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Abstract

Drosophila quinaria is polymorphic for infection with Wolbachia, a maternally
transmitted endosymbiont. Wolbachia-infected individuals carry mtDNA that is only
distantly related to the mtDNA of uninfected individuals, and the clade encompassing
all mtDNA haplotypes within D. quinaria also includes the mtDNA of several other
species of Drosophila. Nuclear gene variation reveals no difference between the
Wolbachia-infected and uninfected individuals of D. quinaria, indicating that they all
belong to the same interbreeding biological species. We suggest that the Wolbachia and
the mtDNA with which it is associated were derived via interspecific hybridization and
introgression. The sequences in the Wolbachia and the associated mtDNA are >6%
divergent from those of any known Drosophila species. Thus, in spite of nearly complete
species sampling, the sequences from which these mitochondria were derived remain
unknown, raising the possibility that the donor species is extinct. The association
between Wolbachia infection and mtDNA type within D. quinaria suggests that
Wolbachia may be required for the continued persistence of the mtDNA from an
otherwise extinct Drosophila species. We hypothesize that pathogen-protective effects
conferred by Wolbachia operate in a negative frequency-dependent manner, thus
bringing about a stable polymorphism for Wolbachia infection.
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Introduction

Wolbachia may be the most widespread endosymbiont
in terrestrial ecosystems, infecting perhaps two-thirds of
present-day insect species, as well as a substantial frac-
tion of species in other arthropod groups (Stouthamer
et al. 1999; Hilgenboecker et al. 2008). In many host
species, Wolbachia spread and persist by manipulating
host reproduction in ways such as cytoplasmic incom-
patibility and male-killing, which enhance the relative
fitness of infected cytoplasmic lineages, even though
such tactics can exact a severe demographic and genetic
toll on the host population (Engelstadter & Hurst 2009).
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Wolbachia, however, are not invariably parasitic: several
recent reports indicate that some strains are beneficial
to their hosts, boosting fertility (Dedeine et al. 2001),
fecundity (Weeks et al. 2007; Brownlie et al. 2009), and
resistance to pathogens and parasites (Hedges et al.
2008; Teixeira et al. 2008; Kambris et al. 2009).

Regardless of their fitness effects, the sojourn times
of Wolbachia within host lineages are typically short
on an evolutionary time scale, as phylogenetic analy-
ses reveal very few examples of codivergence of insect
host species and their associated Wolbachia (Werren
et al. 1995; but see Raychoudhury et al. 2009; Stahlhut
et al. 2010). Such patterns indicate that there must be
relatively high rates of Wolbachia colonization of new
host species, as well as high rates of extinction of
Wolbachia from infected species, although the mecha-
nisms by which these processes occur are largely
unknown.
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Inferences about the evolutionary history of Wolbachia
within a species are often made using the host’s
mtDNA, which is maternally transmitted together with
Wolbachia through the egg cytoplasm. Because the
mtDNA can have a higher mutation rate than Wolbachia,
it may more accurately reflect the recent history of an
infection within a host species and between closely
related host species. Such analyses of host mtDNA have
revealed, for instance, the recent spread of Wolbachia
and its associated mtDNA haplotype (Turelli & Hoff-
mann 1991), the species-wide sweep of a single mtDNA
lineage associated with Wolbachia (Dyer & Jaenike 2004),
and multiple, independent colonizations of a host spe-
cies by Wolbachia (James & Ballard 2000).

It has recently been found that mtDNA and Wolbachia
can move from one species of insect to another via
interspecific hybridization (Ballard 2000; Jiggins 2003;
Bachtrog et al. 2007; Raychoudhury et al. 2009). Here,
we report another likely example of Wolbachia coloniza-
tion by hybridization, but in this case the source species
has not been identified and may be extinct: the only
genetic remnant of this putatively extinct species is its
mtDNA, which hitchhiked along with Wolbachia during
the introgression and is probably dependent on Wolba-
chia for its continued persistence. We suggest that the
long-term polymorphism of two mitochondrial clades
associated with Wolbachia infection status may be a con-
sequence of negative frequency-dependent selection on
Wolbachia infection.

