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Abstract

The endosymbiotic bacteria Wolbachia pipientis is known to infect a wide range of arthropod species yet less is known
about the coevolutionary history it has with its hosts. Evidence of highly identical W. pipientis strains in evolutionary
divergent hosts suggests horizontal transfer between hosts. For example, Drosophila ananassae is infected with a
W. pipientis strain that is nearly identical in sequence to a strain that infects both D. simulans and D. suzukii, suggesting
recent horizontal transfer among these three species. However, it is unknown whether the W. pipientis strain had recently
invaded all three species or a more complex infectious dynamic underlies the horizontal transfers. Here, we have
examined the coevolutionary history of D. ananassae and its resident W. pipientis to infer its period of infection.
Phylogenetic analysis of D. ananassae mitochondrial DNA and W. pipientis DNA sequence diversity revealed the current
W. pipientis infection is not recent. In addition, we examined the population genetics and molecular evolution of several
germline stem cell (GSC) regulating genes of D. ananassae. These studies reveal significant evidence of recent and long-
term positive selection at stonewall in D. ananassae, whereas pumillio showed patterns of variation consistent with only
recent positive selection. Previous studies had found evidence for adaptive evolution of two key germline differentiation
genes, bag of marbles (bam) and benign gonial cell neoplasm (bgcn), in D. melanogaster and D. simulans and proposed that
the adaptive evolution at these two genes was driven by arms race between the host GSC and W. pipientis. However, we
did not find any statistical departures from a neutral model of evolution for bam and bgcn in D. ananassae despite our
new evidence that this species has been infected with W. pipientis for a period longer than the most recent infection in
D. melanogaster. In the end, analyzing the GSC regulating genes individually showed two of the seven genes to have
evidence of selection. However, combining the data set and fitting a specific population genetic model significant
proportion of the nonsynonymous sites across the GSC regulating genes were driven to fixation by positive selection.
Clearly the GSC system is under rapid evolution and potentially multiple drivers are causing the rapid evolution.
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Introduction
Endosymbionts are organisms that reside inside its host and
have effects that range from parasitism to mutualism (Dale
and Moran 2006). A common mode of transmission for these
symbionts involves vertical transmission where it is passed
down from the host to its progeny (Werren and O’Neill
1997). As these heritable symbionts are transmitted from
one cytoplasm to another, they are mainly found in female
reproductive organs to ensure maximum transmission of
themselves to the hosts’ offspring (Buchner 1965).
Traditionally, heritable endosymbionts were thought to be
mutualistic with their host because any deleterious harm
that caused to its host would result in decreased transmission
of the symbionts as well (Fine 1975). However, there are
numerous cases of the endosymbiont being parasitic and
controlling the hosts’ reproduction for its own benefit
(Engelst€adter and Hurst 2009). Hence, these endosymbionts
that manipulate the hosts’ reproductive system are called
reproductive parasites.

Reproductive parasites have a strong interest in localizing
at the host reproductive tract for their own transmission
because here they are predicted to be able to manipulate
the host germline (Werren 2005). In the developing embryo
of its host, for example, studies have shown cases where the
reproductive parasites localize in developmental regions that
later differentiate into reproductive tracts (Kose and Karr
1995; Ferree et al. 2005). In other cases, the reproductive
parasite could directly select against uninfected germline
stem cells (GSCs) for elimination and favor the transmission
of infected GSCs (Werren 2005). Thus, a conflict would then
arise between the host GSC and reproductive parasites.

Types of reproductive parasites can range from genetic
elements, such as transposable elements (TEs) and meiotic
drivers, to heritable microorganisms and organelles (Werren
2011). Wolbachia pipientis an alpha-proteobacteria is one of
the most successful reproductive parasites that is estimated
to infect up to 66% of all insect species (Hilgenboecker et al.
2008). The ability of W. pipientis to infect a wide range of
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arthropods is thought to be due to its ability to manipulate
the hosts’ reproductive ability (Werren et al. 2008) and
behavior (de Crespigny et al. 2006) to ensure maximum trans-
mission through the female lineage. Evidence of W. pipientis
infection is heterogeneous among Drosophila species (Mateos
et al. 2006) suggesting that each host has had a unique evo-
lutionary interactions with the reproductive parasite.
However, assays of a simple absence or presence of W. pipien-
tis are not sufficient to understand the dynamics of the
infection as it ignores the duration of the W. pipientis infec-
tion. One way to examine the age of an infection is to study
the population genomics of resident W. pipientis reassembled
from infected host genome sequences from population sam-
ples (Richardson et al. 2012; Chrostek et al. 2013; Early and
Clark 2013). However, studies sequencing only a few
W. pipientis loci (rather than full genomes) failed to find
sequence diversity among resident W. pipientis infecting dif-
ferent individuals sampled from natural populations
(Guillemaud et al. 1997; James and Ballard 2000; Shoemaker
et al. 2003; Dyer and Jaenike 2004), potentially due to a low
rate of mutation for W. pipientis (Raychoudhury et al. 2009;
Richardson et al. 2012; Early and Clark 2013). An alternative
approach then is to examine the host mitochondria DNA
(mtDNA) phylogeny because, like W. pipientis, it is also ma-
ternally inherited, yet accumulates substitutions at a faster
rate. Thus, analysis of mtDNA would give an indirect estimate
of the infectious history of W. pipientis (Hurst and Jiggins
2005). A recent W. pipientis invasion would be predicted to
have eliminated the mtDNA diversity of the host due to rapid
fixation in the population of the mtDNA haplotype in linkage
disequilibrium with the initial female infected with W. pipien-
tis. After the W. pipientis (and hitchhiking mtDNA) sweep
through the entire population, they will both accumulate
mutations returning variability to levels present prior to the
W. pipientis invasion. Estimating the time to most recent
common ancestor (TMRCA) of the mtDNA of a population
infected with W. pipientis thus provides an indirect estimate
of the time since the initiation of the most recent W. pipientis-
mediated mtDNA sweep.

Interestingly within the Drosophila genus, some of the
Drosophila species that have diverged millions of years ago
are infected with nearly identical W. pipientis strains. For
example, the genome sequence of W. pipientis Riverside
strain of D. simulans (wRi) (Hoffmann et al. 1986) has very
little sequence divergence from the genome sequence of W.
pipientis infecting D. ananassae (wAna) (Salzberg et al. 2005)
and D. suzukii (Siozios et al. 2013), suggesting recent horizon-
tal transfers of W. pipientis among the three host species.
Although vertical transmission is the main mode of transmis-
sion for W. pipientis, occasional horizontal transfer between
phylogenetically distant species occurs through unknown
mechanisms (Werren et al. 1995). Thus, the infectious history
of W. pipientis in Drosophila is dynamic and the period of
infection would be an important factor to consider when
evaluating the potential for the coevolution of W. pipientis
and its host.

Here, we have investigated the coevolutionary history of
D. ananassae and its resident W. pipientis. We compared the

TMRCA for the current W. pipientis infecting D. ananassae
with those W. pipientis currently infecting D. melanogaster
and D. simulans, two well-studied species that are also
widely infected by W. pipientis. Additionally, we have
conducted a population genetic analysis of the molecular
evolution of several key GSC regulating genes in D. ananassae.
Like many other reproductive parasites, W. pipientis is pre-
dicted to have an antagonistic relation with the host germline
by manipulating the host GSCs. For example, the parasitic
wasp Asobara tabida shows an extreme case of manipulation
where the elimination of W. pipientis with antibiotics halts the
formation of mature oocytes in the host (Dedeine et al. 2001).
In D. melanogaster, W. pipientis is able to suppress hypo-
morphic sex-lethal (Starr and Cline 2002) and bag-of-marbles
(bam) (Flores 2012) mutations resulting in a significant in-
crease in the hosts’ fecundity. Furthermore, W. pipientis in the
species D. mauritiana directly manipulates the host GSC reg-
ulating system, ultimately resulting in a 4-fold increase in
fertility in infected individuals (Fast et al. 2011). Thus, the
manipulation caused by W. pipientis could lead to selective
pressure on the host GSC to resist the manipulation, resulting
in a coevolutionary arms race between the host GSC and W.
pipientis.

