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ABSTRACT

Drosophila simulans is hypothesized to have originated in continental East Africa or Madagascar. In this
study, we investigated evolutionary forces operating on mitochondrial DNA (mtDNA) in populations of
D. simulans from Zimbabwe, Malawi, Tanzania, and Kenya. Variation in mtDNA may be affected by positive
selection, background selection, demographic history, and/or any maternally inherited factor such as the
bacterial symbiont Wolbachia. In East Africa, the wRi and wMa Wolbachia strains associate with the siII
or siIII mitochondrial haplogroups, respectively. To ask how polymorphism relates to Wolbachia infection
status, we sequenced 1776 bp of mitochondrial DNA and 1029 bp of the X-linked perlocus from 79 lines.
The two southern populations were infected with zRi and exhibited significantly reduced mtDNA variation,
while Wolbachia-uninfected siII flies from Tanzania and Kenya showed high levels of mtDNA polymor-
phism. These are the first known populations of D. simulans that do not exhibit reduced mtDNA variation.
We observed no mitochondrial variation in the siIIT haplogroup regardless of Wolbachia infection status,
suggesting positive or background selection. These populations offer a unique opportunity to monitor

evolutionary dynamics in ancestral populations that harbor multiple strains of Wolbachia.

MAJOR goal of this study is to investigate the selec-

tive forces that influence population subdivision

in the mitochondrial genome of Drosophila simulans in
East Africa, where the species is thought to have origi-
nated (LACHAISE et al. 1988; BEGUN and AQUADRO 1993;
IRVIN et al. 1998; HAMBLIN and VEUILLE 1999; ANDOL-
FATTO 2001). A common goal of population genetic
investigations is to explain the fate of genetic polymor-
phism within a species. Mechanisms that may shape
genetic variation include positive selection (Fay and
Wu 2000; ANDoLFATTO and Przeworskr 2001), back-
ground selection (CHARLESWORTH 1996; HAMBLIN and
AQuAaDRO 1996), or a combination of the two (Kim
and STEPHAN 2000; JENSEN e/ al. 2002). Demographic
and stochastic processes may also eliminate genetic poly-
morphism. The mitochondrial genome is especially sus-
ceptible to positive and/or background selection be-
cause the molecule does not recombine. Positive
selection may cause a beneficial mutation arising any-
where in the genome to increase in frequency, carrying
with it all linked variants. Similarly, background selec-
tion can remove deleterious mutations and all linked
variants from populations. In addition, any maternally
inherited factor can potentially influence the evolution
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of mitochondrial DNA (mtDNA). One such factor in
many insect species is the maternally inherited bacterial
symbiont Wolbachia.

Wolbachia elicits a phenomenon known as cyto-
plasmic incompatibility in many different insect species
(reviewed in HorrMANN and TureLLI 1997). In its sim-
plest form, cytoplasmic incompatibility occurs when
sperm from an infected male fertilizes ova from an unin-
fected female, resulting in reduced egg hatch. D. sim-
ulans is infected with four genetically distinct strains of
Wolbachia that average >12% pairwise differences at
the nucleotide level of the wsplocus (ZHoU et al. 1998).
The nomenclature of the Wolbachia strains and their
distribution has recently been reviewed by BALLARD
(2004). The wHa strain infects flies in Hawaii, Tahiti,
New Caledonia, and the Seychelles (O’NEILL and KARR
1990; JaMEs et al. 2002); the wMa strain in New Caledo-
nia, Madagascar, Reunion, and parts of continental East
Africa (MERCOT and PoinsoT 1998; JaAMES and BALLARD
2000; JAMES et al. 2002); the wAu strain in Australia,
Ecuador, and Florida (TurerLLl and HorrmManN 1995;
BALLARD ef al. 1996); and the widespread wRi strain in
North and South America, Europe, Africa, and Asia
(TureLLl and HorrMANN 1995).

In continental East Africa, two strains of Wolbachia
have been identified: wRi in Zimbabwe (TURELLI and
HorrmanN 1995) and wMa in Tanzania (MERGOT and
PoinsoT 1998). When wRi-infected males fertilize ova
from uninfected females, egg hatch is reduced 30-70%
in the field (TureLLl and Horrmann 1995). All other
crosses produce normal numbers of progeny, granting
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infected females a reproductive advantage since they
can successfully reproduce with either infected or unin-
fected males. As a result, wRi-infected individuals are
expected to increase in frequency, although a slight
fecundity deficit associated with wRi may counteract this
process (HOFFMANN et al. 1990). A rapid increase in
infection frequency has been observed in several natural
populations (TURELLI and HOFFMANN 1991; TURELLI et
al. 1992). In contrast to wRi, the wMa strain exhibits
variable levels of intermediate incompatibility in the
laboratory (JAMES and BALLARD 2000), with little known
about the dynamics of this strain in the field.

Wolbachia and mtDNA are maternally inherited in
D. simulans, although rare cases of paternal leakage for
both occur (HoFFrMANN and TURELLI 1988; SATTA et al.
1988; KoNDO et al. 1990, 1992; NIGRO and ProuT 1990).
Due to their shared mode of transmission, the mtDNA
variant(s) initially associated with a spreading infection
is also expected to increase in frequency through a
process analogous to genetic hitchhiking. As a result,
an infected population is expected to have a high fre-
quency of one mitochondrial type and to lack mitochon-
drial variation (TURELLI et al. 1992). If uninfected popu-
lations later arise through stochastic loss of infection
coupled with founder events, the signature of reduced
mtDNA polymorphism will remain. The recovery of
mtDNA polymorphism will depend on the scope of and
time since the most recent sweep. Wolbachia-induced
population sweeps are not expected to affect the nuclear
genome, so a nuclear marker may be used as a control
comparison to mtDNA variation. In contrast, a popula-
tion level process may be expected to affect both the
mitochondrial and nuclear genomes.