Methods

Fly collections and culturing

Drosophila quinaria, a member of the quinaria species
group of the subgenus Drosophila, is native to eastern
North America, where it breeds in rotting skunk cab-
bage (Symplocarpus foetidus; Jaenike 1978). For this
study, we collected D. quinaria in Linesville, PA, USA
and Rochester, NY, USA in 1995 and 2004, and in Deer
Isle, ME, USA in 1995 (Table 1). Flies were collected by

sweep-netting over baits of decaying cucumbers and
bananas. Individuals of D. quinaria were identified by
their distinctive wing and abdominal spotting patterns
(for a recent species identification key see Markow &
O’Grady 2006). Wild-caught females from Linesville
were placed individually in culture at 22°C on Formula
4-24 Drosophila medium (Carolina Biological Supply,
Burlington, NC) supplemented with Agaricus bisporus
commercial mushroom. The F1 sex ratio was deter-
mined for females collected in 1995.

Molecular methods

Genomic DNA was extracted from single flies using
Qiagen Puregene DNA Purification Kit (Valencia, CA),
and PCR was conducted using standard protocols. For
all DNA sequencing, amplicons were purified using
Exosap (USB), and DNA was sequenced in both direc-
tions using Big Dye v3.1 chemistry (Applied Biosys-
tems) and run out on an ABI 3730 at core facilities at
the University of Georgia, University of Rochester, or
Cornell University. Chromatograms were analysed
using Sequencher (Gene Codes Corporation, Ann
Arbor, MI, USA) and sequences were aligned manually
in Se-Al (Rambaut 1996). For some loci, heterozygous
sites were called based on double peaks in both
sequencing directions in the chromatograms, and alleles
were inferred using the program PHASE (Scheet & Ste-
phens 2006). All sequences from this study have been
deposited in Genbank (JF63872-JF64081).

Flies were screened for Wolbachia infection using
primers that amplify a portion of the rapidly evolving
Wolbachia gene wsp (Wolbachia surface protein), using
the primers wsp81F and wsp691R (Braig et al. 1998).
For all samples infected with Wolbachia, we sequenced
the Wolbachia genes wsp (using the same primers as
above) and five MLST loci (gatB, coxA, hepA, ftsZ, and
fbpA), using primers and protocols described in Baldo
et al. (2006).

We also sequenced several loci in all Wolbachia-
infected D. quinaria and a sample of uninfected individ-

Table 1 Sampled populations and sites, with abbreviations used in figures

Population Year Number of

Population abbreviation Site Site abbreviation sampled samples
Linesville, PA PA Pymatuning PY 1995 39

Pymatuning PYO04 2004 57
Rochester, NY NY Pittsford LM, CHP TH, QLX 1995 39

Fairport

Pittsford ROC04 2004 12
Deer Isle, ME ME Dunham’s Point DPT 1995 20

Water Pump WP
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uals from all three populations. Loci included mito-
chondrial COI (using primers LCO1490 and HCO2198
from Folmer et al. 1994); plexA, located on the dot
chromosome in D. melanogaster and other species (prim-
ers in Dyer et al. 2011); tpi, located on Miiller’s element
E in D. melanogaster and other species (primers in Shoe-
maker et al. 2004); and the X-linked genes mof (primers
in Dyer et al. 2007), skpA (primers in Dyer et al. 2011),
and RIB (primers in Gentile et al. 2001). For COI, phy-
logenetic analysis was carried out on a dataset of
373 bp sequences, while the population genetic analyses
were completed on a dataset of 650 bp sequences.
Because Wolbachia and the mtDNA are both maternally
transmitted through the egg cytoplasm, we use both the
Wolbachia and mtDNA to infer the history of the Wolba-
chia infection in D. quinaria (Ballard & Rand 2005; Hurst
& Jiggins 2005).