Previous studies have found two of the key GSC differen-
tiation genes bam and benign gonial cell neoplasm (bgcn)
under strong positive selection for amino acid change in
D. melanogaster and D. simulans (Civetta et al. 2006; Bauer
DuMont et al. 2007). Having a role in GSC differentiation for
bam (McKearin and Spradling 1990) and bgcn (G€onczy et al.
1997), the evolutionary driver of selection on bam and bgcn
was hypothesized to be a coevolutionary arms race between
the host GSC and W. pipientis (Bauer DuMont et al. 2007).
Because of the strong evidence of positive selection in bam
and bgcn observed in D. melanogaster and D. simulans (Bauer
DuMont et al. 2007), we examined the population genetics of
bam and bgcn in D. ananassae because it is also known to be
widely infected by W. pipientis (Mateos et al. 2006). We also
analyzed the population genetics of five other GSC regulating
genes (nanos [nos], otefin [ote], pumillio [pum], stone-wall
[stwl], and female-sterile-1-Yb [Yb]) that interact downstream
or upstream of bam and bgcn (Xie 2012).

Our phylogenetic results suggest that the current
W. pipientis infection in D. ananassae was longer than
D. melanogaster but shorter than the infections in D. simulans.
As a result of this infectious period for wAna, we suggest the
recent introduction of what is called the wRi strain of
W. pipientis found to be rapidly spreading across several
D. simulans populations within the past several decades
had its origins as a horizontally transferred wAna strain that
was infecting D. ananassae. Our population genetic results of
D. ananassae GSC regulating gene contrast D. melanogaster
and D. simulans where despite the potentially long period of
infection in D. ananassae (at least longer than the current
D. melanogaster infection), no significant evidence of positive
selection was detected for the genes bam and bgcn whereas
evidence of positive selection was observed for the genes pum
and stwl. Our population genetic results thus do not support
a simple W. pipientis conflict hypothesis causing adaptive
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evolution at bam and bgcn in all species of Drosophila, and
reinforce that multiple sources of selection likely explain the
heterogeneous pattern of positive selection observed for sev-
eral important GSC proteins.

Results

Phylogenetics of W. pipientis in D. ananassae

The evolutionary history of the wAna strain of W. pipientis
currently infecting D. ananassae populations was evaluated
by examining ten wAna loci distributed evenly across the
wAna genome, in 23 isofemale lines of D. ananassae from
17 different geographical locations around the world (fig. 1).
Polymerase chain reaction (PCR) amplification of D. ananas-
sae DNA from each line prior to antibiotic treatment revealed
that 83% of these lines had positive evidence for W. pipientis
infection (Apia77, NOU83, PPG90, and Samoa3 had negative
PCR results). This suggests a worldwide prevalence of W.
pipientis in the D. ananassae population. Despite the wide
geographical range of wAna infection we found almost no
sequence polymorphism across the approximately 7,200 bp
of DNA sequenced, excluding the W. pipientis sequence from
strain Samoa2 (discussed below). The only variants found
were the gene mutL at site 997 and gene hcpA at site 205
both with a G/T heterozygous polymorphism for wAna that
infected D. ananassae strain D38, and gene mutL at site 336
with an A/G heterozygous polymorphism for wAna that in-
fected D. ananassae strain PNP1.

Because of prior evidence of a whole wAna genome inte-
gration into the D. ananassae chromosome (Hotopp et al.
2007), tetracycline-treated flies were also examined for wAna
genes to distinguish PCR amplification of bacterial wAna
genome versus the integrated genome. Almost half of the
D. ananassae isofemale lines (RC102, 111DCebu, HNL0501,
KMJ1, GB1, TBU146, TBU247, OGS98-K1, and VAU150)
were infected with wAna based on a lack of PCR amplification
of W. pipientis genes after tetracycline treatment (fig. 1).
Strains for which wAna genes still amplified after tetracycline
treatment (EZ104, D38, BKK13, PNP1, TB43, TI8, TBU3, and
Jarkarta) presumably have an integrated wAna genome
(fig. 1). However it should be noted that although treatment
with tetracycline allows detection of wAna genes originating
from the integrated genome, this approach cannot determine
whether strains with an integrated genome also had a wAna
infection. In accordance with Hotopp et al. (2007), we have
also observed almost a complete absence of polymorphism
between the wAna genome and the integrated wAna
genome. However, our study includes a broader sample of
worldwide D. ananassae population suggesting that the inte-
grated genome has recently spread to a very wide geographic
range.

The two genes with polymorphism before tetracycline
treatment in D38 were still segregating as heterozygous
sites in flies treated with tetracycline. This suggests that the
integrated genome in this isofemale line has accumulated
mutations in both genes and is now heterozygous. In the
PNP1 isofemale line, tetracycline treatment reveals that the
integrated gene had a variant fixed for A whereas prior to
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treatment, this line was polymorphic for A and G. As the
reference wAna genome is fixed for G, this result suggests
that PNP1 is likely to be infected with wAna that has the
G variant but also has an integrated genome that had accu-
mulated mutation and is now fixed with the A variant. These
three segregating polymorphisms thus all appear to represent
mutations that occurred in the integrated genome after it
had inserted into the host, thus representing the D. ananassae
host’s mutation rate rather than that of the infectious
W. pipientis.

Drosophila ananassae isofemale line Samoa2 amplified for
some but not all W. pipientis wAna PCR primers (those for
mutL, ank1, ank3, and gpA did not amplify; fig. 1) suggesting a
divergent strain of W. pipientis was present in this line. BLAST
nucleotide search of the five MLST gene sequences from
Samoa2 against nucleotide databases indicated that it did
not originate from wAna but matched other W. pipientis
MLST genes from different hosts with high identity
(4 95%). However, a completely identical sequence could
not be found, suggesting that the W. pipientis infection in
Samoa2 is a previously uncharacterized strain of W. pipientis.
We have named this strain wAnaS for W. pipientis infecting
D. ananassae Samoa2. The full genomic sequence and
characteristics of wAnaS will be presented elsewhere.

D. ananassae Mitochondrial Phylogeny

The near absence of polymorphism in the approximately
7,200 bp of wAna sequence assayed is consistent with a
recent invasion into the D. ananassae population. However,
the lack of variability is also consistent with a very low wAna
genomic mutation rate. As the both mitochondria and
W. pipientis are materially inherited, variation in each will
be in linkage disequilibrium. Thus, polymorphism within
the faster evolving mtDNA could be used as an indirect

inference for the history of W. pipientis invasion and spread
within D. ananassae populations (following Hurst and Jiggins
2005). Thus, sequences from the mitochondrial genes CO1,
CO2, and CytB were obtained from the same isofemale lines of
D. ananassae that we had analyzed for W. pipientis.

The mtDNA phylogeny from all 23 isofemale lines was
estimated by both maximum likelihood (ML) and Bayesian
methods (fig. 2). The most distinguishing feature of the re-
constructed D. ananassae mtDNA tree was the presence of
two major clades. As all four samples from the Samoan region
(Apia77, PPG90, Samoa2, and Samoa3) grouped together, we
designated them as the S clade and differentiated it from the
rest of the isofemale lines. The phylogeny had poor resolution
in differentiating all D. ananassae mtDNA haplotypes; how-
ever, branches with the highest support were for haplotypes
in isofemale lines that carried the infectious wAna (fig. 2A and
B). A closer look at strains with the infectious wAna (fig. 2
strains with striped pentagon) showed relatively deep
branches that clearly differentiated the wAna-infected line
mtDNA haplotypes from another. Of particular note, the
mtDNA phylogeny did not have a star-like topology expected
after a recent selective sweep.

