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Abstract Alphaproteobacteria of the genus Wolbachia are
common intracellular endosymbionts of a variety of insects.
Their successful spread over a vast range of host taxa is often
attributed to selective advantages conferred by the bacteria to
infected individuals. Among the known diversity of
Wolbachia pipientis infecting Drosophila melanogaster, a
single genotype,wMel, within the wMel strain has been found
to dominate over other genotypes world-wide. Genotyping of
D. melanogaster wild populations from Ukraine reveals a
relatively high frequency of the wMel genotype, although
31 % flies from an Uman’ population are infected with the
rare genotype wMelCS. We demonstrate that wMelCS-infect-
ed females have lower fecundity compared to wMel-infected
flies, which might be the cause of wMel prevalence in
D. melanogaster populations. We report no difference in the
bacterial transmission rate between these two bacterial geno-
types. However, we observed an association between trans-
miss ion f idel i ty of Wolbachia and genotype of
D. melanogaster indicating that Wolbachia-host relationships
in this case are more complex. Furthermore our study reveals
fluctuations in Wolbachia infection rates in wMel-infected
populations.
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1 Introduction

Alphaproteobacteria of the genus Wolbachia are wide-spread
maternally-inherited intracellular endosymbionts of a wide
range of arthropods (O’Neill et al. 1997; Duron et al. 2008).
In particular, they are known to infect up to two thirds of all
known insect taxa (Hilgenboecker et al. 2008). This tremen-
dous success is generally explained by a number of phenotyp-
ic effects in the host conferred by the bacteria, the most
notable of which being various reproductive manipulations
conferring a reproductive advantage to infected individuals
(Werren et al. 2008). Other selective advantages of being
infected with Wolbachia have been shown in various host
species, such as elevated resistance to insecticides (Duron
et al. 2006), enhanced tolerance to viral infections (Hedges
et al. 2008; Teixeira et al. 2008), and increased survival (Fry
and Rand 2002) to number a few. From this perspective,
Wolbachia might to be a valuable asset in the evolution of
their hosts. Yet, while these effects are well known in general,
their manifestation appears to significantly vary among differ-
ent host species, Wolbachia strains, and host genotypes (Fry
et al. 2004).

This variation is particularly evident among Drosophila
species infected with Wolbachia pipientis which strains are
host species-specific. Among the reproductive manipulations,
infectedD. simulans demonstrate notable cytoplasmic incom-
patibility with uninfected individuals, resulting in higher over-
all production of offspring by infected individuals (Turelli and
Hoffmann 1995). In D. bifasciata and D. innibula the infec-
tion leads to male killing (Hurst et al. 2000; Dyer and Jaenike
2004). Meanwhile, no clear effects on reproduction have been
reported from D. santomea, D. yakuba, D. teissieri,
D. mauritiana (Hurst and Jiggins 2005). The infection fre-
quencies also vary, ranging from 90–100 % in D. simulans
(Ballard 2004) to 30% and 33% inD. innibula (Unckless and
Jaenike 2011) and D. bifasciata (Hurst et al. 2000),
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respect ively. Even within one species , such as
D. melanogaster, infected with one bacterial strain (wMel),
the proportion of infected individuals may range from as high
as 40–60 % to as low as 8 % in populations from different
regions (Solignac et al. 1994; Verspoor and Haddrill 2011).
Meanwhile, strongly manifested reproductive effects of
Wolbachia are considerably less frequent in D. melanogaster
(Belousov and Kozeretskaia 2011; but see Yamada et al. 2007;
Reynolds and Hoffmann 2002; Hoffmann et al. 1994, 1998).
Therefore the wide variance of the infection rates across
populations calls into question possible selective benefits
conferred by the bacteria beyond reproductive manipulations.
A number of possible mechanisms behind the selective ben-
efits conferred by the bacteria infection have been reported
(Fry et al. 2004; Harcombe and Hoffmann 2004), however
these mechanisms differed across drosophila strains. Under-
standing of themechanisms governing the infection success of
Wolbachia is partially impeded by the scarcity of field data on
infection frequencies in natural populations (Serga and
Kozeretskaya 2014). A number of studies onD. melanogaster
populations have revealed significantly dissimilar infection
rates across populations with apparently no clear-cut patterns
(Solignac et al. 1994; Hoffmann et al. 1998; Ilinsky and
Zakharov 2007; Verspoor and Haddrill 2011).