Phylogenetic and population genetic analysis

Phylogenetic analyses were used to infer the gene tree
of each sequenced locus. For COI, we incorporated
sequences from all but one of the known Nearctic spe-
cies and all but four of the Palearctic species in the
quinaria group (Perlman et al. 2003; Sidorenko 2009).
The only Nearctic species not included is D. suffusca,
which has apparently been collected only twice, once in
Hart Prairie AZ (Patterson 1943) and once in Silver City
NM (collected by M. Wheeler; D. Grimaldi, pers.
comm.). The male genitalia of the D. suffusca specimens
are extremely similar to that of D. occidentalis, raising
the question of whether D. suffusca is really a separate
species (D. A. Grimaldi, personal communication). The
Palearctic species we have been unable to obtain
include D. schachti (which has been found only in Tur-
key), D. sannio (found only in Kazakhstan), D. para-
kuntzei (found only in Mongolia and central Siberia),
and D. angularis (a rare species found only in Japan and
the nearby Primorskii Territory on the Asian mainland).

For all loci, sequences for D. virilis, D. tripunctata,
and/or D. immigrans were used as outgroups to the
quinaria group. Sequences incorporated from previous
studies include COI (from Perlman et al. 2003), R1B
(from Gentile et al. 2001) tpi, mof, skpA, and plexA (from
Dyer et al. 2011). We also included the previously
unpublished COI sequences of D. tenebrosa, D. magnaqu-
inaria, and D. rellima. Phylogenetic analyses were con-
ducted for each locus using MrBayes v3.1 (Ronquist &
Huelsenbeck 2003). Based on the results of Akaike
Information Criterion tests in jModelTest (Posada 2008;
Guindon & Gascuel 2003), we used the most appropri-
ate model of DNA evolution in the phylogenetic analy-
sis (Lanave et al. 1984; Tavaré 1986; Yang 1994). This
included GTR + I + I for COI, mof, plexA, skpA, and tpi,
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and GTR + I'" for R1B (Lanave et al. 1984; Tavaré 1986;
Yang 1994). We ran the program for 2,000,000 iterations,
sampling every 1,000 iterations. For each locus, we con-
ducted four independent runs to ensure convergence of
the chains. The first 500,000 samples of each run were
excluded as burn-in, and the most probable tree was
constructed from the final 6,000,000 samples, combined
from the four runs. Similar results were found using
other phylogenetic methods (data not shown).

We inferred the time to the most recent common
mtDNA ancestor (TMRCA) using BeasT v 1.6.1 (Drum-
mond & Rambaut 2007). We used a Hasagawa-Kishi-
no-Yano (HKY) substitution model of sequence
evolution, assumed a constant population size, and
enforced a strict molecular clock. The mutation rate of
the Drosophila mitochondrial DNA has been estimated
as 6.2 x 107® substitutions/site/generation (Haag-Liau-
tard et al. 2008). As this was estimated from mutation
accumulation lines, it includes deleterious mutations
and is thus an overestimate of the substitution rate in
natural populations. Therefore, the use of this mutation
rate provides a minimum estimate of TMRCA. We fur-
ther assume that D. quinaria has three generations per
year, and thus u=18.6 x 107® substitutions/site/year.
For each run we ran the chain for 107 iterations, sam-
pling every 1000 steps and excluding the first 1000 sam-
ples as burn-in. We combined the results from four
independent runs to estimate the posterior density of
the TMRCA and effective population size (Ne).

For each locus, we estimated various population
genetic statistics, including intraspecific polymorphism,
among-group differentiation, and deviation of the site
frequency spectrum (Tajima’s D), using the program
DnaSP v5.1 (Librado & Rozas 2009). We compared the
levels of polymorphism and divergence in the mtDNA
of D. quinaria to other loci using an HKA test (Hudson
et al. 1987), as implemented in MLHKA (Wright &
Charlesworth 2004). The MLHKA tests used only silent
sites and only samples from the Linesville, PA, USA
population, because this was the only site where D.
quinarin was found to be polymorphic for Wolbachia
infection, and there is some evidence for geographic dif-
ferentiation among populations (Table S1, Supporting
information). Divergence was calculated from D. innubila,
a member of the quinaria group that is an outgroup to
all of the mtDNA haplotypes found in D. quinaria. Sim-
ulations accounted for the inheritance pattern of the
mtDNA versus the autosomes, a 10-fold higher muta-
tion rate in the mtDNA versus the autosomes (as found
by Haag-Liautard et al. 2008), and the relative abun-
dance of each mtDNA clade in the Linesville, PA, USA
population (4/96 = 0.04 for the F clade and 93/ 6 = 0.96
for the Q clade), each of which is expected to affect the
equilibrium levels of polymorphism and divergence.
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The HKA tests included all nuclear loci except RI1B,
whose mode of concerted evolution effectively elimi-
nates polymorphism within species.