All else equal, strains of Wolbachia inducing strong
incompatibility are more likely to induce a population
sweep and to reduce host mtDNA polymorphism. Never-
theless, a reduction in mtDNA polymorphism has been
observed in every D. simulans population surveyed to
date (HALE and HorrMANN 1990; TURELLT ef al. 1992;
BALLARD and KREITMAN 1994; RAND et al. 1994; BaL-
LARD et al. 1996; JAMES et al. 2002), even though not all
strains infecting D. simulans induce strong incompati-
bility (JaAMEs and Barrarp 2000). However, none of
these studies have included population samples from
East Africa, where D. simulans is thought to have arisen
(LACHAISE et al. 1988; BEGUN and AQUADRO 1993; Ham-
BLIN and VEUILLE 1999; ANpoLraTTO 2001).

We sampled D. simulans from five populations through-
out East Africa to investigate whether the level of mito-
chondrial variability in uninfected flies is compatible
with a neutral model when compared to an autosomal
locus. If mtDNA diversity of uninfected lines is signifi-
cantly reduced relative to an appropriate autosomal lo-
cus, we would infer that the mitochondrial genome has
been subjected to a recent sweep of genetic variation.
In Tanzania and Kenya, we discovered three popula-
tions that show a higher amount of mtDNA polymor-

phism than all previous descriptions of this species. In
contrast, Wolbachia-infected populations in Malawi and
Zimbabwe to the south show evidence for a reduction
in mtDNA variability. The discovery of D. simulans popu-
lations that have not been subject to a sweep in the
detectable past facilitates our understanding of the
population level processes that act on mtDNA. More
specifically, studying Wolbachia-uninfected populations
enhances our understanding of interhaplogroup rela-
tionships and the biogeography of D. simulans (BALLARD
2004).

Another goal of the study was to address a potential
conundrum regarding the distribution of distinct Wol-
bachia strains. Theory suggests that as long as the two
strains do not doubly infect single individuals, long-
term coexistence is impossible (ROUSSET et al. 1991;
HorrmaNN and TureLLI 1997). The wRi and wMa strains
of Wolbachia had previously been reported from this
region (TUReLLI and HOFFMANN 1995; MERCOT and
Poinsot 1998), but it was unknown whether they oc-
curred in sympatry. These strains associate nonran-
domly with two mitochondrial haplogroups, siII and
s¢III, respectively (JaMEs and BaLrLarp 2000), which
differ by >2% at the nucleotide level (BALLARD 2000a).
In east Africa we find that the two strains do not stably
coexist, but instead are highly subdivided.

MATERIALS AND METHODS

Collecting sites and lines used: Throughout July 2001, single
females were placed on instant Drosophila medium within a
few hours of collection to establish isofemale lines. Upon
returning to the laboratory, male genitalia were examined to
confirm species identification (Coy~NE 1983, 1985).

We report our collection localities from south to north
(Figure 1). In Zimbabwe, 48 isofemale lines were established
from a citrus orchard on the Victoria Falls Hotel grounds,
Victoria Falls, on July 8. In Malawi, 28 isofemale lines were
established from tangerines and oranges in Mwanza on July
10. In Tanzania, 23 isofemale lines were established from
mixed fruit in the TX Market in the Upanga District of Dar
es Salaam on July 13 and 15. In Malindi, Kenya, 60 isofemale
lines were established from tomatoes in the New Malindi Mar-
ket on July 18 and 19. In Nairobi, Kenya, 47 isofemale lines
were established from mixed fruit on Forrest Road in the
Westlands district on July 23. We also assayed single male flies
that were placed immediately in 100% ethanol in the field.
From Dar es Salaam, 22 additional males were assayed. From
Nairobi, 5 additional males were assayed.

To gain a temporal perspective, we included nine isofemale
lines collected 7 years earlier from Harare, Zimbabwe (HuUT-
TER et al. 1998). The infection status of these lines has not
been previously examined.

Cytotype distribution and abundance: We defined cytotype
as “the combination of mitochondrial haplogroup/Wolbachia
strain.” For example, siI1II/wMa denotes an individual carrying
siIII mtDNA and infected with the wMa strain of Wolbachia.
We use w— to denote uninfected cytotypes, as in siIII/w—.

The distribution and abundance of cytotypes were deter-
mined using restriction enzyme digests and allele-specific PCR,
with a subset confirmed by sequencing. DNA of adult D. sim-
ulans was isolated using the fixed tissue protocol from the
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Ficure 1.—Cytotype dis-
tribution and abundance.

In pie graphs, an open back-
ground represents the siII
haplogroup, while a solid
background represents siII1.
Stippling indicates Wol-
bachia infection (wRi for
the siII haplogroup and
wMa for the sIII haplo-
group). Arrows indicate
approximate locations of
Victoria Falls, Zimbabwe;

Nairobi

Malindi

Mwanza, Malawi; Dar es Sa-
laam, Tanzania; Malindi,
Kenya; and Nairobi, Kenya.
Shaded areas show the
parks Ruaha (R) and Selous
(S). The Udzungwa Moun-

Mwanza

Victoria

Puregene kit (Gentra, Research Triangle Park, NC) with either
single male flies or three flies from each isofemale line. From
newly established lines, DNA was extracted one to five genera-
tions after collection. Primers used in this study are available
at http:/myweb.uiowa.edu/bballard/eastafrica2001.htm.

Wolbachia typing: An isofemale line was scored as uninfected
if two independent DNA extractions tested negative for 16S
rDNA amplification (following O’NEILL et al. 1992), negative
for wsp amplification (following ZHOU et al. 1998), and positive
for amplification of a portion of mtDNA (following JAMES et
al. 2002). To identify Wolbachia strains from infected lines,
we amplified a portion of the wsp locus and digested the
amplicon with the restriction enzyme Dnpll (following JamEs
and BArLrLArRD 2000). This digest yields fragments that are
diagnostic for wRi, wMa, wAu, or wHa using known strains of
Wolbachia as positive controls. We sequenced wsp from a sub-
set of infected lines to confirm that this assay was accurate
(following JaMEs and BALLARD 2000).