One approach to address the variation in infection rates in
the case ofD. melanogaster is to look at the bacterial diversity
within the strain wMel, supposing that some variants of this
strain may be more advantageous to the host compared to the
others. Genotyping of the strain wMel by polymorphic
markers has revealed two distinct groups of genotypes
—wMel proper and wMelCS (Riegler et al. 2005). While the
genotype wMelCS is reported to be dominant in isofemale fly
lines established in the first half of the 20th century, wMel
seems to have replaced it in most parts of the world in a matter
of decades during the early second half of the century. Whole
genome sequencing (Richardson et al. 2012; Early and Clark,
2013) from different natural populations of D. melanogaster,
however, suggests that this replacement occurred much earli-
er, approximately several thousand years ago, and as yet is not
complete in many D. melanogaster populations (Richardson
et al. 2012; Ilinsky 2013). Within the “recent replacement”
model, this global expansion of thewMel genotype is believed
to have coincided with a similar global expansion of one
D. melanogaster mtDNA haplotype (haplotype 2) which is
associated with the wMel genotype (Nunes et al. 2008). One
explanation for such frequent co-occurrence could be that the
wMel genotype of Wolbachia confers some selective advan-
tage to the infected host thus promoting the expansion of the
latter (Nunes et al. 2008). Yet this hypothesis has not been
confirmed.

Still, there is a tangible lack of infection frequency studies
for particular genotypes, as studies concentrate around infec-
tion frequencies or genotype analysis but not both.

In the present study, we combined these two approaches
and analyzed the infection rates for each studied genotype in
natural populations of D. melanogaster from Ukraine. We
were primarily interested in estimating the frequencies of
different Wolbachia genotypes and known Drosophila
mtDNA haplotypes in the studied populations to ask if there
was any association between the two, as well as in testing if
different bacteria genotypes had different transmission effi-
ciencies and fitness impacts on the host.

We report high and stable Wolbachia infection rates in
several geographically separated Ukrainian populations of
D. melanogaster. Our study reveals a vast predominance of
the genotypewMel over the only other minor genotype found,
wMelCS, and domination of the mtDNA haplotypes 2 and 10,
both observations being consistent with reports published
from other regions. Our results suggest that different
Wolbachia genotypes may confer differential fecundity in
the infected host females, which we hypothesize to be one of
factors contributing to differential dispersal of the bacteria in
D. melanogaster populations worldwide.