Monophyly was not seen for the infected versus unin-
fected strains. For example, the mtDNA haplotypes from
four uninfected isofemale lines (APIA77, NOU83, PPG90,
and Samoa3) grouped with the infected line haplotypes.
Although it is possible that these four lines simply have not
yet been infected with W. pipientis, it is also possible that this
pattern is due to the incomplete maternal transmission of
W. pipientis suggested for D. melanogaster (Richardson et al.
2012; Early and Clark 2013). The mtDNA haplotypes defining
the S clade grouped with high statistical support (bootstrap
value 100, Bayesian probability 1.0) with the clade itself having
an increased divergence compared with other haplotypes. As

100 1.0
BA

S S

100 94
85

0.99 0.93

1.0

88

89
97

98

0.98

1.0
1.0

0.86

96
88

1.0

FIG. 2. Phylogenetic reconstruction of worldwide Drosophila ananassae mitochondria using the third codon position. Genealogy was inferred using ML
(A) and BI (B). The reference mitochondrial genome sequence of D. ananassae (BK006336) was included in the tree and labeled as D. ananassae. The
tree was midpoint rooted. Bootstrap values of greater than 85% (A) and probability of greater than 0.85 (B) are only shown on the node of the tree.
Pentagon shape filled with black color represent D. ananassae strain infected with wAnaS. Mitochondrial haplogroups that are potentially in linkage
disequilibrium with wAnaS are labeled as the S group. Pentagon shape with stripes indicates D. ananassae with the infectious wAna, whereas pentagon
shape filled with grey indicates D. ananassae strains with evidence of the integrated wAna genome but uncertain if they also have the infectious wAna
(see text). Strains without pentagon shape have no evidence of wAnaS or wAna infection. The length of the scale bar for both trees represents the
number of mutations per site.
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Samoa2 of this clade had evidence of wAnaS infection (fig. 2
strain labeled with black colored pentagon), the increase in
divergence is likely to be due to a wAnaS-mediated mitochon-
drial sweep. Although the isofemale Apia77, PPG90, and
Samoa3 did not have any evidence of W. pipientis infection
(or integration), the fact that they share a virtually identical
mtDNA haplotype to that in Samoa2 raises the possibility
that all four lines had their mtDNA swept to fixation by a
W. pipientis infection that was subsequently lost by lines
Apia77, PPG90, and Samoa3.

The timing of the W. pipientis-induced mtDNA sweep
through D. ananassae was inferred by estimating the
TMRCA of all mtDNA haplotypes. Although we have evi-
dence of two separate invasions of W. pipientis (wAna and
wAnaS) into D. ananassae, we are unable to infer which
invasion occurred first. Thus, we estimated the TMRCA of
all mtDNA haplotypes to estimate the time of the first
mtDNA sweep, and presumably the first infection by W.
pipientis. Using the program BEAST and assuming a rate of
mutation for mtDNA of 6.2� 10�8 substitutions/site/gener-
ation (Haag-Liautard et al. 2008), we infer the median TMRCA
for all D. ananassae mtDNA haplotypes at 2.1� 105 genera-
tions, with 95% highest posterior density interval (HPD) rang-
ing from 1.4� 105 to 3.0� 105 generations. As wAna
infection is more prevalent worldwide (fig. 1), the TMRCA
of mtDNA infected with the infectious wAna (fig. 2 strains
labeled with striped pentagon) would represent the initial
time point when wAna had invaded D. ananassae and
spread throughout the worldwide range of this species. We
cannot rule out a scenario where wAnaS was the first W.
pipientis infection in D. ananassae but was incompletely
replaced by wAna. In this later case, the TMRCA of mtDNA
with wAna infection would represent the minimum time D.
ananassae have been infected with W. pipientis. The median
TMRCA for wAna-infected mtDNA was 1.1� 105 generations
(95% HPD from 6.9� 104 to 1.5� 105 generations).

Of interest is how the age of infection for D. ananassae
compares with those of other Drosophila species. We thus
used the same approach and program to estimate the
TMRCA of mtDNA from D. melanogaster and D. simulans.
Using only the coding sequence of the mtDNA genome ob-
tained from the study of Ballard (2000), the median mtDNA
TMRCAs were estimated at 7.9� 104 generations (95% HPD
from 5.2� 104 to 1.1� 105 generations) for D. melanogaster,
and 8.8� 105 generations (95% HPD from 7.5� 105 to
1.0� 106 generations) for D. simulans. Although our
TMRCA estimates for D. melanogaster are based on only
two mtDNA genomes from Ballard (2000), our estimate is
similar to previous population genomic studies based on large
numbers of D. melanogaster mtDNA genome sequences
(Richardson et al. 2012; Early and Clark 2013). Thus, the cur-
rent infection of W. pipientis in D. ananassae appears to be
roughly 1.3 times older than that in D. melanogaster but only
one-eighth as long as for D. simulans.

We then examined the site frequency distribution of the
mtDNA as a recent selectively driven sweep caused by the
spread of W. pipientis is predicted to skew the frequency
distribution toward an excess of rare alleles (Simonsen et al.

1995; Fu 1997). However, after a W. pipientis-mediated
mtDNA sweep, the host mtDNA polymorphism is expected
to recover to its equilibrium site frequency distribution over
time (Dyer and Jaenike 2004). Tests of a fit of measures of the
site frequency spectrum to the expectations of an equilibrium
neutral model failed to detect any skew in frequency for the
full D. ananassae mtDNA data set (Tajima’s D [Tajima
1989]¼�0.78, P¼ 0.28; Fu–Li’s D [Fu and Li 1993]¼ 0.53,
P¼ 0.31). Even examination of just the mtDNA haplotypes
from isofemale lines currently infected with wAna (fig. 2
strains labeled with striped pentagon) showed no departure
from an equilibrium neutral model (Tajima’s D¼�0.60,
P¼ 0.30; Fu–Li’s D¼�0.58, P¼ 0.33). These results suggest
that any maternally driven selective sweep of mtDNA oc-
curred sufficiently long enough ago so that the nucleotide
site frequency spectrum has now recovered back to equilib-
rium levels.

Population Genetics of Several Key GSC Genes in
D. ananassae

Given the potential for W. pipientis to manipulate the GSCs
and reproduction of their host insect species, we examined
levels and patterns of DNA sequence variation for seven GSC
genes from two ancestral South East Asia populations of
D. ananassae. Nucleotide polymorphism levels for these

Table 1. Polymorphism and Divergence of GSC Regulating Genes in
Drosophila ananassae BKK and BOG Population.

Synonymous Nonsynonymous

Gene n S h p KJC h p KJC FST

bam

BKK 14 8 0.0076 0.0094 0.326 0.0003 0.0001 0.049 0.03

BOG 9 9 0.0089 0.0095 0.320 0.0007 0.0006 0.049

bgcn

BKK 13 101 0.0346 0.0368 0.289 0.0017 0.0018 0.012 0.10

BOG 10 96 0.0369 0.0375 0.294 0.0012 0.0012 0.012

nos

BKK 14 42 0.0198 0.0154 0.260 0.0022 0.0019 0.026 0.05

BOG 5 16 0.0106 0.0111 0.253 0.0011 0.0009 0.026

ote

BKK 14 64 0.0482 0.0548 0.244 0.0053 0.0052 0.033 �0.05

BOG 4 44 0.0454 0.0431 0.226 0.0040 0.0039 0.034

pum

BKK 11 37 0.0267 0.0252 0.143 0 0 0.005 —

stwl

BKK 14 78 0.0229 0.0226 0.278 0.0040 0.0031 0.082 0.12

BOG 7 47 0.0178 0.0176 0.282 0.0028 0.0023 0.082

Yb

BKK 10 103 0.0239 0.0216 0.470 0.0039 0.0041 0.156 —

Average

BKK — — 0.0262 0.0266 0.2872 0.0025 0.0023 0.0520 —

BOG — — 0.0239 0.0238 0.2748 0.0020 0.0018 0.0404 —

NOTE.—n, the sample size examined; S, the number of segregating sites; �, poly-
morphism measured as Watterson’s theta; �, polymorphism measured as average
pairwise differences; KJC, average nucleotide difference between D. ananassae and D.
atripex with Jukes–Cantor correction; FST, fixation index for measuring genetic dif-
ferentiation between the BKK and BOG population.
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GSC genes (table 1) were generally similar to those from
previous studies of D. ananassae population (Das et al.
2004; Grath et al. 2009). Additionally, overall levels of poly-
morphisms were similar between the two populations.
Population differentiation between the two populations as
measured by FST was less than that observed between an
ancestral and nonancestral population of D. ananassae
(Schug et al. 2007). Thus, we considered the two populations
as a single population for further population genetic analysis.