Distinguishing among sil, sill, and si1ll: An allele-specific PCR
assay was developed to distinguish between the three distinct
D. simulans haplogroups (Figure 2A). The 10-pl PCR reactions
were carried out with 10 ng genomic DNA, 1.6 pmol of the
primer 5983—, 1.7 pmol of 4726+, 0.9 pmol of 5183+, 1.3
pmol of 5545+, 1 pl 35 mm MgCl 10X PCR buffer (Roche),
1 pl 8 mm dNTPs, and 0.05 units Taq polymerase (Roche).
The reactions were subjected to 34 cycles of 94° for 15 sec,
54° for 10 sec, and 72° for 60 sec. Negative and positive controls

Falls tains (U) lie between R and
S (see DISCUSSION).

were included in each set of reactions. Amplicons were scored
following electrophoresis through a 2% agarose gel.

In a similar assay, we distinguished siIIA from s:IIB by ex-
ploiting the fixed difference occurring at position no. 3441
(BALLARD 2000a; Figure 2B). Distinguishing s:IIA from s:IIB
was important because they have been shown to associate with
the wRi or wAu strains, respectively, of Wolbachia. Specificity
to either siIlIA or siIIB was achieved by aligning the fixed
difference at position no. 3441 to the penultimate 3’ base of
either primer 3440— or 3442+, with the other primer match-
ing. The 10-pl PCR reactions were carried out with 10 ng
genomic DNA, 1.4 pmol each primer, 1 pl 20 mm MgCl 10X
PCR buffer, subjected to 32 cycles at 95° for 15 sec, 54° for
15 sec, and 72° for 60 sec, and scored on a 2% agarose gel.

mtDNA sequencing: A total of 1776 bp was sequenced from
91lines (Table 1). Where possible, we sampled ~10 D. simulans
isofemale lines of each cytotype from each population. We
sequenced only three lines from Victoria Falls because their
cytotype was identical to Mwanza and minimal information
would be gained by their additional sequencing. D. melanogas-
ler sequences from two lines, Z53 and Oregon-R (accession
nos. AF200828 and AF200829 from BarLrLarD 2000b), were
used for interspecific comparisons.

Three regions of 599, 601, and 576 bp were amplified and
sequenced. These regions included portions of the ND2, COI,
COII, ND5, and ND4 genes, the transfer RNAs for Trp, Cys,
Tyr, Asp, and His, and four intervening spacer regions. To
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FIGURE 2.—Schematic and empirical results
825 bp

of competitive PCR assays that distinguish (A)
483bp g1 II, and silIl mtDNA and (B) siIA and
silIB. In A, these primers amplify fragments of
1287, 825, and 483 bp from sIII, siII, or sil,
respectively. These primers amplify a 1226-bp
fragment common to both siIIA and s:IIB and
either a 740-bp fragment specific to silIA or a
531-bp fragment specific to s:IIB. Thick lines
indicate DNA strands, boxes indicate primers,
arrows indicate direction of elongation, and
the dashed box highlights the SNP utilized to
distinguish s:IIA from s:IIB. Figure not drawn
to scale.
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amplify each region, 25-ul PCR amplifications were carried
out with 35 ng genomic DNA, 4 pmol each primer, and 2.5
pl 30 mm MgCl 10X PCR buffer. Reactions were subjected to
35 cycles of 95° for 15 sec, 52° for 15 sec, and 72° for 60 sec.
We visualized 4 pl on an agarose gel and then selectively
precipitated the remaining amplicon following a modification
of KrRerTMaN (1991). In a 96-well format, we added 10.5 pl
of 7.5 M ammonium acetate and 31.5 pl of cold 100% ethanol
to each PCR reaction. The mixture was spun for 15 min at
2200 X g, caps were removed, and tubes spun inverted for
1 min at 100 X g The pellet was washed by adding 200 pl
70% ethanol, respun for 1 min at 2200 X g, dried with a
second inverted spin, and resuspended in 25 pl water.

For sequencing, 1-4 pl of the purified PCR reactions was
added to a 10-pl reaction containing 4 pl of 1:3 Terminator
Ready Reaction mix (Big Dye version 3, Applied Biosystems,
Foster City, CA). We added 3 pmol of PCR primer to a 10-ul
reaction, which was subjected to 25 cycles of 96° for 10 sec,
50° for 5 sec, and 60° for 2 min, preceded by a 30-sec hold at
96°. Sequencing reactions were precipitated according to the
isopropanol precipitation protocol (Applied Biosystems) and
then loaded into an ABI 3100 capillary machine. Chromato-
grams were imported into Sequencher version 4.1, where they
were edited manually and aligned against the mtDNA ge-
nomes of BALLARD (2000a).

Per DNA sequencing: We gathered 1029 continuous base pairs
of per from 79 D. simulans lines, a subset of those from which
we had collected mtDNA sequence (Table 1). We did not
sequence per from the Victoria Falls or Harare populations
because their cytotype structure was identical to Mwanza (see
below). We sequenced the same region from the D. melanogas-
ter lines 253 and Oregon-R. The region contained one com-
plete exon, two partial exons, and two introns. All per se-
quences were gathered from the same male, ensuring a single
copy of the X chromosome. The 50-ul PCR reactions were
carried out with 35 ng template DNA, 2.5 pmol of each primer,
and 5 pl of 20 mm MgCl PCR buffer and subjected to 35 cycles
of 95° for 45 sec, 54°-47° (decreasing 0.2° after each cycle)
for 60 sec, and 72° for 75 sec. Reactions were precipitated as
described above, and 1-4 pl was employed in sequencing
reactions. For sequencing, we used 8 pmol of each primer.
The cycling profile was 28 cycles of 96° for 10 sec, 52° for 15
sec, and 60° for 2 min, preceded by a 30-sec hold at 96°.
Sequences were edited and aligned against the per locus se-
quenced by CITRI et al. (1987).

