, respectively.
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Table 3
Likelihood scores and estimated parameters from four lineage-specific likelihood models
Gene group” L K & Ointra Ointer Wyt Wyill Wyt WgilT+siTTT
One-ratio-fixed
Short genes —1648.33 8.85 1.00
Long genes —23383.80 5.75 1.00
One-ratio-estimated
Short genes —1455.78 5.65 0.0115
Long genes —20499.85 5.01 0.0124
Interspecific—intraspecific
Short genes —1455.18 6.06 0.0183 0.0094
Long genes —20498.19 5.10 0.0160 0.0115
Simulans-specific
Short genes —1448.98 6.26 0.0368 0.0115 0.0056 0.0076 0.0127 0.0328
Long genes —20486.73 5.12 0.0893 0.0093 0.1218 0.0069 0.0001 0.0001

% Three short genes and 10 long genes (see text and Fig. 2).

Table 4
Likelihood ratio test statistics comparing two models

Gene group® One-ratio-fixed vs. One-ratio-estimated vs. One-ratio-estimated vs.
one-ratio-estimated (df® = 1) interspecific-intraspecific (df = 1) simulans-specific(df = 5)

Short genes 385.10" 1.20 13.60"

Long genes 5767.90" 3.32 26.24"

% Three short genes and 10 long genes (see text and Fig. 2).
® df = degrees of freedom.
" P<0.05.

We compared two models, interspecific-intraspecific
and simulans-specific, to the one-ratio-estimated model.
The interspecific-intraspecific model did not fit the data
significantly better than the one-ratio-estimated model
(LR =1.20 and 3.32, df =1, P> 0.05 for the two gene
groups, Tables 3 and 4). The intraspecific/interspecific
w’s for the short and long genes, respectively, were esti-
mated as 0.0183/0.0094 and 0.0160/0.0115 (Table 3).

In contrast to the interspecific-intraspecific model,
the simulans-specific model explained the data signifi-
cantly better than the one-ratio-estimated model
(LR =13.60 and 26.24, df =5, P <0.05 for the two
gene groups, Tables 3 and 4). The simulans-specific
model showed that in general, the intraspecific rate
was greater than the background interspecific rates
and the simulans-specific rates (Table 3). The lone

Table 5

exception to this trend was the high w,; = 0.1218 esti-
mated from the long genes, which was greater than the
intraspecific rate w = 0.0893. Therefore, after moving
the “simulans” lineages out of the intraspecific category,
the intraspecific rate of evolution increased substantially
(from 0.0183 and 0.0160 to 0.0368 and 0.0893 for the
short and long genes, respectively). This shift suggested
that the lineages leading to D. simulans haplogroups
have a reduced rate of evolution compared to back-
ground intraspecific rates.

3.3. Site-specific hypotheses
No evidence for positive selection acting on any co-

dons was found for either gene group (Table 5). Analy-
ses of site-specific models showed selection has acted

Likelihood scores and estimated parameters from two site-specific likelihood models

Gene group® L ) Estimates of parameters

M7

Short genes —1446.96 0.0124 p=0.048, g =2.562

Long genes —20341.35 0.0140 p=0.039, ¢ =1.731

M8

Short genes —1446.89 0.0126 Po = 0.960, p; = 0.040, p = 0.081, ¢ = 11.229, , = 0.190
Long genes —20335.91 0.0144 po=0.398, p; =0.602, p =0.030, ¢ = 0.789, w, = 0.006

& Three short genes and 10 long genes (see text and Fig. 2).
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heterogeneously among codons in the long genes, but in
neither group was there evidence for positive selection
acting on any codons. Model M8 did not fit the data
significantly better than M7 for short genes
(LR=0.14, df=2, P~0.93), but did for the long
genes (LR =10.88, df =2, P <0.005), which resulted
from estimation of the additional rate class w = 0.006
(Table 5). Neither gene group showed evidence of rate
categories where w > 1, and zero out of 485 or 3398
codons for the short or long gene groups, respectively,
were under positive selection with a posterior probabil-
ity greater than 0.50.

4. Discussion

Selection has apparently acted upon distinct mito-
chondrial lineages within D. simulans in a way that is
characteristic of interspecific lineages. Previously, Bal-
lard (2000a) found a significant excess of nonsynony-
mous changes and a significant deficiency of
synonymous changes within sil and sill haplogroups.
Ballard and Kreitman (1994) argued the sil lineage
evolved in a manner usually observed among species.
This discovery made intuitive sense given sil is more clo-
sely related to D. sechellia than either is to sill or siIIl
(Fig. 1). Furthermore, sil is the only haplogroup that
has never been found in sympatry with another haplo-
group (Solignac, 2004, also see http://www.myweb.uio-
wa.edu/bballard/map.htm). With maximum likelihood
models, we extended this finding, estimating w’s for
the “simulans™ lineages that were significantly reduced
and more similar to interspecific lineages (Fig. 1). Our
findings suggest slightly deleterious mutations segregat-
ing within D. simulans haplogroups were removed by
selection prior to their fixation among haplogroups
(Hasegawa et al., 1998; Ohta, 1992). No evidence was
found to suggest any codons experienced recurrent posi-
tive selection on this background of purifying selection.