2 Materials and methods

2.1 Flies and Wolbachia detection

Flies were collected at fruit processing facilities and in apple
orchards in late August to early September in 2006 through
2012 at 14 locations in Ukraine: Lubny (50° 0’58.89”N–
32°59’59.88”E), Uman’ (48°45’45.26”N–30°14’38.97”E),
Va rva (50°29 ’33 .30”N–32°42 ’50 .93”E) , Ya l t a
( 4 4 ° 2 9 ’ 3 6 . 9 1 ”N – 3 4 ° 9 ’ 1 9 . 0 6 ”E ) , C h o r n o b y l
(51°16’13.73”N–30°13’19.63”E), Kyiv (50°21’9.06”N–
30°28’57.70”E), Kharkiv (49°59’24.30”N–36°13’50.44”E),
Drogobych (49°21’0.00”N–23°30’0.00”E), Odesa
(46°29’13.91”N–30°43’51.59”E), Pyriatyn (50°19’35.40”N–
32°29’35.62”E), Poliske (51°14’9.49”N–29°23’51.60”E),
Chornobyl Nuclear Power Plant (NPP) (51°22’30.01”N–
30°8’21.33”E), Chornobyl Red Forest (51°23’19.66”N–
30°4 ’33 .88”E) , Motovy l ivka (50°10 ’25 .07”N–
30°5’53.12”E). At each location, flies were collected in the
same place each year. In Uman’, three collection points
(Uman’, Uman’1 and Uman’2) were designed each placed
5–10 km from the rest for a more detailed genotyping of
Wolbachia from this region. In Kyiv and Odesa locations flies
were collected every 1–2 months throughout the drosophila
activity season (June-September). Sample sizes in Odesa:
June 31 isofemale lines, August 23, September 23; Kyiv: July
31; August 28; September 18. Sample sizes through 6 con-
secutive years from Kyiv location were 2007-10, 2009-30,
2011-20 isofemale lines.

Wolbachia infection was detected by PCR of the pooled
DNA from 25 first generation progeny of 25 wild-caught flies
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using primers specific to the 16S rRNA (O’Neill et al. 1992)
and wolbachia surface protein (wsp) genes (Zhou et al. 1998).
Identity of the obtained amplicons was confirmed by sequenc-
ing. For infection rate analysis DNA was extracted from F1
progeny of each wild female separately. The infection rate was
assessed by the proportion of infected females in natural
population. The infection rates were compared by Clopper-
Pearson’s method and Fischer’s exact test.

2.2 Identification of Wolbachia genotypes and Drosophila
mtDNA haplotypes

Wolbachia genotyping was done by PCR based on the number
of the minisatellite repeats VNTR-141, VNTR-105 and the
presence of the insertion sequence IS5 in the loci WD0516/7
and WD1310 of the Wolbachia genome as described in
Riegler et al. (2005).

Fly mtDNA haplotypes were determined by sequencing
the cytochrome oxidase subunit I (COI) gene as described in
Nunes et al. (2008). We determined the mtDNA haplotypes of
56 isofemale lines from Uman’, 4 from Kharkiv, Poliske,
Yalta, and Chornobyl; 6 from the NNP site. Three isofemale
lines were taken from each of the rest collection sites.

2.3 Transmission fidelity

Wolbachia transmission fidelity from one fly generation to the
next was tested as the proportion of infected F1 females
obtained from a single parental female. To score level of
Wolbachia transmission three fertilized females from
isofemale lines of Uman’ 59, Uman’ 16 (that infected with
wMel) and Uman’ 22, Uman’ 26 (that infected with wMelCS)
sampled in 2012 were placed in separate tubes. All females
(n=15–20) of the first generation were placed in fresh tubes to
obtain progeny, which were analyzed by PCR for the presence
of Wolbachia. Statistical analysis was conducted using the
two-way ANOVA.

2.4 Fecundity

We tested fecundity of 20 females from Uman’ population
infected with each bacteria genotype by keeping them indi-
vidually on colored with red beet juice media for 22 h and
counting the number of eggs laid by each female as described
elsewhere. In this experiment we used mass-cultured females
derived from the natural population of Uman’ (collected in
2012) and analyzed three cohorts: non-infected, wMel-infect-
ed, and wMelCS-infected cultures. To generate non-infected
controls genetically identical to the infected groups we kept
the infected cultures on a medium with pre-added 0.25 mg/ml
tetracycline for two generations, after which the flies were
transferred to a normalmedium andwere cultivated for 2 more
generations on it (Poinsot and Mercot 1997; Dobson et al.

2002). Non-infected flies served as control for a possible
effect of tetracycline. All the females from the corresponding
lines were collected and aged at 25 °C for 5 days. Statistical
analysis was conducted using the t-criterion.