The average GSC gene synonymous site divergence was
only slightly elevated at 28% compared with the average syn-
onymous divergence observed between D. ananassae and
D. atripex of around 20% from the study of Grath et al.
(2009). Nonsynonymous divergence was elevated for bam
and stwl (4.8% and 8%, respectively) which is more than
twice the average nonsynonymous divergence of 2% seen
between D. ananassae and D. atripex (Grath et al. 2009).
For Yb, both synonymous and nonsynonymous site diver-
gences were elevated at 35% and 12%, respectively.

The elevated divergence in synonymous sites seen in
D. ananassae (table 1) raised the question of selection on
synonymous sites. We examined evidence of selection on
synonymous sites using a method (DuMont et al. 2004)
that estimates the number of preferred and unpreferred
sites and mutations that have fixed specifically along the
D. ananassae lineage. Results showed significant evidence of
selection on synonymous sites in the genes bgcn, ote, and stwl
all in the direction of significantly favoring the fixation of
preferred mutations (table 2).

Fay–Wu’s H (Fay and Wu 2000) was significantly negative
only for the gene bgcn (table 3) indicating an excess of derived
high frequency variants suggestive of a recent selective sweep.
Analysis of variants using the CLSW method (Kim and
Stephan 2002), only stwl and pum had a significantly better
fit of a selection model versus the standard neutral model
after multiple hypothesis correction. Interestingly, despite the
significantly negative Fay–Wu’s H for bgcn, the CLSW method
did not reject a neutral model. The ML estimate of strength of
selection (2Nes) was 95.62 for pum and 143.71 for stwl, and
the putative targets of selection were estimated toward the
30-end of the coding DNA sequence (CDS) that we have
physically sequenced. Using the 2Nes estimates of pum and

stwl, simulations were conducted to generate 1,000 selection
scenarios for each gene. The goodness-of-fit (GOF) statistics
(Jensen et al. 2005), which distinguishes positive selection
from population demography, for pum and stwl were not
significantly different from a simulated distribution of GOF
statistics from 1,000 selection scenarios. As both genes were
not significantly different from a selection scenario, this sug-
gested that the departures from an equilibrium neutral model
for pum and stwl are not likely to be a false positive caused by
a nonequilibrium demographic event.

Although the FST for bgcn and stwl (table 1) was within the
average FST seen across neutral and mitochondrial genes be-
tween the ancestral Bangkok (BKK), Thailand and Bogor
(BOG), Indonesia populations (Schug et al. 2007, 2008),
they were still the highest among the GSC regulating genes.
This raises the possibility that the significant Fay–Wu’s H-test
and CLSW test results for bgcn and stwl, respectively, simply
reflect population structure rather than selection. The two
genes were thus reanalyzed for departures from neutrality in
each population (BKK and BOG) separately (table 3). In the
case of stwl, both populations had a decreased strength of
selection likely due to a decrease in sample size and subse-
quent loss in power to detect sweeps. However, for both
populations the evidence of selection remained significant
and the estimated position of the selective sweep was in a
similar region to the combined population result. For bgcn,
neither BKK nor BOG had a significant Fay–Wu’s H and
CLSW test.

We used the McDonald–Kreitman (MK) test (McDonald
and Kreitman 1991) to evaluate evidence of recurrent positive
selection on amino acid sequences on the D. ananassae GSC
regulating genes (table 4). To exclude the effect of mildly
deleterious mutations that have not been purged and segre-
gate at low frequencies in the population, polymorphisms
that segregate as singletons were excluded from both synon-
ymous and nonsynonymous sites (MK test results are quali-
tatively the same with singletons included, results not shown).
Only stwl had a significant MK test result after multiple
hypothesis corrections (table 4) and the Direction of
Selection (DoS) (Stoletzki and Eyre-Walker 2011) was positive.
However, as stwl had evidence of selection on synonymous
site (table 2) a separate MK test was conducted by excluding

Table 2. Number of Synonymous Preference Sites and Preferred and Unpreferred Mutations Fixed along the
Drosophila ananassae Lineage for Each GSC Genes.

Gene Number of
Preferred Sites

Preferred
Fixations

Number of
Unpreferred Sites

Unpreferred
Fixations

RP/U FDR P Value

Bam 76 16 140 12 2.46 0.087

Bgcn 146 25 563 17 5.67 5.206E-06*

Nos 60 6 148 14 1.06 1.000

Ote 66 6 165 2 7.50 0.046*

Pum 62 4 377 9 2.70 0.214

Stwl 106 21 409 14 5.79 2.535E-5*

NOTE.—RP/U, ratio of preferred fixations over number of preferred sites to unpreferred fixations over number of unpreferred sites. FDR, false
discovery rate. Significance was determined by two-tailed Fisher’s exact test. Listed P values are FDR-corrected values for multiple hypothesis
comparisons.

*Significant FDR-corrected P value< 0.05.
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synonymous changes that were potentially under selection
(following Haddrill et al. 2008). Synonymous sites that had
changed from its ancestral preferred codon to a preferred
codon or from an ancestral unpreferred codon to an unpre-
ferred codon were assumed to be selectively neutral as the
preference of the codon has not changed. Using synonymous
sites that have not changed preference as a neutral reference
stwl still had a significant MK test (P¼ 0.007 after multiple
hypothesis correction, DoS value¼ 0.305).

Long-term positive selection across the combined GSC
genes was measured by estimating the proportion of fixed
nonsynonymous differences that have been driven by pos-
itive selection (�). An explicit population genetic model
(Eyre-Walker and Keightley 2009; Keightley and Eyre-
Walker 2012) was used to estimate � and the distribution
of fitness effect of nonsynonymous mutations in the GSC
regulating genes. As a comparison we have estimated the
same population genetic parameters in genes with sex-
biased expression in D. ananassae (sex-biased genes listed

in additional file 3 of the study Grath et al. 2009). Previous
studies have shown that this class of genes experiences pos-
itive selection on nonsynonymous sites (Pr€oschel et al. 2006;
Baines et al. 2008; Grath et al. 2009), and currently it is the
only available D. ananassae population data set with CDS
information. Although Grath et al. (2009) have estimated �
for the D. ananassae sex-biased genes, the method we used
incorporates a demographic model while jointly estimating
� and the distribution of fitness on the nonsynonymous
sites. Table 5 shows the estimate of demography, �, and
the distribution of fitness with its 95% confidence intervals
(CIs) for both GSC regulating genes and sex-biased genes.
Both data sets show evidence of demography where the sex-
biased genes indicate a population expansion whereas the
GSC regulating genes a population bottleneck. However, the
demographic estimates between the two data sets are not
significantly different due to the overlapping CIs. For both
sets of loci the predicted change in population size was
estimated to be in the distant past, between 5N2 and
6.3N2 generations ago (where N2 is the current effective
population size).

Estimates of � were high and significantly different from
zero for GSC regulating genes where an estimated 75% of the
fixed nonsynonymous sites were due to positive selection.
With evidence of long-term positive selection in the gene
stwl from the MK test (table 4), the majority of this 75%
could be due to extensive positive selection at stwl.
However, a reanalysis of the GSC data set with stwl removed
revealed that � was still high at 65%. In addition, even though
none of the MK test results beside stwl was significant for the
other GSC regulating genes, the DoS values were still positive
for most of the genes (table 4) and corroborate the high
estimated � value (table 5).

The � of 75% for the total GSC data set is comparable to �
in sex-biased genes that also have evidence of adaptive
evolution. Despite a large proportion of the fixed nonsynon-
ymous sites were driven by positive selection, the vast

Table 3. Tests of Equilibrium Neutral Model Which Could Detect Recent Selective Sweeps.