Wolbachia and host variation: We expected populations that
have been subjected to a recent Wolbachia-induced sweep to
(1) retain significantly fewer segregating sites than popula-
tions unaffected by Wolbachia, (2) showareduction in mtDNA
variation relative to per, and (3) harbor mtDNA sequences
that form a monophyletic assemblage that is not mirrored
by per. We investigated the first prediction with coalescent
simulations and neutrality tests, the second prediction with
Hudson-Kreitman-Aguadé (HKA) tests, and the third with net-
work analyses.

Sequence polymorphism: Two estimates of polymorphism
within a locality, m (NEI and L1 1979) and 6 (WATTERSON
1975), were calculated from silent and synonymous sites. We
compared 0 of all sites from both mtDNA and per among
infected vs. uninfected flies by calculating 95% confidence
intervals using 50,000 runs of a coalescent simulation (Rozas
and Rozas 1997). These simulations assume an infinite sites
model and constant population size and can incorporate re-
combination. Mutations are distributed along genealogies ac-
cording to a Poisson process.

Neutrality tests: Two heuristic tests were used to evaluate the
null hypothesis that silent and synonymous sites evolve in a
manner consistent with neutrality. Tajima’s D (Tajima 1989)

tests whether m and 0 differ significantly, indicating selection
or an expanding population. Fu’s Fs (Fu 1997) tests whether
there is an excess of young mutations. Both tests were carried
out on silent/synonymous sites. Significance of both tests was
determined using coalescent simulations implemented in
DNAsp 3.53 (Rozas and Rozas 1997) so that recombination
could be included in the case of per.

HKA tests: If a population has recently been subjected to a
Wolbachia-induced population sweep, then mtDNA should
display reduced polymorphism compared to a nuclear locus,
which is not affected by the sweep. The HKA test (HupsoN
et al. 1987) compares polymorphism and divergence at two
or more unlinked loci. Differences in effective population
sizes among regions of the genome were corrected for by
assuming equal numbers of reproducing males and females,
in which case the effective population size of mtDNA is approx-
imately one-third that of per. Under neutral expectations, the
ratio of polymorphism to divergence is equal between the two
loci.

Polymorphism and divergence of silent and synonymous
sites were calculated using DNAsp 3.53 (Rozas and Rozas
1997). Polymorphism was calculated for both D. simulans and
D. melanogaster. Intervening spacer regions were considered
silent sites, but tRNAs were excluded. Our conclusions do not
change if we include tRNAs in the calculation but we present
the results with tRNAs excluded. Using silent/synonymous
sites, HKA tests were calculated for each mtDNA haplogroup
from each locality. We did not group flies with distinct mtDNA
haplogroups because this would artificially inflate measures
of mtDNA polymorphism relative to divergence, which in turn
might lead to false acceptance of the null hypothesis. Statisti-
cal significance was determined with 10,000 coalescent simula-
tions using the program HKA, written and distributed by Jody
Hey (http:/lifesci.rutgers.edu/heylab/DistributedProgramsand
Data.htm#HKA). Coalescent simulations naturally incorporate
observations of zero polymorphism, which could otherwise be
problematic in traditional x* evaluations of the HKA statistic.
Assuming random mating, it could be argued that the effective
population size of mtDNA should be further corrected by the
proportion of flies with each mtDNA haplogroup at a locality.
We present the results using both corrections, but note our
conclusions do not change.

Phylogenetic analyses: To visualize genealogical relationships
and possible population substructure, we built networks of
both mtDNA and per with statistical parsimony algorithms
(TEMPLETON et al. 1992) implemented in TCS 1.13 (CLEMENT
et al. 2000). Whereas traditional phylogenetic methods repre-
sent evolution with bifurcating trees, network analyses account
for the persistence of ancestral sequences and recombination
by allowing multifurcations (Posapa and CrRANDALL 2001).
The TCS program calculates the number of mutational steps
below which sequences can be joined with 95% confidence.
This point is the parsimony limit and no connections can
exceed this number (TEMPLETON et al. 1992).

RESULTS

Cytotype distribution and abundance: All sII flies
were of the s:IIA subtype. Victoria Falls in Zimbabwe and
Mwanza in Malawi harbored only siI1/wRi flies (Table 1,
Figure 1). All nine lines from Harare in Zimbabwe,
collected in 1994, were also infected with the wRi strain.
Dar es Salaam in Tanzania and Malindi in Kenya con-
tained primarily sill/w— and siIII/w— flies. Nairobi in
Kenya contained primarily siII/w— flies and both s:I11/
w— and silll/wMa flies. The Dar es Salaam, Malindi,
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TABLE 1

Cytotype distribution and abundance in the five
East African populations

sl sl

Locality wRi w— wMa w—
Victoria Falls 48 (89 — — —
Harare’ 9 (99

Mwanza 28 (11) — — —
Dar es Salaam 1 (1) 19 (9) — 25 (10)
Malindi 1 (1) 35 (9) — 24 (10)
Nairobi 1 27 (11) 14 (9) 10 (8)

Individuals collected from each locality carried sidI or silI
mtDNA and were infected with the wRi or wMa strains of
Wolbachia or were uninfected (w—). Numbers in parentheses
indicate the number of lines from which 1776 bp of mtDNA
and 1029 bp of per were sequenced for further investigations.

“Only mtDNA (not per) sequenced (see text).

’Lines collected in 1994 (HUTTER et al. 1998).

and Nairobi populations each harbored a single sidI wRi-
infected individual (Table 1, Figure 1).

Above a critical threshold, the frequency of wRi-
infected individuals is expected to reach 0.94 (95% “ex-
act” binomial confidence intervals = 0.92-0.96, n =
480; TureLLI and HOFFMANN 1995). On the basis of this
estimate, we considered Victoria Falls (1.00, 0.93-1.00),
Mwanza (1.00, 0.88-1.00), and Harare (1.00, 0.66-1.00)
to be wRi infected. Dar es Salaam (0.02, 0.00-0.12),
Malindi (0.02, 0.00-0.09), and Nairobi (0.02, 0.00-0.10)
were considered wRi uninfected even though they con-
tained a single wRi-infected individual.