3 Results

3.1 Wolbachia in natural populations of D. melanogaster
from Ukraine

We found Wolbachia in most of the studied populations,
except for the location near the Chornobyl NPP from which
the infection was absent during the first three years of study
(2006–2008) and then appeared in 2009. Most of the popula-
tions demonstrated a stable presence of the infection through-
out the study period.

The obtained 16S rRNA and wsp gene fragments were
sequenced and found to be identical in all of the studied
populations (GenBank accession numbers: HM627277–
HM627283 and HM775086–HM775092). Based on the se-
quence of the wsp gene (as described in Zhou et al. 1998), we
determined that all of the populations were infected with the
Wolbachia strain wMel (GenBank accession: FJ403330).

We monitored the temporal dynamics of infection rates in
Odesa and Kyiv populations throughout the reproductive sea-
son. Also we analyzed infection rates in the Kyiv population
through 6 consecutive years. We did not observe any signifi-
cant changes neither throughout the breeding season in Odesa
(June-58±9 % (SE of proportion); August-57±10 %;
September-43.5±10 %) (Fischer’s exact test p=0.5731) and
Kyiv (July-81±7 %; August-75±8 %; September-78±10 %)
(Fischer’s exact test p=0.8838) nor over 6 consecutive years in
Kyiv (2007-80±13 %; 2009-67±5 %; 2011-72±10 %; 2012-
78±10 %) (Fischer’s exact test p=0.8406).

Table 1 demonstrates the infection rates at other locations
analyzed, revealing relatively high infection frequencies,
ranging from 43 to 78 %, in all of the studied populations.
Yet, we did detect significant differences in infection rates in
some populations between two successive years of collection
using the Fischer’s exact test, such as in Uman’ (F=3.97,
p<0.05) and Varva (F=2.98, p<0.05). Therefore, the infec-
tion rates in the studied populations are high and mostly stable
both throughout the breeding season and from year to year,
despite the fact that the populations undergo a diapause period
during the winter and their maximum population size is only
reached by late summer.

3.2Wolbachia genotypes and DrosophilamtDNA haplotypes

Based on our genotyping results, Fig. 1 demonstrates a vast
predominance of the genotype wMel in Ukrainian
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Table 1 Wolbachia infection rates in Ukrainian D. melanogaster populations

Population n nin* (including wMelCS) Infected with Wolbachia, %

2011 NPP cooling pond 23 16 69.6 (47.1–86.8)

Kyiv 20 15 75.0 (50.9–91.3)

Varva 32 14 43.8 (26.4–62.3)

Uman’ 16 12 (5) 75.0 (47.6–92.7)

2012 NPP cooling pond 19 15 79.0 (54.4–94.0)

Kyiv 18 14 77.8 (52.4–93.6)

Varva 34 22 (1) 64.7 (46.5–80.3)

Uman’ 43 20 (2) 46.5 (31.2–62.4)

Uman’ 1 14 8 57.1 (28.9–82.3)

Odesa 2 10 43.5 (23.2–65.5)

Kharkiv 34 21 61.8 (43.6–77.8)

Maharach 13 10 76.9 (46.2–95.0)

* nin number isofemale lines infected with Wolbachia

Fig. 1 Distribution ofWolbachia
genotypes and D. melanogaster
mtDNA haplotypes across
studied populations in 2011 (a)
and 2012 (b). The relative
frequencies of the two studied
genotypes ofWolbachia pipientis,
wMel and wMelCS are shown as
piecharts alongside with numbers
indicating D. melanogaster
mtDNA haplotypes found in each
population (haplotypes are
numbered according to Nunes
et al. 2008)
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populations. Only Uman’ and Varva populations were found
to also harbor another genotype, wMelCS. Notably, these
were the two populations which infection rates oscillated from
year to year. In one Uman’ population sampled in 2011, we
observed an extremely high percentage of the rare genotype
wMelCS with higher total infection rate, whereas 2012 sam-
ples demonstrate both lower rates and lower proportion of
wMelCS, raising a suspicion that this genotype might be more
prone to yearly oscillation. Alternatively, the detected oscilla-
tion could be due to the relatively small sample size used. Two
other populations sampled from Uman’, however, lacked
wMelCS and were only infected with wMel.