Results

In the 1995 collections, Wolbachia-infected D. quinaria
were found only in Linesville, PA, USA, where 3 out of
39 (8%) females carried this endosymbiont. None of the
females collected from Deer Isle ME (n =20) nor
Rochester NY (n = 39) were infected with Wolbachia.
Two F1 individuals of each infected female were PCR-
screened for the Wolbachia infection, and all were found
to be infected, indicating that the infection is maternally
transmitted. We surveyed the same Linesville, PA, USA
and Rochester, NY, USA populations again in 2004, but
found no individuals infected with Wolbachia (n = 57 in
Linesville and n = 12 in Rochester).

We surveyed the offspring sex ratio of 18 wild-caught
females from Linesville, PA, USA, of which three were
infected with Wolbachia. One of the three Wolbachia-
infected females produced exclusively female offspring,
whereas the other two produced broods with an even
sex ratio (Fig. 1). Among the 15 females not infected
with Wolbachia, 6 produced strongly female-biased
progeny, and the remaining nine produced ~1:1 off-
spring sex ratios. There is not a clear distinction among
progeny sex ratios between Wolbachia-infected and
uninfected females (two-tailed Fisher’'s exact test,
P =0.7). It is likely that the female-biased sex ratios
resulted from matings with males that carried a driving
X chromosome; such X-chromosomes result in the pro-
duction of all-female progeny and have previously been

M Uninfected
5 M Infected

Number of isofemale lines

0 T I I 1 " 1 T
0 01 02 03 04 05 06 07 08 09 1

Proportion female offspring

Fig. 1 Lack of association between Wolbachia infection and
sex-ratio distortion. F1 sex ratios obtained from females col-
lected in Linesville PA in 1995 that were either infected (black)
or uninfected (gray) with Wolbachia. There were an average of
101 + 11 offspring per family.

found in D. quinaria (Jaenike 1996). Therefore, the Wol-
bachia in D. quinaria is probably not a male-killer.

Inspection of the chromatograms for all sequenced
Wolbachia genes revealed no double peaks, indicating
that each of the three Wolbachia-infected females carried
a single strain of Wolbachia. Two flies carried Wolbachia
with identical wsp sequences, which differed from the
third wsp sequence at one synonymous and three non-
synonymous sites (total divergence = 0.7%). Neither of
these wsp sequences match any published sequences in
GenBank or the Wolbachia MLST Database (http://pub-
mlst.org/wolbachia/), and they are more closely related
to each other than to any other known wsp sequence.
The most similar wsp sequences identified by a BLAST
search are 4% divergent across 561 bp, and group with
infections in the Wolbachia supergroup A (Zhou et al.
1998). Several of these most similar sequences are found
in tropical Drosophila (including D. paulistorum, D. willi-
stoni, D. yakuba, and D. santomea) and Asobara tabida, a
common generalist parasitoid of Drosophila (Fleury et al.
2009). The most similar Wolbachia strain that infects a
quinaria group species is from Drosophila recens, and is
5% divergent at the nucleotide level (GenBank
AY154399 from Shoemaker et al. 2004).

The Wolbachia from all three infected D. quinaria sam-
ples were identical at all five MLST loci. When com-
pared to the Wolbachian MLST Database, this strain is an
exact match to allele 1 at coxA, fbpA, gatB, and hcpA,
and to allele 3 at ftsZ. The MLST data confirm that the
Wolbachia in D. quinaria belongs to supergroup A, and
that, furthermore, it falls within the ST-13 complex, as
defined by Baldo et al. (2006). This complex contains
many highly similar Wolbachia strains, including those
from D. recens, D. innubila, and D. munda, all of which
belong to the quinaria group of Drosophila. The ST-13
complex also includes the Wolbachia strains wMel from
D. melanogaster and wAu from D. simulans (Ishmael
et al. 2009), as well as the Wolbachia that infects Asobara
tabida (Baldo et al. 2006).