One plausible hypothesis is that mitochondrial haplo-
groups represent isolated lineages, so that the model of
slightly deleterious mutations applies to the three “sim-
ulans” lineages just as if they were distinct species. Such
isolation may have arisen by association with distinct
strains of Wolbachia and/or historical demographic
events. Association with distinct strains of Wolbachia
provides a mechanism which makes this hypothesis via-
ble. In D. simulans, each mitochondrial haplogroup is
associated with a genetically distinct strain of Wolbachia
(Ballard, 2004). The sil haplogroup may be infected with
wHa, wMa, or both simultaneously. The siII haplogroup
may be infected with wRi or wAu, but never both. The
silll haplogroup may be infected with wMa. These
strains differ by up to 12% at the highly variable wsp lo-
cus (Zhou et al., 1998), but some are invariant at the
more conserved 16S (O’Neill et al., 1992). A likely recon-

struction of the gains and losses of these strains is pre-
sented in Fig. 1 (Ballard, 2004).

As mentioned previously, Wolbachia-induced popula-
tion sweeps result in a reduction of mitochondrial poly-
morphism, in a way analogous to genetic hitchhiking
(Hoffmann and Turelli, 1997; Turelli et al., 1992). Fol-
lowing a Wolbachia-induced population sweep, the asso-
ciated mitochondrial type will persist in a population
indefinitely. Incoming migrants will be selected against
unless they are infected with the same strain of Wolba-
chia, in which case they are likely to carry the same
mitochondrial variant. This may lead to long term per-
sistence of the mitochondrial haplotype associated with
the infection since it is largely removed from competi-
tion with individuals carrying other mitochondrial hapl-
otypes. For example, it has been shown that the sil
haplogroup is competitively inferior in population cage
experiments (Ballard and James, 2004) yet it remains
fixed in Hawaii and Tahiti, perhaps due to association
with wHa which induces strong incompatibility. Long
term persistence of a mitochondrial haplotype may in
turn bias against the fixation of slightly deleterious
mutations among haplogroups since such mutations
must also persist an irregularly long time in a popula-
tion. Our results contrast with patterns found in D. re-
cens, where an elevated dN/dS was associated with
Wolbachia infection (Shoemaker et al., 2004).

Interestingly, the association between distinct mito-
chondrial haplogroups and Wolbachia strains may also
explain the high divergence among D. simulans haplo-
groups. Independent Wolbachia-induced population
sweeps may have eliminated once abundant mitochon-
drial polymorphism, resulting in the preservation of
three mitochondrial haplogroups. Based on studies of
nuclear genes (Andolfatto, 2001; Dean and Ballard,
2004), it is feasible that an ancestral population of D.
simulans held mitochondrial diversity on the order of
2%. Incoming Wolbachia strains may have randomly
associated with mitochondrial variants averaging 2% ge-
netic difference. After independent Wolbachia-induced
population sweeps removed intermediate variation, D.
simulans would then hold three distinct mitochondrial
haplogroups.

An obvious question is whether the original associa-
tion between distinct mitochondrial haplogroups and
Wolbachia strains arose by chance alone or if there
was some functional reason for the particular associa-
tions. The latter hypothesis predicts a mutually in-
creased rate of evolution (Erlich and Raven, 1964;
Frank, 2000), especially if Wolbachia are parasitic. Our
analyses of maximum likelihood models above showed
no evidence for an increase in evolutionary rate, and
no evidence for any codons experiencing repeated posi-
tive selection. These patterns argue that the original
association between distinct mitochondrial haplogroups
and distinct Wolbachia strains arose by chance alone.
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The hypothesis that Wolbachia-induced sweeps isolate
mitochondrial lineages and lead to a decreased rate of
interhaplogroup evolution must be reconciled with the
pattern of gains and losses of particular strains (Fig. 1).
As shown, the branch leading from the common ancestor
of all sill to the common ancestor of all sill + siIII was
probably uninfected since no sill are infected with wMa,
while sil and silll are regularly infected with wMa. Never-
theless, our analyses above identified a significantly re-
duced rate along this branch. At first impression, this
may seem to contradict the hypothesis that Wolbachia
infections caused long term isolation, but we cannot be
sure when the wMa infection was lost along this branch.
If wMa was lost nearer the common ancestor of all sill,
then these haplogroups may have been historically iso-
lated from other mitochondrial lineages. Even though
the wMa strain of Wolbachia does not induce strong
incompatibility in the laboratory (James and Ballard,
2000), it may have persisted through other means such
as fitness benefits to the host (Hoffmann and Turelli,
1997) and lead to long term persistence of the associated
mitochondrial type. In addition, it may have induced
incompatibility in the past.