CLSW

Gene FW’s H (FDR P value) LR Value (FDR P value) a X GOF-Sel (FDR P value)

bam �0.925 (0.337) 1.365 (0.518) — — —

bgcn �19.174 (0.016)* 8.375 (0.087) — — —

BKK �12.321 (0.056) 5.079 (0.337) — — —

BOG �12.267 (0.040) 3.440 (0.518) — — —

nos 0.281 (0.542) 2.203 (0.649) — — —

ote �3.739 (0.335) 3.547 (0.446) — — —

pum 0.927 (0.518) 5.995 (0.049)** 95.62 2,399 61.708 (0.526)

stwl �7.495 (0.047) 13.431 (0.010)** 143.71 2,178 �81.122 (0.518)

BKK �7.868 (0.049) 8.729 (0.047)** 42.22 2,408 64.791 (1.000)

BOG �7.286 (0.051) 7.158 (0.034)** 59.43 2,092 139.856 (0.335)

Yb 0.356 (0.567) 2.466 (0.832) — — —

NOTE.—FW’s H, H statistics from Fay and Wu (2000); LR, natural log-likelihood ratio of selection versus neutrality as calculated by the method of Kim
and Stephan (2002); �, the strength of selection measured by 2Nes; X, ML position of the beneficial mutation where the position is based on the
Drosophila ananassae CDS; GOF-Sel, goodness of fit of the data to a selection model as calculated by the method of Jensen et al. (2005). FDR, false
discovery rate. P values are FDR-corrected values for multiple hypothesis comparisons and are listed in parenthesis.

*Significant two-tailed FDR-corrected P value< 0.025; **significant one-tailed FDR-corrected P value< 0.05.

Table 4. MK Test Result for the GSC Regulating Genes.

Gene Dn Pn Ds Ps DoS FDR P Value

bam 46 1 74 7 0.258 0.400

bgcn 28 10 160 83 0.041 0.517

nos 21 4 56 10 �0.013 1.000

ote 26 12 51 45 0.127 0.261

pum 6 0 54 24 0.100 0.335

stwl 148 15 144 39 0.229 0.020*

Yb 232 20 180 23 0.098 0.400

NOTE.—Dn, number of fixed nonsynonymous changes between Drosophila ananassae
and D. atripex; Pn, number of nonsynonymous polymorphism within D. ananassae;
Ds, number of fixed synonymous changes between D. ananassae and D. atripex; Ps,
number of synonymous polymorphism within D. ananassae; DoS, Direction of
Selection values (Stoletzki and Eyre-Walker 2011). FDR, false discovery rate.
Significance was determined by the two-tailed Fisher’s exact test. Listed P values
are FDR-corrected values for multiple hypothesis comparisons.

*Significant FDR-corrected P value< 0.05.
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majority of newly arising deleterious mutations were strongly
deleterious for both data sets (Nes 4 10, where Ne is the
effective population size and s is the intensity of selection
against deleterious mutations). Differences in the distribution
of fitness effect for the GSC regulating and sex-biased genes
were seen in the extreme category where GSC regulating
genes had higher proportions of its mutations in the ex-
tremely deleterious category (Nes 4 100). Both data sets,
however, had similar proportions of its slightly deleterious
or nearly neutral mutations (0<Nes< 1) at 6% and 2%,
respectively.

Discussion

The Coevolutionary History between W. pipientis and
D. ananassae

Based on our analysis of phylogeny, population genetics, and
estimates of TMRCA of mtDNA, we conclude that W. pipien-
tis has not recently invaded into D. ananassae. Schug et al.
(2008) have shown that levels of FST in the mtDNA were
comparable to X-linked nuclear data (Das et al. 2004). If
W. pipientis had recently swept through the worldwide
D. ananassae population, it would have homogenized the
mtDNA haplotypes leading to reduced levels of FST. Thus
the comparable levels of FST in both mtDNA and nuclear
genes of D. ananassae, which is known to have high genetic
structure (Vogl et al. 2003; Das et al. 2004; Schug et al. 2007),
further corroborate our inference that a significant amount of
evolutionary time has passed since the last W. pipientis-me-
diated mtDNA sweep. As theory predicts the frequency dis-
tribution of infected and uninfected mtDNA polymorphism
to be similar after W. pipientis has swept through a population
(Dyer and Jaenike 2004), future studies focusing on the
mtDNA and nuclear polymorphisms of infected and unin-
fected D. ananassae would be valuable in confirming our
results.

It is intriguing how W. pipientis had managed to spread
through the worldwide population of D. ananassae despite
the strong geographical structuring (Vogl et al. 2003; Das et al.
2004; Schug et al. 2007) and assortative mating preference
(Schug et al. 2008) observed in the host. One possibility stems
from the observation that the TMRCA of the worldwide
mitochondria at 21,000 years (assuming ten generations per
year for D. ananassae) coincides with the time when rising sea
levels had begun to geographically isolate the ancestral pop-
ulation of D. ananassae (Das et al. 2004). This geographic
event prompted the division of the ancestral populations

and subsequent migration into the peripheral and South
Pacific locations. We hypothesize then W. pipientis had
swept through the ancestral population of D. ananassae
and these infected populations subsequently colonized the
peripheral and South Pacific regions ultimately leading to a
worldwide infection status for D. ananassae.

The lack of polymorphism we see at the wAna genes
surveyed for nine infected lines of D. ananassae might suggest
a more recent sweep of wAna through the species. However,
it is probably due to the low rate of mutation for W. pipientis
(Raychoudhury et al. 2009; Richardson et al. 2012; Early and
Clark 2013).

Other Drosophila species such as D. innubila (Dyer and
Jaenike 2004), D. quinaria (Dyer et al. 2011), and D. simulans
(Ballard 2004) also have evidence of long-term association
with its resident W. pipientis. This contrasts with phylogenetic
studies that have shown a general discordance between the
arthropod infecting W. pipientis phylogeny and the host phy-
logeny, indicating frequent horizontal transfer and transient
coevolutionary periods between W. pipientis and its arthro-
pod hosts (Baldo et al. 2006; Baldo and Werren 2007).
However, as we and others have shown, it is possible for
W. pipientis to have a stable infection with its host.

D. ananassae mtDNA Phylogeny

Our mitochondrial phylogeny results contrast with those of
Schug et al. (2008) who suggested the South Pacific popula-
tions (Apia, Thursday Island, and Trinity Beach) were ances-
tral to all other D. ananassae population. Their inferences
were based on the South Pacific population having a basal
mitochondrial haplotype and mate choice experiments show-
ing strong preference of mating. We hypothesize two possible
scenarios for the discrepancy: 1) With evidence of the newly
identified wAnaS variant from our study, it is possible that the
South Pacific population mtDNA represent divergent lineages
that were in linkage disequilibrium with the wAnaS sweep; or
2) it is possible that the original D. ananassae ancestral
population in central Southeast Asia (Vogl et al. 2003; Das
et al. 2004; Schug et al. 2007) had an incomplete W. pipientis
sweep. Here, some of these uninfected ancestral D. ananassae
would have escaped the invasion and colonized regions in the
South Pacific area. The basal haplotypes of the South Pacific
population would then represent ancestral mitochondrial
haplotypes that have not been affected by W. pipientis.

Our incomplete W. pipientis sweep hypothesis, however,
may conflict with previous studies of W. pipientis invasion

Table 5. Estimates of Demography, Fraction of Adaptive Substitution, and Distribution of Fitness Effect on Nonsynonymous Sites.