We determined the mtDNA haplotype of a total of 102
isofemales across the studied populations (Table 2) and found
haplotypes 2 (31.37%), 10 (57.84%) and 1 (9.8 %). Due to the
limited number of isofemales tested per population, we were
not able to estimate haplotype frequencies in each population.
However, given the vast dominance of haplotypes 2 and 10 in
the total sample, these two haplotypes are likely to prevail in
Ukrainian populations of D. melanogaster, which is consistent
with other reports from European populations (Nunes et al.
2008). Interestingly, one population from Uman’ which we
studied in more detail demonstrated relatively substantial pres-
ence of haplotype 1 (35.7 %). This population has been previ-
ously reported to contain this haplotype (Ilinsky and Zakharov
2007), and this population might be assumed to represent a

minority of locations where this haplotype has yet not been
completely displaced by the presumably invasive haplotypes 2
and 10. However this question needs further investigation.

In line with the Nunes et al. (2008) study, Wolbachia
infection was not randomly distributed among haplotypes
(homogeneity test, P<0.05), with haplotype 1 flies being more
frequently infected with wMelCS.

4 Transmission fidelity

Differential transmission fidelity could potentially stay behind
the unequal spread of different Wolbachia genotypes and
partial association of some genotypes with D. melanogaster
mtDNA haplotypes. We measured the transmission fidelity in
12 infected females, yielding the overall loss of bacteria
around 3.97 % (n=227 progeny; 95 % CI=1.91–7.73 %),
which is consistent with previous records by Hoffmann et al.
(1998) from Australian natural populations (2.9 %; 95 % CI:
0.8–5.9 %). We did not detect any differences in transmission
rates between the bacterial wMel and wMelCS genotypes
(ANOVA, p=0.66), however Drosophila genotypes seemed
to differ in transmission fidelity significantly (ANOVA, p=
0.034).

5 Fecundity

We further asked if flies infected with different Wolbachia
genotypes had different fecundity, which is another hypothetic
factor that might have contributed to the unequal population
success of the genotypes. Flies infected with wMel demon-
strated a significantly higher number of produced eggs (17.59
±1.96) per female compared with those infected with the
genotype wMelCS (8.65±1.24; t=8.94, p<0.05; Fig. 2),
which suggests that wMel can confer some fitness advantage

Table 2 Distribution of Wolbachia genotypes in flies with different
mtDNA haplotypes in Ukrainian populations of D. melanogaster

Haplotype of
D. melonogaster

Genotype Wolbachia (n*)

wMel wMelCS Non-classified Not infected

1 1 5 0 4

2 19 0 0 13

10 33 2 1 24

* n number isofemale lines

Fig. 2 Mean number of laid eggs
per female by flies infected with
wMel, wMelCS, and non-infected
controls. All the three studied
groups are compared against
tetracycline treated controls to
eliminate infection in the infected
groups and control for possible
effects of tetracycline using the
uninfected group. Error bars
represent SE
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to its infected host by elevating the host’s fecundity. Interest-
ingly, after antibiotic treatment flies infected with wMel laid
significantly fewer eggs (10.83±1.4; t=2.81, p<0.05), while
those infected with wMelCS (11.92±1.5; t=1.67, p>0.05) did
not show any significant response to the treatment. In the
control non-infected fly line, the number of the eggs laid after
antibiotic treatment (12.5±1.3) did not differ from values
before treatment (11.9±1.55), indicating no effect of antibiotic
therapy on this trait.