Another pattern that requires reconciliation is the
high genetic diversity in the basal sill group of KY45,
KY201, KY07, and KY215 (Fig. 1). Dean et al. (2003)
showed these came from a population with unusually
high mitochondrial diversity, and that Wolbachia-in-
fected individuals were effectively absent. From that
study, we might expect the branch leading to these four
taxa to show evidence of relaxed purifying selection,
since their mitochondrial haplogroups have apparently
not been genetically isolated. However, a model that
estimated an additional @ along the branch leading to
this basal sill group did not fit the data significantly bet-
ter compared to the simulans-specific model for either
gene group.

Population dynamics following a Wolbachia-induced
sweep have not been well studied. Theoretical work sug-
gests that a Wolbachia variant may re-sweep through an
already infected population if acquired mutations allow
for stronger incompatibility, lower fitness costs to their
hosts, and/or higher maternal transmission fidelity (Tur-
elli, 1994). Empirical evidence suggests sweeps of mito-
chondrial variation have occurred in both infected and
uninfected populations. Ballard et al. (1996) showed
mitochondrial variability was significantly reduced (rel-
ative to divergence among haplogroups) compared to
a noncoding region of a nuclear gene, in both uninfected
and infected flies. They suggested the dramatic reduction
in mitochondrial diversity may be related to Wolbachia
or the fixation of an advantageous mitochondrial muta-
tion. In this study we reject the latter hypothesis as a
general explanation.

Another way multiple Wolbachia-induced sweeps
may occur is through natural fluctuation of infection

frequency. Founder effects may reduce infection fre-
quency, making that population susceptible to another
Wolbachia-induced population sweep in the future. Sim-
ilarly, selection may favor a host that can clear Wolba-
chia infections or can minimize the strength of
incompatibility, which would make the population sus-
ceptible to another Wolbachia-induced population
sweep (Hurst and McVean, 1996; Turelli, 1994). Weak-
ened incompatibility has been observed in several spe-
cies (Bourtzis et al.,, 1998; Charlat et al.,, 2002;
Giordano et al., 1995; Merc¢ot and Poinsot, 1998; Rous-
set and Solignac, 1995; Turelli and Hoffmann, 1995).

Several alternative hypotheses are now discussed that
seem less likely to explain why the lineages leading to D.
simulans haplogroups showed a significantly reduced
rate of evolution compared to the background intraspe-
cific rate. One hypothesis is that the three D. simulans
mitochondrial haplogroups represent cryptic species,
thus showing a rate of evolution more similar to the
interspecific rate. This hypothesis was rejected by Bal-
lard et al. (2002), who showed that neither nuclear
DNA data, mate choice, nor genitalic shape showed
any evidence of organismal subdivision similar to mito-
chondrial subdivision.

A second alternative hypothesis is that the mitochon-
drial haplogroups diverged in other species and were
horizontally transferred into D. simulans, carrying with
them the signature of interspecific selection. This
hypothesis seems unlikely. While D. mauritiana shares
a haplotype identical to the canonical silII, Ballard
(2000c) argued that this haplotype was transferred from
D. simulans to D. mauritiana. The only viable hybrids
between these two species result when a male D. mauri-
tiana mates with a female D. simulans. It is unlikely that
unsampled taxa would change this interpretation since
this group is well studied.

A third alternative hypothesis is that each haplo-
group has a very large effective population size relative
to the mutation rate, and that selection is exceedingly
efficient at removing slightly deleterious mutations prior
to fixation among haplogroups. This hypothesis also
seems unlikely given that sil and silIl have only been
found in small geographic regions (Ballard, 2004; Mont-
champ-Moreau et al., 1991; Solignac, 2004). Over 95%
of the range of D. simulans is inhabited by sill-carrying
flies, so sill probably has the largest effective population
size relative to sil and siIII. Yet all three lineages show a
characteristic reduction in w. In order for this hypothe-
sis to remain viable, one must posit that historic effective
population sizes were much larger than present and that
they were relatively equal in size throughout most of
their history. This is an unlikely ad hoc justification gi-
ven that D. simulans is a human commensal that proba-
bly expanded from an ancestral origin in Madagascar
(Dean and Ballard, 2004; Lachaise et al., 1988; Lachaise
and Silvain, 2004).
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In summary, the lineages leading to D. simulans
haplogroups have experienced a significantly reduced
rate of molecular evolution, as measured by the rate of
nonsynonymous relative to synonymous substitutions.
Association with the bacterial symbiont Wolbachia
may have caused associated mitochondrial types to per-
sist an irregularly long time in isolation, and demo-
graphic history may also have lead to isolation. Long
term isolation may bias against the fixation of slightly
deleterious mutations segregating within D. simulans
haplogroups, since such mutations must also persist an
irregularly long period of time. Future investigations
should compare patterns found here to species groups
that have not been affected by Wolbachia.
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