Proportion of Mutations in Different Selection Intensity

Data Set N2/N1 t/N2 a Nes¼ 0–1 Nes¼ 1–10 Nes¼ 10–100 Nes¼ 1004
GSC 0.45 (0.19–6.71) 6.28 (5–4,681.86) 0.75 (0.45–0.85) 0.06 (0.02–0.09) 0.04 (0.01–0.20) 0.07 (0.01–0.53) 0.84 (0.20–0.96)

Sex-biased 3.10 (0.35–10) 5.00 (5–189.18) 0.86 (0.51–0.99) 0.02 (<0.01–0.08) 0.10 (0.01–0.17) 0.42 (0.10–0.85) 0.46 (0.03–0.82)

NOTE.—N2/N1, the estimated demography as the ratio of current and past population size; t/N2, the estimated time of demographic change scaled by the current population size
(N2); �, proportion of nonsynonymous sites fixed by positive selection; Nes, strength of selection against newly arising mutations on nonsynonymous sites. 95% CIs are shown in
parenthesis.
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since an initial introduction of W. pipientis usually results in
the rapid spread throughout the population, and ultimately
causing high frequency of the infection (Turelli and Hoffmann
1995; Kriesner et al. 2013). If W. pipientis population had in-
vaded the ancestral D. ananassae population, it should have
led to a complete W. pipientis sweep. However, an incomplete
W. pipientis sweep is possible if there are biogeographical
barriers or potential host factor that confers resistance to
the W. pipientis invasion (Dean et al. 2003). Both of our sam-
ples from Thursday Island and Trinity Beach have evidence of
mtDNA sequences that are phylogentically related to the
infected mtDNA haplotype (fig. 2). As W. pipientis-mediated
mitochondrial sweeps can lead to false phylogenetic infer-
ences (Hurst and Jiggins 2005), we conclude that the differ-
ence in mtDNA phylogeny from Schug et al. (2008) is mainly
due to our analysis of D. ananassae samples that have had a
W. pipientis-mediated mitochondrial sweep.

W. pipientis Has Potentially Horizontally Transferred
from D. ananassae into D. simulans

Drosophila simulans is infected by several diverse strains of
W. pipientis infection (Merçot and Charlat 2004) and results
from previous studies have suggested that D. simulans has
been infected with W. pipientis for a significant period of time
(Ballard 2000, 2004; Dean and Ballard 2005). One of the
W. pipientis strains infecting D. simulans, named wRi, is the
most common and detected in every continent of the world
(Ballard 2004). The identical mtDNA haplotypes in worldwide
D. simulans stocks infected with wRi suggest a single and
recent origin and spread (Hale and Hoffmann 1990; Turelli
and Hoffmann 1995; Ballard 2004; Kriesner et al. 2013). The
origin of the wRi variant is unknown but the high genomic
similarity between wAna and wRi (Salzberg et al. 2005) has
suggested recent horizontal transfer of W. pipientis between
the two species. Here, our data suggest that wAna has swept
through the world D. ananassae population at a more ancient
time compared with the recent worldwide sweep of wRi in D.
simulans (Ballard 2004). Thus, we hypothesize that the cur-
rent wRi strain in D. simulans is originally a wAna variant that
had horizontally transferred from D. ananassae to D. simulans.
We note that D. suzukii is also infected with a W. pipientis
strain highly similar to the wRi variant (Siozios et al. 2013)
suggesting D. suzukii also as a potential origin of wRi.
However, at least in the United States, D. suzukii was not
observed in California until 2008 (Hauser 2011), which is
later than the rapid wRi spreading across D. simulans popu-
lations during the late 1980s in California (Turelli and
Hoffmann 1991). As this wRi from California is thought to
be identical to the wRi that swept through D. simulans from
Eastern Australia (Kriesner et al. 2013) and potentially the
world (Hale and Hoffmann 1990; Ballard 2004), we argue
that D. suzukii is not a likely candidate as the origin of wRi.
As Ballard (2004) has hypothesized Ecuador as the initial lo-
cation of wRi infection in D. simulans, we would predict the
existence of an Ecuador D. ananassae population to harbor a
wAna variant that originated the D. simulans wRi infection.
Future development of polymorphic loci to differentiate

within wAna and wRi diversity would help in testing our
hypothesis.

The Evolution of GSC Regulating Genes in
D. ananassae

We have found significant evidence of selection on synony-
mous sites for the genes bgcn, ote, and stwl in D. ananassae
(table 2). Synonymous mutations have traditionally been as-
sumed to be close to near neutrality. However, studies have
increasingly shown significant evidence of selection on
synonymous sites (e.g., DuMont et al. 2004; Hershberg and
Petrov 2008). For example in the Drosophila lineage, genome-
wide studies have shown significant preference in codon
usage (Singh et al. 2007; DuMont et al. 2009). Unequal
usage of the codon table is thought to be a result from trans-
lational accuracy (Akashi 1994), translational efficiency
(Akashi 2001), or a combination of both accuracy and
speed in translation (Drummond and Wilke 2008).
Expression of GSC regulating genes is highly regulated
where in some cases it is briefly expressed in the GSC and
is immediately shut off in the differentiated cell, which is one
cell diameter away from the GSC. Reflecting this tight control
in expression, it is likely that bgcn, ote, and stwl have signifi-
cant evidence of selection on synonymous sites.

Analysis of the seven GSC regulating genes showed
evidence of recent selective sweeps at pum and stwl, and
long-term selection at nonsynonymous sites for stwl.
Demographic events can lead to false inferences of selection,
and for D. ananassae previous studies have suggested a pos-
sibility of a demographic expansion (Das et al. 2004; Schug
et al. 2007; Heled and Drummond 2008). However, effects
such as population expansion are expected to affect the
frequency spectrum of multiple genes toward an excess of
low-frequency variants (Slatkin and Hudson 1991; Fu 1997).
We argue that our results for stwl and pum are not affected
severely by demography because five of the seven genes (bam,
bgcn, nos, ote, and Yb) did not show deviations from neutral-
ity. In the following, we discuss the significance of positive
selection in pum and stwl, and possible drivers of selection
acting on these genes.

One of the genes under positive selection, pum, is a
RNA-binding protein originally identified to determine the
anterior–posterior polarity in Drosophila embryos (Nusslein-
Volhard et al. 1987). It is also involved in a dual role during
oogenesis where it interacts with nos to retain GSC charac-
teristics (Lin and Spradling 1997; Forbes and Lehmann 1998;
Wang and Lin 2004) and interacts with brain tumor during
differentiation (Harris et al. 2011). In pum, the estimated site
of selection was at position 2399 of the partial D. ananassae
pum CDS which corresponds to a region just outside the
evolutionary conserved RNA-binding Pumillio Homology
Domain (Zamore et al. 1997) (table 3). Interestingly, this
region coincided with the region that harbored all the non-
synonymous-fixed differences between D. ananassae and
D. atripex (table 4). Although a localized MK test specifically
on the region where all the nonsynonymous-fixed differences
have accumulated was not significant, a sliding window

2465

Coevolutionary Period of W. pipientis and D. ananassae . doi:10.1093/molbev/msu204 MBE

Since 
are 
D.
; Ballard
s
s
to 
A
, USA
, USA
Since 
, USA
;
s
out 
;
-
 (PUM-HD)


analysis of the Ka/Ks (nonsynonymous to synonymous diver-
gence) ratio showed a spike of Ka/Ks 4 1 near the location of
selective sweep (results not shown). These findings suggest
that the significant evidence of positive selection in pum may
have been driven by the interaction between W. pipientis and
D. ananassae. Why pum but not bam and bgcn were under
positive selection could be explained by the difference in in-
teraction of different strains of W. pipientis may have with its
host. For example, all strains of W. pipientis are known to
preferentially localize in the somatic stem cell (SSC) niche
of Drosophila germarium (Frydman et al. 2006; Toomey
et al. 2013). In the case of wAna however, in addition to
the SSC niche, a considerable amount of concentration is
also seen in the GSC niche, whereas this GSC niche accumu-
lation is not seen for wMel (W. pipientis infecting D. melano-
gaster) (Toomey et al. 2013). The variation in the W. pipientis
tropism suggests the possibility of varying host manipulative
mechanisms for different strains of W. pipientis. Thus the GSC
regulating genes in conflict with W. pipientis may differ be-
tween Drosophila species, and this highlights the value of
surveying the evolution of multiple GSC regulating genes.

stwl was the only GSC regulating gene that had both recent
and long-term evidence of adaptive evolution in D. ananas-
sae. CLSW estimated the target of selection at position 2178
of the D. ananassae stwl CDS. This candidate region was not
within or close to the known protein domains MADF and
BESS motif of stwl (Clark and McKearin 1996). Due to its role
in chromatin modification and epigenetic regulation (Maines
et al. 2007; Yi et al. 2009), the selective driver for stwl could be
conflict with TE. TEs are genomic parasites that cause
deleterious insertions and excisions in the chromosomes,
which results in the decrease in the organisms’ fitness
(Slotkin and Martienssen 2007). Previous studies have sug-
gested that the adaptive evolution of chromatin-binding pro-
teins is caused by an arms race between the host and its TEs
(Vermaak et al. 2005; Klattenhoff et al. 2009). Thus, stwl being
a chromatin-binding factor may also be rapidly evolving due
to a potential role in silencing TEs.