In nature, the wMa infection attains a much lower
equilibrium infection frequency of 0.14 (0.09-0.20, n =
193; combined data of MERCOT and PoinsoT 1998 and
JamEes and Barrarp 2000), consistent with the much
lower incompatibility that this strain induces (JAMES
and BALLARD 2000). We considered Nairobi (0.27,0.16—
0.41) to be wMa infected and Victoria Falls (0.00,
0-0.07), Mwanza (0.00, 0.00-0.12), Dar es Salaam (0.00,
0.00-0.08), and Malindi (0.00, 0.00-0.06) to be wMa
uninfected. The confidence intervals of Mwanza overlap
with the expected infection frequency, but we maintain
Mwanza is wMa uninfected because no wMa-infected
individuals were collected here and the population was
entirely fixed for the wRi infection.

During sequencing, we noted nine s¢III lines that also
carried low copy number of the siII mtDNA. Three of
these lines were from Dar es Salaam, one from Malindi,
and five from Nairobi. These lines yielded “clean” s:I11
sequence from two amplicons but “clean” s:II sequence
from the third amplicon. This third amplicon had a
2-bp mismatch with siIII mtDNA, causing selective am-
plification of the s:II molecule. The primers from the
other two amplicons matched both s:III and s:II per-
fectly. If the siII molecule were more abundant, we

would not expect to see “clean” sequence from these
former two amplicons. We replaced the mismatched
primer with one that was an exact match to siIII mtDNA.
Using this new primer, amplification and sequencing
from the same DNA extractions yielded “clean” siIII
sequence, supporting the interpretation that siII was
present in very low copy number and was amplified only
because of the mismatch of the original primer. For
further analyses these lines were scored as siIII, using
the sequence generated from the new primer. The nine
heteroplasmic lines were tested six generations later:
only five remained heteroplasmic while four returned
to the homoplasmic s:III state. Heteroplasmy within
isofemale lines of D. simulans has previously been re-
ported from Reunion (SATTA et al. 1988; MATSUURA et
al. 1991) and New Caledonia (JAMES et al. 2002).

The existence of siIII backgrounds with low copy
number of s:II molecules gave rise to the question of
whether there was directionality to heteroplasmy. We
tested 14 s1I lines from these three localities using the
silll-matching primer and none were heteroplasmic.
This difference was statistically significant (one-tailed
Fisher’s exact test, P = 0.04), supporting previous stud-
ies that found heteroplasmy was more likely to arise
when the incumbent mitochondrial type was siIII rather
than siII (DE STORDEUR et al. 1989; DE STORDEUR 1997).

Wolbachia and host variation: Among 29 siII/w—
flies, there were 15 unique mtDNA genotypes, counting
indels as a “fifth state” (Figure 3). All indels occurred
as single sites, so each was counted once. After dividing
the 29 siII/w— mtDNAs into Dar es Salaam, Malindi,
or Nairobi, we found no fixed differences and four to
six shared polymorphisms in pairwise comparisons. All
sill/w— sequences from this study differed from pre-
viously published mitochondrial genomes (BALLARD
2000a). Among 25 sill/wRi lines sequenced, 24 shared
a common genotype regardless of geography (Figure
3). For simplicity, the common mtDNA sequence from
the infected siII group is hereafter referred to as “siIl/
wRi mtDNA.” This sequence is identical to that pre-
viously reported for wRi-infected lines DSR and C167
(BALLARD 2000a). One wRi-infected line differed from
the siII/wRi mtDNA by a single substitution (Figure
3), a nonsynonymous G — A transition (in a 5’ — 3’
direction) at position 7925, causing an Asp — Asn amino
acid change in the NDb gene. This single substitution
was confirmed with an independent DNA extraction.
There were no segregating sites within 37 s/III lines
and all were homosequential with the common s:III
genotype (BALLARD 2000a).

Within 1029 bp of perthere were 105 segregating sites
that defined 48 distinct genotypes, including indels as
a “fifth state.” After dividing the 79 per sequences into
Mwanza, Dar es Salaam, Malindi, or Nairobi we found
no fixed differences and 38 and 52 shared polymor-
phisms in pairwise comparisons. Consistent with theo-
retical predictions that Wolbachia should not influence
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Nairobi

Nairobi | Nairobi
Dar Nairobi | Nairobi
Nairobi | Nairobi
Dar Dar Nairobi
Malindi | Nairobi y
Nairobi

Malindi

Malindi
Malindi
Dar

F1GURE 3.—Network of 1776 bp of sill mtDNA inferred by
statistical parsimony. Adjacent rectangles represent sequences
that are homosequential. The sIII haplogroup exceeds the
statistical parsimony limit and cannot be joined to this network
with confidence. Sequences are named according to the popu-
lation from which they were sampled. Branches represent one
step and are not drawn to scale. Open nodes are inferred
intermediate sequences. Shaded nodes represent individuals
infected with wRi. Dar, Dar es Salaam; V. Falls, Victoria Falls;
Harare, Harare 1994.

nuclear gene flow (CaspArI and WATSON 1959; TURELLI
and HorrmanN 1999), there were no unique per se-
quences associated with infection status or mtDNA
haplogroup (Figure 4).