The COI sequences indicate that the mtDNA haplo-
types within D. quinaria belong to two distinct clades
(Fig. 2). One clade is found in the majority of D. quinaria
flies, including those sequenced previously (Perlman
et al. 2003). The other mtDNA clade is phylogenetically
distant and was found in all three Wolbachia-infected
flies and one uninfected individual. These two clades
are denoted Q (quinaria) and F (foreign), respectively.
There is a highly significant association between Wolba-
chia infection status and mtDNA clade (P < 0.0002; Fish-
er’s exact test). The two unique COI haplotypes in clade
F are very similar, differing at 3 out of 650 bp (0.3%
divergent; Table S2, Supporting information). The COI
haplotypes in the Q clade are also quite similar, differ-
ing on average by 0.9% (Table S2). However, the Q

© 2011 Blackwell Publishing Ltd
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Fig. 2 COI gene tree of quinaria group species of Drosophila. D. immigrans and D. virilis are outgroups. Individuals of D. quinaria are
blocked in gray, with the F clade flies here and in subsequent figures indicated with arrows next to sample names. The W after the
sample name here and in all subsequent figures denotes Wolbachia infection; all F clade flies carry Wolbachia except PA_PY 2. See
Table 1 for population and site abbreviations. The support value for each node is shown if that partition was found in >50% of the

sampled trees. See text for details about the analyses.

and F clades are 6.7% divergent, a difference typically
characteristic of different species within a genus (Hebert
et al. 2003a,b). Indeed, the Q and F clades of D. quinaria
do not form a monophyletic group within the quinaria
group, as the Q clade sequences are, with strong sup-
port, more similar to those of several other species than
they are to the F clade sequences (Fig. 2). None of the
sampled COI trees in the phylogenetic analysis place all
of the D. quinaria mtDNA haplotypes as a monophyletic
group. Furthermore, the COI sequences most similar to
the F clade are from Drosophila recens, and these are
6.3% divergent. This suggests that the source of these
mitochondrial haplotypes is either an extinct or an as

© 2011 Blackwell Publishing Ltd

yet undiscovered or unsampled species within the
quinaria group.

Despite the considerable sequence divergence between
the F and Q clades of mtDNA within D. quinaria, the flies
carrying mtDNA of the two clades are identical or very
similar for every nuclear gene we sequenced, including
two autosomal and three X-linked genes. For example,
the X-linked RIB locus is a retrotransposable element
that is located within the rDNA complex and thus
undergoes concerted evolution within species, but
diverges rapidly among species (Eickbush ef al. 1995,
1997; Gentile et al. 2001). It is therefore expected to be an
especially good marker for species identification. We
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find no R1B polymorphism within D. quinaria, but high
divergence from closely related species (10% divergence
to D. palustris). For each of the nuclear genes we
sequenced, the D. quinaria samples formed a monophy-
letic group with Bayesian support values above 0.99 in
the phylogenetic analyses (Fig. 3). Within D. quinaria,
the nuclear gene sequences from the flies carrying
mtDNA haplotypes from the two distinct clades were
interspersed, indicating that all of these flies belong to a
single interbreeding biological species. Statistically, there
is little or no evidence of nuclear genetic differentiation
between flies carrying the Q and F clades of mtDNA
(Table 2).

Assuming a single Wolbachia introgression event, we
estimate a minimum age of this event using an inferred
the genealogy of COI sequences within the F clade.
Because mtDNA is co-transmitted with Wolbachia, the
genealogy of this mtDNA clade should reflect the evo-
lutionary history of Wolbachia in D. quinaria back to the
time of the most recent common ancestor (TMRCA).
Assuming u = 18.6 x 107° substitutions/site/year and
the inferred mean N, of 11,000 for the F mtDNA clade
only, the median TMRCA for the F COI clade was
9,000 year, with a 95% highest posterior density from
1,200-23,500 year (Fig. 4).