Significant Long-Term Positive Selection across the
GSC Regulating Genes

When analyzed individually only two of seven GSC genes had
evidence of positive selection (tables 3 and 4); however, when
the GSC genes were analyzed together a large proportion of
the fixed nonsynonymous changes were driven to fixation by
positive selection along the D. ananassae lineage (table 5). The
possibility of TEs potentially driving the evolution of stwl
illustrates that other germline parasites may also be driving
the evolution of the Drosophila GSCs (Werren 2011).

Alternatively the drivers of selection are not only limited to
germline parasites, for example, the selective driver could be
caused by factors within the GSC itself. Germline clonal
experiments have shown increased competition for germline
niche occupancy in GSCs with bam mutations (Jin et al.
2008), suggesting the potential for competition between
GSCs. Shen et al. (2009) have shown that the gene eukaryotic
initiation factor 4A is able to partially suppress bam mutant

ovary phenotypes. Thus, GSC regulating genes could be evolv-
ing rapidly to outcompete the niche occupancy of its sister
GSC or to suppress this competitive behavior as the most
competitive GSCs from the study Jin et al. (2008) were tu-
morous cells.

In addition, with a recent study showing evidence of se-
lection for competent mitochondria during oogenesis (Ma
et al. 2014) mitochondrial–nuclear conflict may be another
factor driving the evolution of GSC regulating genes. With the
germarium as the potential site of selection (Hill et al 2014)
further suggesting the possibility of a mitochondrial–nuclear
conflict as a possible driver of selection.

Finally, W. pipientis may still be the driver of selection for
some GSC regulating genes (Bauer DuMont et al. 2007).
However, our results show the difficulty of testing this hy-
pothesis for two reasons: 1) A present-day infection by
W. pipientis is not sufficient to predict the coevolutionary
history between the symbiont and its host, and 2) without
the temporal information of the infection, a replacement of
an old W. pipientis strain with a newer strain (Kriesner et al.
2013) can be mistaken for a novel recent W. pipientis invasion.
With these caveats it would be beneficial to focus on host
populations that have had a very recent W. pipientis invasion
and search for signatures of recent selective sweeps in the
host GSC regulating genes. Drosophila simulans would be a
candidate species to examine as there are populations that
have recently been invaded in California (Turelli and
Hoffmann 1991) and Eastern Australia (Kriesner et al. 2013),
populations that have been stably infected with W. pipientis
for a long period of time (Ballard 2004), and populations that
are uninfected and potentially resistant to W. pipientis (Dean
et al. 2003).

Materials and Methods

Analysis of W. pipientis Genomic and D. ananassae
Mitochondria Sequences

We would like to follow the convention of Lo et al. (2007) and
designate all Wolbachia infecting D. ananassae as the species
W. pipientis. In order for consistency with previous W. pipien-
tis studies, we designate the W. pipientis infecting D. ananas-
sae as wAna (Salzberg et al. 2005). Worldwide samples of
isofemale D. ananassae lines were obtained from A. Kopp.
The sample identifier name and location are: Apia77 (Samoa),
BKK13 (Bangkok, Thailand), Cebu111D (Cebu, Philippines),
D38 (India), EZ104 (Ethiopia), GB1 (Mauritius), HNL0501
(Oahu, USA), Jarkarta (Jarkarta, Indonesia), KMJ1 (Japan),
NAN84 (Japan), NOU83 (Noumea, New Caledonia), OGS-
98K1 (Japan), PNP1 (Phnom Pen, Cambodia), PPG90 (Pago
pago, Samoa), RC102 (Rwanda), Samoa2 (Samoa), Samoa3
(Samoa), TB43 (Trinity Beach, Australia), TBU3 (Tonga),
TBU136 (Tonga), TBU247 (Tonga), TI8 (Thursday Island,
Australia), and Vau150 (Vava’u, Tonga). Stocks of D. atripex
and D. bipectinada were obtained from the Drosophila species
stock center.

Diversity of W. pipientis in D. ananassae was first exam-
ined by genotyping five conserved genes (gatB, coxA,
hcpA, ftsZ, and fbpA) designed by the MLST procedure
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(Baldo et al. 2006). The MLST genes are mostly used for
W. pipientis interspecific strain identification and have weak
power in identifying intraspecific variation (e.g., Atyame et al.
2011), thus an additional four genes were also examined: DNA
mismatch protein: mutL (WwAna1612), ankyrin genes: ank1
(WwAna0563) and ank3 (WwAna0805), phage-related gene:
phage terminase large subunit gpA (WwAna1570). Primers
for the genes mutL, ank1, ank3, and gpA were designed
using the genomic sequence of wAna (Salzberg et al. 2005).
Also the wsp gene traditionally used for the identification of
W. pipientis was sequenced using the wsp primers designed by
Baldo et al. (2005). To avoid amplification of W. pipientis
genes that have integrated into the D. ananassae genome
(Hotopp et al. 2007), all D. ananassae were fed 200�g/ml
of tetracycline for three generations to cure them of
W. pipientis. Previous study has shown that 200�g/ml is
enough to completely cure of W. pipientis in Drosophila
even after one generation of application (Osborne et al. 2012).

Conserved mitochondrial primers designed from the study
Simon et al. (1994) were used to sequence the genes CO1,
CO2, and CytB in all three species. DNA was extracted from
adult flies using the Puregene Core Kit A DNA isolation kits
(Qiagen). Sequencing was performed at Cornell University
Life Sciences Core Laboratories Center (http://cores.life
sciences.cornell.edu/brcinfo/?p¼about, last accessed June
2014) using ABI chemistry and Applied Biosystems
Automated 3730 DNA Analyzer. All regions of the genes
were sequenced at least a 2� coverage with sequence editing
and assembly conducted using the program Sequencher 5.0
(Gene Codes). The D. ananassae mitochondria genome as-
sembled from the study Montooth et al. (2009) was also
incorporated into our study. Stop codons were removed
and sequence alignment was conducted in the program
MEGA5 using the algorithm MUSCLE. All three genes were
concatenated into one supergene and only the third position
of the codon was used for further phylogenetic analysis.

ML and Bayesian Inference (BI) methods of phylogenetic
reconstruction on D. ananassae mitochondrial sequences
were conducted using the programs RAxML7.4.2
(Stamatakis 2006) and MrBayes 3.2.1 (Ronquist et al. 2012),
respectively. The user-friendly version of RAxML, raxmlGUI
interface (Silvestro and Michalak 2012) was used to set the
initial parameters for the ML phylogenetic trees. A general
time reversible model with rate heterogeneity following a
gamma distribution (GTRþG) was used for the DNA sub-
stitution matrix. The reconstruction of the phylogeny was
conducted with the MLþ thorough bootstrap option (-f b
in RAxML) with runs¼ 100 and bootstrap¼ 1,000. This set-
ting selects the best ML tree generated by 100 ML-based
optimization from a 100 different starting tree generated
by randomized Maximum Parsimony. Confidence of the
tree was assessed by generating 1,000 nonparametric boot-
strap runs, which were subsequently drawn on the best scor-
ing ML tree found from the initial 100 runs. For BI
phylogenetic tree, the GTRþG (lset nst¼ 6 rates¼ gamma
in MrBayes) model was implemented with chains running
for 5 million generations and sampling every 500 generations
using the program MrBayes. At the end of the run, the

standard deviation of the split frequencies was less than
0.01 and potential scale reduction factor was close to 1.0.
The first 25% of the sampled generations were discarded as
“burn-in” before summarizing the tree and branch length
information. All trees were displayed using the program
FigTree ver 1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/,
last accessed January 2014).