6 Discussion

Consistent with previous reports from other locations (Solignac
et al. 1994; Riegler et al. 2005; Nunes et al. 2008; Verspoor and
Haddrill 2011), we foundWolbachia to be rather widespread in
Ukrainian populations of D. melanogaster, with high and
mostly stable infection rates both from year to year and
throughout the breeding season. This result, still, contrasts with
records from Australian populations, which do not undergo the
period of diapause, with highly variable infection rates through-
out the season (Hoffmann et al. 1998). Therefore, diapause, by
significantly reducing population numbers, might act to
stabilize the infection rate at least throughout the following
season. However, this hypothesis has not been confirmed.

The domination of the wMel genotype we found in Ukrai-
nian populations is also consistent with reports from other
parts of the globe and agrees with Riegler et al. (2005) hy-
pothesis of successive displacement of genotypes, such as
wMelCS and wMelCS2, by wMel. Still, remnants of more
ancient genotypes, such as wMelCS or perhaps others we did
not detect, are still present in Ukraine.wMelCS2 has also been
detected in Uman’ populations (Ilinsky and Zakharov 2007)
10 km away from one of our collection sites, but its frequency
was very low. Simultaneous presence of wMelCS and/or
wMelCS2 and/or wMel in one population has been reported
to frequently happen in populations from Altay and Asia
(Ilinsky and Zakharov 2007). The unexpectedly high frequen-
cy of this genotype in Uman’ populations is not typical for
Europe, and possibly reflects a peculiar feature of this popu-
lation, being either an isolated island harboring this genotype
or representing some eastern border of the wMel domination
range (Riegler et al. 2005).

The two bacterial genotypes we detected apparently do not
differ by population infection rates, even when a population
harbors a mix of the two, which is consistent with reports from
Altay populations (Ilinsky and Zakharov 2007). However,
populations hosting both genotypes were the only in our study
to demonstrate yearly fluctuations of the infection rates.

The vast prevalence of two hypothetically invasive
D. melanogaster mtDNA haplotypes, 2 and 10 (Nunes et al.
2008), along with the dominance of wMel, indicates that
Ukraine has recently been invaded by non-aboriginal flies,

presumably from western Europe, which brought these new
haplotypes and bacterial genotypes and outcompeted the local
populations. Rare islands of haplotype 1 are likely to be the
remnants of those earlier populations. Some gradient, there-
fore, should be expected in the frequencies of these haplotypes
across Ukraine with a decline in haplotype 2 east/southwards,
as this haplotype is supposed to have spread before haplotype
10 based on data by Nunes et al. (2008). Indeed, in the
westernmost population from Drogobych we sampled, only
haplotype 2 was found, while one population from Odesa was
only represented by haplotype 10 (Fig. 1). However, this
hypothetical gradient requires more thorough sampling to be
confirmed.

The Wolbachia genotype wMel appears to be equally rep-
resented in both haplotypes, which is also consistent with data
by Nunes et al. (2008), while the presumably the more ancient
haplotype 1 tends to be found in flies infected with wMelCS,
supporting thus the Nunes et al. (2008) hypothesis that mtDNA
haplotypes and Wolbachia genotypes are non-randomly dis-
tributed amongD. melanogaster populations, putatively due to
non-neutral effects of bacterial genotypes on the host flies or
vice versa. Our results suggest that Wolbachia of particular
genotype are capable of conferring some fitness advantage to
the infected hosts by increasing the host’s fecundity. However,
the relationship determining the success of particular geno-
types is perhaps more complicated, as we found fly genotype
to be associated with different transmission fidelities of the
bacteria, which may suggest that successful drosophila strains
in nature could promote the success of bacterial genotypes that
have happened to infect them.

A number of studies have addressed Wolbachia fitness
effects on its D. melanogaster hosts (e.g. Hoffmann et al.
1994, 1998; Fry et al. 2004) without bacteria genotyping,
but the results are contradicting. One clue to the reasons of
this contradiction might lie in genotype-specific effects, such
as the differential fecundity we observed.
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