Sequence polymorphism: If we include silent, synony-
mous, and nonsynonymous sites, estimates of both
and 0 for siII mtDNA were at least one order of magni-
tude lower for Mwanza (infected with the wRi Wolbachia
strain) compared to Dar es Salaam, Malindi, and Nairobi
(not infected with wRi). The estimated 0 for s:II/wRi
lines from Mwanza (0.0003, 0.0000-0.0010, » = 11) had
nonoverlapping confidence intervals compared to the
pooled sill/w— lines from Dar es Salaam, Malindi, and
Nairobi (0.0035, 0.0012-0.0070, n = 29). This result is
conservative because the single substitution found in
Mwanza was a nonsynonymous site, so 0 for Mwanza
would be zero if we analyzed only silent/synonymous
sites. As expected, the estimated 0 for per from the wRi-
infected lines (0.0153, 0.0010-0.0213, » = 11) had
broadly overlapping confidence intervals compared to
the pooled uninfected lines (0.0171, 0.0119-0.0226, n =
29). For this latter calculation, we employed the empiri-
cally determined recombination parameter R (Hupson
1987) of 71.3. It may be argued that the singleton sill/
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FIGURE 4.—Parsimony network of per sequences. Adjacent
squares represent sequences that are homosequential. Se-
quences are named according to the population from which
they were sampled. Branches represent one step and are not
drawn to scale. Open nodes are inferred intermediate se-
quences. Dark gray and light gray nodes represent individuals
infected with wRi or wMa, respectively. Dar, Dar es Salaam.
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wRi sequences from Dar es Salaam and Malindi should
be excluded because they were not selected at random;
that is, we deliberately chose to include them because
they were infected. If these lines are excluded, the esti-
mates of m changed to 0.0047 and 0.0074 and the esti-
mates of 0 change to 0.0052 and 0.0083, respectively,
for the two localities.

We cannot compare 6 of mtDNA from s:III/w— to
silll/wMa flies because no polymorphism exists in s¢I11.
BALLARD (2000a) found only three singleton polymor-
phisms within 15,034 bp of mtDNA from nine s:III ge-
nomes. For per, the estimated 0 of siIII/wMa (0.0169,
0.0101-0.0244) overlapped with the siIII/w— lines
(0.0201, 0.0138-0.0263).

Neutrality tests: Tajima’s D and Fu’s Fs did not depart
from neutral expectations for siII mtDNA at each local-
ity (Table 2). Exclusion of s:II/wRi lines from Dar es
Salaam (D = —0.398, Fs = 1.378) and Malindi (D =
—0.664, Fs = —1.298) did not change these interpreta-
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TABLE 2

Measures of mtDNA and per polymorphism

Mwanza Dar es Salaam Malindi Nairobi
N 11/NA/11 10/10/20 10/10/20 11/17/28
0y 0/NA/0.0399 0.0060/0/0.0434 0.0079/0/0.0357 0.0061/0/0.0138
0 0/NA/0.0469 0.0060,/0/0.0588 0.0090,/0/0.0386 0.0058/0/0.0211
Tajima’s D NA/NA/—0.7078 —0.0191/NA/—1.0922 —0.6707/NA/—0.2543 0.1874/NA/—1.3241
Fu’s Fs NA/NA/—-0.2110 0.7130/NA/—3.6100 —2.0500/NA/—1.158 0.9320/NA/—6.3680

Estimates of m (NEI and L1 1979) and 6 (WATTERsON 1975) are per silent/synonymous site. The numbers
in each cell refer to estimates from sil/siIl/per. Using coalescent simulations, Tajima’s D was significantly
negative for per sampled from Mwanza, Dar es Salaam, and Nairobi (indicated by underlining), and all Fu’s
F’s were significantly negative for per at the 2% level, which corresponds to a 5% rejection rate (Fu 1997).
NA, not applicable (the mtDNA haplogroup either does not occur at that locality or contains no polymorphism).

tions. It was not possible to calculate Tajima’s D and
Fu’s Fs for silll because there was no polymorphism.

For per, we estimated the significance of D and F’s
using coalescent simulations so that recombination
could be incorporated. Tajima’s D was significantly neg-
ative for Mwanza, Dar es Salaam, and Nairobi, and Fu’s
Fs was significantly negative for all populations (Table
2). It was not clear whether this results from a demo-
graphic effect or selection acting on the per locus in
East Africa. These results contrast with previous studies,
where per was found to be consistent with a neutral
equilibrium model based on Tajima’s Dand the McDon-
ald-Kreitman test (KLiMAN and Hey 1993; KLIMAN et al.
2000). A goal of future studies is to investigate this result
in more detail.

HKA tests: In this study, per was chosen a prioribecause
it had been shown to be consistent with a neutral model
in D. simulans (KLiIMAN and Hey 1993; KLIMAN et al.
2000) and to have high levels of silent and synonymous
polymorphism compared to other nuclear loci (VER-
RELLI and Eanes 2000). However, the distribution of
variation in East African D. simulans violated the neutral
model according to Tajima’s D and Fu’s Fs. To deter-
mine if per provided an appropriate reference locus to
compare against mtDNA, we compared perto the alcohol
dehydrogenase-related locus (adhr; data from BALLARD
2000a). Adhr has previously been shown to conform to
a neutral model of molecular evolution in D. simulans
(SuMNER 1991; BALLARD et al. 1996). This additional
test showed that per from East Africa yielded polymor-
phism and divergence consistent with adhr (sum of devi-
ations = 0.7919, P > 0.05).

Assuming the effective population size of mtDNA is
one-third that of per, there was not a significant reduc-
tion of mtDNA polymorphism in s:II/w— from Dar es
Salaam, Malindi, or Nairobi (Table 3). In contrast, there
was a significant reduction of mtDNA polymorphism
relative to perin the Mwanza population (Table 3). The
lack of polymorphism among s:III lines was also signifi-
cant, whether or not s:III lines were pooled. We present
the pooled result for simplicity (Table 3). About half
the population has each mtDNA type at Dar es Salaam,

Malindi, and Nairobi. If we assume random nuclear
gene flow between flies harboring distinct mtDNAs,
then the effective population size of mtDNA may be
closer to one-sixth that of per in sympatric populations.
This additional correction did not change our conclu-
sions (Table 3). Repeating the above results with the
adhr data supports these conclusions (sum of devia-
tions = 8.22, 12.25, P < 0.01 for Mwanza and pooled
siIll, respectively; sum of deviations = 3.74, 2.57, 3.68,
P> 0.05 for Dar es Salaam, Malindi, and Nairobi, respec-
tively).