There is no evidence that either the F or the Q
mtDNA clade has experienced a recent selective sweep
or bottleneck in population size, in contrast to what is
often found in species with Wolbachia infections. First,
we find segregating polymorphisms in both the Q and
F mtDNA clades, with no deviation from the neutral
frequency spectrum, using Tajima’s D, for either
mtDNA clade (Table S2). This suggests that there has
not been a recent bottleneck in N, or selective sweep in
either mtDNA clade, although we caution that Tajima’s
D for the F mtDNA clade is based on only three segre-
gating sites. Second, an HKA test including only the F
or Q clade of COI sequences does not reveal a signifi-
cant departure from neutrality for either mtDNA clade
(F clade: kcorr = 4.53; A =3.44, P = 0.10; Q clade: kcor
0 =087, 4=0.19, P=0.67). The lack of a deficiency of
segregating polymorphism suggests that there has not
been a recent bottleneck within either clade, or a selec-
tive spread of Wolbachia-associated mtDNA within the F
clade. Thus, the population genetic analyses indicate
that Wolbachia has infected D. quinaria for a considerable
evolutionary period.

WOLBACHIA AND MTDNA INTROGRESSION 2811

Discussion

Drosophila quinaria, like many other insects, is polymor-
phic for infection with endosymbiotic Wolbachia. How-
ever, we have found that the infected and uninfected
flies carry distinct—and quite distantly related—Iin-
eages of mtDNA. Most strikingly, the clade that
includes both of these mtDNA lineages is paraphyletic,
encompassing the mtDNA of several other species of
Drosophila.

We can envision several scenarios by which this unu-
sual mtDNA-Wolbachia association arose in D. quinaria.
First, Wolbachia may have colonized the ancestor of D.
quinaria in the distant past and been maintained in
polymorphic condition ever since. This could happen if
a species ancestrally polymorphic for Wolbachia infec-
tion underwent several rounds of speciation, with loss
of Wolbachia and its associated mtDNA in all descen-
dant species except D. quinaria, thus yielding the pat-
tern shown in Fig. 2. Alternatively, suppose only one
geographic population of an ancestral species became
infected with Wolbachia and that subsequently the unin-
fected populations experienced several rounds of speci-
ation. If the Wolbachia-infected flies remained
genetically coherent with only one of these uninfected
species, specifically D. quinaria, this could also yield the
observed Wolbachia—-mtDNA association.

However, given the high level of sequence divergence
(6.7%) between the Q and F mtDNA clades within D.
quinaria, it is more likely in our view that D. quinaria
acquired both Wolbachia and its associated mtDNA via
hybridization and introgression from another Drosophila
species, as is known to have occurred in other Drosoph-
ila (e.g., Ballard 2000; Jaenike et al. 2006; Bachtrog et al.
2007). Such introgression requires that female hybrids
between species be fertile, which in turn requires either
that pre-mating isolation between species evolves more
quickly than post-mating isolation, or that post-mating
isolating mechanisms follow Haldane’s rule, both of
which are common patterns in Drosophila (Coyne & Orr
1997). Based on the genetic distance among mtDNA
sequences, it appears that the quinaria group, especially
the section encompassing D. quinaria, speciates very
rapidly (Perlman ef al. 2003). Among the loci sequenced
here we find no consistent phylogenetic placement of
D. quinaria, which suggest that there has been rapid
radiation—and thus incomplete lineage sorting—of