To estimate the potential time of W. pipientis invasion, we
estimated the coalescent time of all D. ananassae mitochon-
drial haplotypes using the program BEAST 1.8.0 (Drummond
et al. 2012). As mitochondria and W. pipientis are in linkage
disequilibrium with each, other the initial invasion would lead
to a selective sweep of mitochondrial variation from the pop-
ulation. Analyses were conducted assuming the HKYþG
model of DNA substitution. A strict molecular clock was
enforced using the D. melanogaster mitochondrial mutation
rate estimated from the study Haag-Liautard et al. (2008)
(6.2� 10�8 mutations per site per fly generation). Analyses
were run with 50 million generations and 25% of the initial
chains were discarded as “burn-in” before analysis. The pro-
gram Tracer 1.5 (http://tree.bio.ed.ac.uk/software/tracer/, last
accessed January 2014) was used to check for convergence of
chains and the effective sample size for all parameters was
higher than 200.

Analysis of D. ananassae GSC Population Genetics

Drosophila ananassae has a high degree of population struc-
ture and the ancestral population is estimated to originate
from Southeast Asia (Das et al. 2004). For the GSC population
genetic analysis, D. ananassae population samples from this
ancestral population (BKK and BOG) provided by M. Schug
were used. For a close outgroup sequence, D. atripex provided
by M. Schug was used to sequence D. atripex GSC genes using
primers designed from the D. ananassae genome sequence
(Assembly August 2005; http://genome.ucsc.edu/, last
accessed June 2014). A third distant outgroup sequence
was obtained using the genome sequence of D. bipectinada
provided by the Baylor College of Medicine Human Genome
Sequencing Center website (http://www.hgsc.bcm.tmc.edu,
last accessed June 2014). The majority of the coding regions
were sequenced for all seven genes. Large intron regions that
were difficult to sequence due to indel polymorphisms were
avoided. Due to incomplete annotation of the pum gene in D.
ananassae, the 30-end of the gene was only sequenced for
both D. ananassae and D. atripex. In Yb, the full coding region
was sequenced in D. ananassae whereas only the 50 half of the
gene could be sequenced in D. atripex. In D. bipectinada, a
reliable sequence homologous to the D. ananassae Yb gene
could not be found nor computationally annotated.

DNA extraction and sequencing protocols were con-
ducted under the same protocol as previously reported in
our W. pipientis and D. ananassae mitochondrial phylogeny
section. Heterozygous sites were dealt by estimating the
phase of the sequences using the program PHASE version
2.1 (Stephens et al. 2001). One of the haplotypes estimated
by the program for each line was then randomly selected for
further analysis.
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Sequence alignment was conducted in the program
MEGA5 (Tamura et al. 2011) using the algorithm MUSCLE
(Edgar 2003). Population genetic analysis was conducted
using the program DnaSP version 5 (Librado and Rozas
2009) to calculate population genetic statistics �w

(Watterson’s theta), � (average pairwise difference), and K
(interspecific divergence). Population structure was measured
using DnaSP by calculating the population differentiation sta-
tistics FST (Lynch and Crease 1990).

Method to Detect Evidence of Selection on
Synonymous Sites

Selection on synonymous sites was examined using a diver-
gence-based method developed by DuMont et al. (2004)
(cftest), which estimates the effective number of preferred
and unpreferred sites and changes for a gene. Similar to the
method of Nei and Gojobori (1986), which estimates the
number of nonsynonymous and synonymous sites, the
cftest reconstructs a parsimonious ancestral sequence
which is then estimated for the effective number of preferred
and unpreferred sites. Afterwards, the lineage-specific
number of preferred and unpreferred fixed differences per
preferred and unpreferred sites can be compared using a
standard 2X2 contingency table test. Due to evidence of spe-
cies within the melanogaster subgroup having conserved
codon usage (Vicario et al. 2007), the codon usage table of
D. melanogaster (Shields et al. 1988; Akashi 1995) was used to
determine the preference of codon usage in D. ananassae.

Method to Detect Evidence of Recent Positive
Selection

To detect recent evidence of selective sweeps, methods that
analyze the DNA variation within a population were used.
Test of neutrality using the derived site frequency spectrum
(Fay and Wu’s H; Fay and Wu 2000) was conducted using
DnaSP. As a proxy for the neutral frequency spectrum, only
the third codon position was used as the data. Significance of
the Fay–Wu’s H value was evaluated using the coalescent
simulator of DnaSP under conditions of recombination. As
the recombination rate of D. ananassae is not known for
every gene, DnaSP was used to estimate the recombination
parameter R (¼4Nr) where N is the population size and r is
the recombination rate per sequence. Further analysis of de-
tecting recent selective sweep was conducted using the pop-
ulation genetic model of Kim and Stephan (2002) (CLSW).
CLSW compares the ML estimate of a selection versus neutral
model using the observed unfolded site frequency spectrum
and spatial distribution of the polymorphisms. Significance of
the likelihood ratio score was determined by comparing it to a
simulated distribution of likelihood ratios generated from a
1,000 neutral simulations with identical mutation rate �
(4Ne�) and recombination rate R (4Ner) of the candidate
gene. Candidate GSC genes that rejected the neutral model
(P< 0.05 after multiple test correction) were further evalu-
ated by the GOF test (Jensen et al. 2005). The GOF value of
the candidate gene with evidence of selective sweep was

compared with GOF values obtained from the 1,000 data
sets generated under a selection scenario.

Methods to Detect Evidence of Long-Term Positive
Selection

Deviation from neutrality was also assessed using the MK test
(McDonald and Kreitman 1991). The MK test detects evi-
dence of long-term recurrent positive selection on nonsynon-
ymous sites by comparing the ratio of polymorphism to
divergence of nonsynonymous sites to synonymous sites
(neutral reference). To estimate the direction of selection, a
variant of the neutrality index (Rand and Kann 1996) named
DoS (Stoletzki and Eyre-Walker 2011) was used. DoS values
are positive under positive selection, zero under neutrality,
and negative when slightly deleterious mutations are
segregating.

A second approach to detect evidence of long-term pos-
itive selection was that of Eyre-Walker and Keightley (2009),
an extension from the method of Keightley and Eyre-Walker
(2007) implemented in the server http://lanner.cap.ed.ac.uk/
~eang33/dfe-alpha-server.html (last accessed September
2014). This method estimates the proportion of nonsynon-
ymous sites in the GSC regulating genes that were fixed by
positive selection (�). Assuming all newly arising nonsynon-
ymous polymorphisms to be strongly deleterious, the site
frequency spectrum of the observed data can be used to
estimate the fitness (distribution of fitness effect) of those
newly arising deleterious mutations. A neutral reference set
from the observed data (i.e., synonymous site) is used to
jointly infer a past instantaneous change in the population
size. Estimates from the distribution of fitness effect are then
used to estimate the expected proportion of fixed difference
between two species that are neutral. � is then measured as
the difference seen between the expected and observed fixed
differences. To exclude the difference in effective population
size and consequently different evolutionary history between
the autosome and X chromosome, only the autosomal genes
(bam, bgcn, nos, pum, and stwl) were used for this part of the
analysis. The population genetic data set from the study
Grath et al. (2009) was also analyzed as a comparison. The
folded site frequency spectrum for 0-fold degenerate sites was
used as the selected sites whereas the 4-fold degenerate sites
were used for the neutral sites. As the outgroup D. atripex was
not a population data set, mutations segregating as polymor-
phisms within the outgroup will be falsely treated as fixed
differences. To mitigate the bias in segregating polymor-
phisms in the outgroup sequence, the method of Keightley
and Eyre-Walker (2012) was used to eliminate polymor-
phisms in estimates of fixed differences between the two
species. CIs were obtained by 220 bootstrap sampling by
locus.

Correcting for Multiple Hypothesis Comparisons

Multiple hypothesis correction was done using the false
discovery rate procedure described by Benjamini and
Hochberg (1995) using the P values from all analyses that
required a hypothesis testing (Fisher’s exact test for cftest
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result; simulated distribution for Fay–Wu’s H, CLSW test, and
GOF test; Fisher’s exact test for MK test).
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