Phylogenetic analyses: According to statistical parsi-
mony, only mtDNA sequences separated by <18 steps
were connected at 95% confidence. All s/II sequences
were joined by statistical parsimony (Figure 3). The siIlI
haplogroup could not be joined to any siIl sequence
with confidence. The s:II/wRi mtDNAs formed a dis-
tinct group separated by at least two steps from any
other sequence in the network. Regardless of geogra-
phy, infected flies clustered together. From the Harare
lines collected in 1994, we can infer that the siII/wRi
mtDNA has been present for at least 7 years. In contrast,
the uninfected siII sequences from Malindi, Dar es Sa-
laam, and Nairobi are scattered throughout the parsi-
mony network (Figure 3). These data provide additional
evidence that the recent maternal ancestors of unin-
fected flies were not affected by a sweep of mtDNA
variation. No uninfected flies carried the siII/wRi
mtDNA, arguing against imperfect maternal transmis-
sion of the infection.

The parsimony limit for per was 14 steps. One per
sequence from Mwanza could not be joined to the net-
work. Qualitatively, the per network did not correlate
with mtDNA haplotype, Wolbachia infection status, or
geography (Figure 4).

DISCUSSION

East Africa is likely the region of endemism for D.
simulans. Yet few studies have investigated the popu-
lation subdivision within these ancestral populations
(BEcuN and AQuaDpRrRO 1993; HAMBLIN and VEUILLE



M. D. Dean et al.

1966

'SaI[J [IIS A[uo paurejuod ezuempy 2ouls ‘orqedrdde jou ‘YN[,

‘(s[rejap 10y 1x9) 29s) Anedwds

21ePOWUI0IE 01 42¢ JO Ter) YIXIS-2UO o P[NOYS [[Is pue s ypoq Surureiuod suonemdod ur yN@w sunjnuis 7 Jo 2z1s uonendod 2an29570 911 ey pandre oq Aewr 1],
*QWOSOWOIYD X 9} UO SINID0 YOIYM “42¢ JO 1R} PIIYI-0UO 9 0} PIIIALIODd sem YN (W jo ozis uonemdod 2anooyyo oy,
"SUOTIRIAIP JO WINS PIAIISCO I URY) 1218218 219M IR sanfea pajernuuis Jo uontodoxd i,
‘A[eandadsax wpsvsouvjow (7 /suvpnus (7 103 partodal dae [[90 YOI UIIIM SINeA ,

‘paroadxo ‘dxo ‘paardsqo ‘sqo

(60°0) L1°G1 (¢¢°0) ¢¢'3 (L5°0) 61T (9¢°0) L1'8 VN A4 9/1 = YNM@IN
($00°0) 0F"ST Fr'0)vLE (8%°0) 8¥'1 (¢g°0) 08°5 (€0°0) 9¢°L, A4 ¢/1 = VNMIN
ZQD SUONBIAIP JO wng
38°35¢ 09S¢ 16°9¢¢ $6°64¢ 90°L§¢ ool G6'G8¢ 81°34¢ G6'GEE fegerdely §9)IS JO "OU [BI0],
$9°6G ¥9'9¢ 99°¢h 65 6% LT0% 19°9% 91°g¥ $8°¢F 69°Gh Yarad (dx2) seoud1oyIp JO "Ou UBIN
LL9% 09°8S 89°G¢ L3°0S 83'9¢ 96°09 96°9¢ ¥ 6¥ 98'G¢ 00°3S (sq0) SedUDIIP JO "OU UBIN
ouaSroarp oymadsiojug
38°65¢ 09S¢ 06'9¢¢ $6'64¢ 90°L5¢ 66648 $6'G5E 81°349¢ G6'GEE 66648 SIS JO "OU [B10],
G8'2/63'89  SGI'G/IL'ST  ¥6'9/809¢ 90°6/36'ST L89/¥308 SI'S/9LS1 1I'L/68 1§ 6838/1L81 96L/186S ¥9¢/¢1gl  (dxo) says SuneSoidas jo "oN
G/L8 S/0 S/9% G/9 G/9¢ G/8 G/6% G/G S/9% G/0 (sqo) sons Sunesaidas jo “oN
a/L8 3/L8 e/11 e/11 e/6 3/6 e/6 e/6 3/11 g/11 az1s ojdureg
y2wstydaiowdjod oymadsenuy
£ad VN@W 40q VN@W Gad VN@W 10q VN@W God VN@W
(parood) IQOITEN] IpUIfeN weeeg s9 Ie(( BZUBMIA

JIS

IS

soys snowduouds pue judys Suisn .apspSounjow (q pue supjnus @ Suowre dUISIAIP dynadsidyur 03 1o unpm wsiydrowdjod sgnadsenur Suuredwod 1531 VIH