Fig. 3 Gene trees of nuclear genes in D. quinaria and other members of the quinaria group. Outgroup species include D. immigrans
and/or D. tripunctata. Genes include (a) mof, (b) plexA, (c) R1B, (d) skpA, and (e) tpi. Arrows identify sequences from flies carrying F
clade of mtDNA, and the grey box indicates the sequences from individuals identified phenotypically as D. quinaria. See Table 1 for
population and site abbreviations. Because of heterozygosity at all loci except R1B, there can be 2 different nuclear gene haplotypes
for individual flies. The support value for each node is shown if that partition was found in >50% of the sampled trees. See text for

details about the analyses.
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Fig. 3 (Continued)

quinaria group species. Furthermore, numerous pairs of
closely related species within this group can produce
fertile hybrid females (Sears 1947; Blumel 1949; K. Dyer,
unpublished), although hybrid males are usually sterile
(Shoemaker et al. 1999). Although we have not mea-
sured the fertility of these hybrid females (other than D.
recens—D. subquinaria hybrids, which are highly fertile;
Shoemaker et al. 1999), in our experience most hybrid
females types can produce many offspring (K. Dyer
and J. Jaenike, personal observations). As a result of
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such hybrid female fertility, many species pairs in the
quinaria group could potentially exchange maternally
transmitted elements, including mtDNA and Wolbachia.
If the Wolbachia and its associated mtDNA in D. quina-
ria were derived via hybridization with another quinaria
group species, we cannot identify the source species.
The F-clade COI sequences in D. quinaria are more than
6% divergent from any known Drosophila COI sequence
(Fig. 2), even though we have attempted to collect and
sequence COI from as many species in the quinaria
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Table 2 Genetic differentiation between flies carrying F and Q clades of mtDNA. Only Linesville, PA, samples are included. R1B is
not included because it contained no polymorphic sites within D. quinaria

Fixed Shared
Locus Kgr* Son differences polymorphisms Dyy D,
Ccor 0.276 (P < 0.0001) 1.0 (P < 0.0001) 36 2 0.06669 0.06089
mof 0.128 (P = 0.028) 0.689 (P = 0.069) 0 5 0.00625 0.00148
tpi -0.012 (P = 0.570) 0.592 (P = 0.208) 0 7 0.00731 0.00038
skpA 0.025 (P = 0.204) 0.571 (P = 0.197) 0 4 0.00652 0.00039
plexA 0.013 (P = 0.26) 0.529 (P = 0.34) 0 7 0.00491 0.00029

* Ksr and S, are measures of genetic differentiation, D,y is the average number of nucleotide substitutions per site between F and Q
clades, and D, is net number of nucleotide substitutions per site between F and Q clades.

Frequency

0 10 000 20000 30000

TMRCA (years)

40000

50 000

Fig. 4 Estimate of the time to the most recent common ances-
tor (TMRCA) of the Wolbachia-associated F clade of mtDNA.
Shown is the posterior density; the mean is 11,000 years and
the median is 10,000 years.

group as possible, including most of the Palearctic
species and all but one Nearctic species. Similarly, the
Wolbachia wsp sequence in these flies is not closely simi-
lar to any published Wolbachia sequence. One explana-
tion of these findings is that the Drosophila species from
which Wolbachia and mtDNA were introduced to D.
quinaria went extinct some time after—or even as a con-
sequence of—the introgression event. Thus, the mtDNA
carried by some individuals of D. quinaria may be the
only genetic remnant of an extinct Drosophila species. It
is also possible that the donor species is an extant, but
unsampled or undiscovered species.

Our analysis suggests a coalescent time of 1,000-
24,000 years for the F clade mtDNA within D. quinaria.
Thus, the species has probably been polymorphic two
major cytoplasmic clades—one with ‘foreign’ (F)

mtDNA and harboring Wolbachia, and the other with
native, ‘quinaria’ (Q) mtDNA but lacking Wolbachia—for
at least that long. The absence of Wolbachia in flies car-
rying Q clade mtDNA indicates that there has been lit-
tle or no horizontal transmission of Wolbachia following
its introduction to D. quinaria. Furthermore, the very
strong association between the F clade mtDNA and
Wolbachia infection, despite Wolbachia’s imperfect mater-
nal transmission, suggests that Wolbachin has been
essential for the long-term persistence of the F clade
cytoplasmic lineages. This in turn suggests that, in the
absence of Wolbachia, the fitness of cytoplasmic lineages
with foreign mtDNA is less than those with native
mtDNA, indicative of a cytonuclear interaction. A simi-
lar long-term association of different Wolbachia strains
with divergent host mtDNA lineages has also been
found in the two-spotted ladybird Adalia bipuntata,
although in this case the mtDNA lineages are mono-
phyletic within the host species and are apparently not
a case of introgression (Jiggins & Tinsley 2005).