¢ A'TIdV.L



D. simulans/Wolbachia From East Africa 1967

1999; ANpoLFATTO 2001). In this study, we investigated
population subdivision in the mtDNA of five East Afri-
can populations with respect to Wolbachia infections.
If there has been no prior selection or hitchhiking in
the mitochondrial genome, uninfected isofemale lines
are expected to exhibit neutral levels of variation com-
pared to an appropriate nuclear locus. We observed a
significant reduction in the mtDNA diversity on the
basis of the HKA test in the southern, but not the three
northern sl populations. Positive or background selec-
tion may have been mechanistically involved in the re-
moval of mtDNA polymorphism. Alternatively, a Wol-
bachia-induced population sweep may have reduced
mtDNA polymorphism in the southern siI populations.
If true, mtDNA polymorphism was removed by sharing
a common mode of transmission with Wolbachia.
This study answers two major questions. First, there
are populations of D. simulans siII in East Africa that
do not have a significant reduction in mtDNA variation.
This is the first description of such populations in D.
simulans. Second, the wRi and wMa strains of Wolbachia
from East Africa do not exist in sympatry, consistent
with theoretical predictions that argue againstlong-term
coexistence (ROUSSET et al. 1991; HorrMANN and TUR-
ELLI 1997). In the process of answering these questions,
we laid the groundwork for future monitoring of a re-
gion that could potentially replicate the only other study
where a Wolbachia-induced population sweep has been
observed, that being in California (TurReLLI and HOF¥-
MANN 1991). We next specifically discuss patterns of
variation displayed by s:II and s:III flies in East Africa.
sill: We report three populations of D. simulans with
levels of mtDNA polymorphism significantly higher
than all previous descriptions (SOLIGNAC el al. 1986;
BaBA-Aissa et al. 1988; HALE and HOFFMANN 1990; Ba1-
LARD and KREITMAN 1994; RAND et al. 1994; BALLARD
et al. 1996; BALLARD 2000a; JAMES et al. 2002). In all
past studies of this species, mitochondrial variation has
apparently been reduced by positive or background se-
lection or by any maternally inherited factor such as
the bacterial symbiont Wolbachia. We infer that the
maternal ancestors of siIl/w— flies in the three north-
ern populations of Dar es Salaam, Malindi, and Nairobi
were not affected by a sweep of mtDNA polymorphism
in the detectable past. This inference is supported by
(1) their significantly greater number of segregating
sites compared to sill/wRi flies, (2) their consistency
with the neutral predictions of HKA tests, and (3) the
scattering of sill/w— throughout the mtDNA geneal-
ogy. Interestingly, infected populations to the south
have reduced mtDNA variation, probably the result of
a Wolbachia-induced population sweep. It is not clear
if the infected s:1I/wRi mtDNA sequence associated with
wRi randomly or if there are functional reasons underly-
ing the association between particular mitochondria
and Wolbachia strains. However, no wRi-infected flies

were found with s:III mtDNA or wMa-infected flies with
sill mtDNA.

What has prevented the wRi strain from sweeping
northward through these populations? Once the fre-
quency of wRi-infected individuals reaches 8-19%, it
should induce a sweep even if wMa is present (TURELLI
and HorrmaNN 1995). This sweep should be accompa-
nied by a reduction in mtDNA polymorphism as the
population becomes monomorphic for the infected
mtDNA. Temporal data suggest that the wRi infection
has been fixed in the southern populations for at least
8 years. The wRi strain was fixed in lines collected in
1994 from Harare. TURELLI and HorrmanN (1995)
found that 73 of 76 isofemale lines collected in Zim-
babwe in 1993 were infected. These latter lines were
probably infected with wRi because the only other Wol-
bachiastrain collected here, wMa, does not achieve high
infection frequencies (MERCOT and PoinsoT 1998;
JamEs and BALLARD 2000). From these previous studies,
we assume that the Victoria Falls population has been
infected with wRi since at least 1993, a span of 8 years.
This assumption is conservative and represents a mini-
mum estimate since we are unaware of collections made
before 1993. TureLLI and HorrMANN (1991) calculated
that wRi infections spread an average of 13.5 km per
generation. If we employ the same parameter estimates
from their study, we would expect the infection to have
moved ~1800 km over 8 years from Victoria Falls. Dar
es Salaam is ~~1500 km north of Victoria Falls, suggesting
that the wRi infection should have reached this popula-
tion at high frequency. At least four alternative hypothe-
ses exist to explain why wRi has not swept through these
northern populations. First, biogeographic barriers
such as the Selous and Ruaha game reserves and the
Udzungwa Mountains (Figure 1) may inhibit migration
of wRi-infected individuals into the three northern pop-
ulations over time. Second, it is possible that the north-
ern populations are resistant to wRi-induced population
sweep, perhaps by harboring unique immunity genes.
Third, wRi-infected individuals may be selected against
in these northern regions. Fourth, wRi-infected mothers
may give rise to uninfected progeny at high frequency
in East Africa. This fourth alternative seems least likely,
given that we have never observed the s:II/wRi mtDNA
in uninfected individuals.

silll: The «III flies found in East Africa have no
detectable mtDNA polymorphism. This reduction in
variation is likely to be related to positive or background
selection rather than to the current Wolbachia infec-
tion. Both wMa-infected and uninfected flies have re-
duced variation, and in the laboratory wMa does not
induce strong incompatibility (JAMES and BALLARD
2000). In nature, the wMa strain may induce a popula-
tion sweep if it grants a fitness advantage to infected
females and/or has high transmission fidelity that com-
pensates for its inability to induce strong incompatibility
(TureLL and HorFrMANN 1995). A fitness advantage is
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associated with some Wolbachia infections (HorrmMANN
et al. 1998; DoBsoN et al. 2002; Fry and RanD 2002).
However, little is known about the wMa infection in
nature.

It is more likely that selection has acted directly on
a beneficial mutation arising in the s:III haplotype. We
are currently investigating the fitness of s:III mtDNA
with population cage studies and biochemical assays of
mitochondrial metabolism. If sIII mitochondria possess
a recently derived beneficial mutation(s), it may be ex-
pected that the frequency of sIII flies increases in re-
gions where they are sympatric with the siII/w— cyto-
type, as in Dar es Salaam and Malindi.

Future: TURELLI and HorrMANN (1995) modernized
the initial theoretical achievements of CAsPARI and
WaTtson (1959) to describe the dynamics of Wolbachia-
induced population sweeps in California populations
(TureLLl and HOrFrMANN 1991). The generality and
accuracy of these models is uncertain. In East Africa,
we have a potential paradox that is not explained by
current theoretical models. In spite of migration of wRi-
infected individuals, the northern populations have
avoided population sweeps. Several hypotheses were
proposed here to explain the high amount of mtDNA
polymorphism in the three northern populations. Per-
haps most interesting among them is the possibility that
host genetic factors, such as specific immunity genes,
might suppress infection frequencies. Current theoreti-
cal models do not take into account host factors. The
mitochondrial genome, which is essentially linked to
particular Wolbachia strains, should play an important
role in the overall fitness of that cytotype and affect
population dynamics of the spread of infected cytotypes.
Such models could be developed and tested using the
populations of East Africa.
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