We model the coexistence problem by assuming that
there are three types of cytoplasmic lineages: (i) ‘quina-
ria” mtDNA, uninfected with Wolbachia (designated Q-),
(ii) ‘foreign” mtDNA, infected with Wolbachia (F+); and
(iii) ‘foreign’ mtDNA, uninfected with Wolbachia (F-).
First, consider the population of lineages carrying for-
eign mtDNA (F+ and F-). The equilibrium prevalence of
Wolbachia infection among the F lineages Pp) is
expected to be Pr = (s + ff —1)/s, where s is the selec-
tive advantage of Wolbachia infection among F-type flies
and B is the fidelity of maternal transmission of Wolba-
chia by F+ females (Dyer & Jaenike 2004). The equilib-
rium mean fitness of the F lineages is then expected to
be Wr=PrWe, + (1 — Pp)Wr_. With frequency-inde-
pendent fitnesses, the F clade should sweep to fixation
if Wg>Wg , and be lost from the population if
Wr<Wq_. Cytoplasmic incompatibility (CI) results in
positive frequency-dependent selection (Caspari &
Watson 1959; Turelli 1994), and should lead to the loss
or fixation of the F clade, depending on whether the

© 2011 Blackwell Publishing Ltd



prevalence of Wolbachia infection falls below or above a
certain threshold frequency. Thus, CI cannot bring
about a stable persistence of the F and Q lineages.
Therefore, in the absence of negative frequency-depen-
dent selection, a stable polymorphism of the two mito-
chondrial types is not expected.

There have been several recent reports that Wolbachia
confers resistance to various types of pathogens and
parasites (Hedges et al. 2008; Teixeira et al. 2008; Kam-
bris et al. 2009). If Wolbachia reduces the transmission
rate of a pathogen, then the force of pathogen infection
(i.e., the probability per unit time that an individual
becomes infected) should be negatively correlated with
the prevalence of Wolbachia in a population. Conse-
quently, the selective advantage of carrying Wolbachia
would be greatest when the prevalence of Wolbachia
infection is lowest. The mitochondrial type associated
and co-transmitted with Wolbachia will also experience
such negative frequency-dependent dynamics. In this
manner, a stable polymorphism of Q and F mitochon-
drial types, as well as Wolbachia infection, could be
maintained. The population genetic analyses presented
above indicate that there has been a long-term polymor-
phism of the F and Q mtDNA clades within D. quinaria,
consistent with this scenario.

It is interesting to note that the wMel strain of Wolba-
chia within D. melanogaster that confers protection from
viral infection belongs to the ST-13 complex. Further-
more, D. simulans is infected with several strains of Wol-
bachia, but only those closely related to wMel provide
strong antiviral protection (Osborne et al. 2009). The
fact that the Wolbachia found within D. quinaria belong
to the ST-13 complex supports our hypothesis these
Wolbachin may provide protection from pathogenic
infections in this species and thus be maintained by
negative frequency-dependent selection. Such a fre-
quency-dependent mechanism would be most effective
for pathogens transmitted primarily within rather than
between host species. Currently, little is known about
rates of viral transmission within and among Drosophila
species in nature, although recent studies indicate that
viral transmission can occur both vertically and laterally
within species, and that they do have the potential to
move from one species to another, at least on evolution-
ary time scales (Jousset & Plus 1975; Habayeb et al.
2009; Longdon ef al. 2011a,b). Although we do not yet
know the selective benefit of Wolbachia in D. quinaria,
our findings suggest that these maternally transmitted
endosymbionts can drive introgression of mtDNA
among newly diverging species during the interval
between the initial evolution of pre-mating isolation
and the final closing of the post-mating window. Our
findings also suggest that some organisms may carry
genomic vestiges of species now extinct.

© 2011 Blackwell Publishing Ltd
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