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alone: infection polymorphism in Drosophila suzukii and
D. subpulchrella
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Abstract

Drosophila suzukii recently invaded North America and Europe. Populations in Hawaii,
California, New York and Nova Scotia are polymorphic for Wolbachia, typically with
<20% infection frequency. The Wolbachia in D. suzukii, denoted wSuz, is closely related
to wRi, the variant prevalent in continental populations of D. simulans. wSuz is also
nearly identical to Wolbachia found in D. subpulchrella, plausibly D. suzukii’s sister spe-
cies. This suggests vertical Wolbachia transmission through cladogenesis (‘cladogenic
transmission’). The widespread occurrence of 7-20% infection frequencies indicates a
stable polymorphism. wSuz is imperfectly maternally transmitted, with wild infected
females producing on average 5-10% uninfected progeny. As expected from its low fre-
quency, wSuz produces no cytoplasmic incompatibility (CI), that is, no increased embryo
mortality when infected males mate with uninfected females, and no appreciable
sex-ratio distortion. The persistence of wSuz despite imperfect maternal transmission
suggests positive fitness effects. Assuming a balance between selection and imperfect
transmission, we expect a fitness advantage on the order of 20%. Unexpectedly,
Wolbachia-infected females produce fewer progeny than do uninfected females. We do
not yet understand the maintenance of wSuz in D. suzukii. The absence of detectable CI
in D. suzukii and D. subpulchrella makes it unlikely that CI-based mechanisms could be
used to control this species without transinfection using novel Wolbachia. Contrary to
their reputation as horizontally transmitted reproductive parasites, many Wolbachia
infections are acquired through introgression or cladogenesis and many cause no
appreciable reproductive manipulation. Such infections, likely to be mutualistic, may be
central to understanding the pervasiveness of Wolbachia among arthropods.
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other arthropods (Bouchon et al. 1998) and filarial nem-
atodes (Taylor et al. 2013). Wolbachia belong to the Rick-
ettsiales order of o-Proteobacteria, whose members
include the arthropod-vectored pathogens Ehrlichia and
Rickettsin (Werren et al. 2008). Much Wolbachia research
has focused on their ability to manipulate host repro-
duction to favour Wolbachia spread (Werren et al. 2008).
Four types of reproductive manipulation are known:
cytoplasmic incompatibility (CI), in which embryos pro-

Introduction

Wolbachia are maternally transmitted, intracellular
endosymbionts estimated to occur in nearly half of all
insect species (Zug & Hammerstein 2012) and in many
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duced by matings between infected males and unin-
fected females (or males and females with incompatible
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Wolbachia) suffer increased mortality (Hoffmann & Tur-
elli 1997); male killing (MK), where infected females
produce female-biased sex ratios (Hurst & Jiggins 2000);
feminization of genetic males (Rousset et al. 1992;
Rigaud & Juchault 1993); and parthenogenesis induction
(Rousset et al. 1992; Stouthamer et al. 1993). Only CI
and MK are known in Drosophila. Transinfection experi-
ments have established that both the nature and inten-
sity of reproductive manipulation depend on host
genetics and Wolbachia strain (Braig et al. 1994; Jaenike
2007; Zabalou et al. 2008; Veneti et al. 2012).

Despite the emphasis on reproductive effects, some
Wolbachia infections cause little or no reproductive
manipulation, including wMel in D. melanogaster (Hoff-
mann 1988) and wAu in D. simulans (Hoffmann et al.
1996; Kriesner et al. 2013). Both infections exhibit imper-
fect maternal transmission, which should systematically
reduce their frequency. Yet the wMel-D. melanogaster
association is minimally thousands of years old (Rich-
ardson et al. 2012; Chrostek et al. 2013), and wAu has
been observed in Australia for over 20 years (approxi-
mately 200 fly generations), including a relatively rapid
rise to an apparently stable equilibrium frequency near
0.6 (Kriesner et al. 2013). Presumably both infections
persist by increasing host fitness (Hoffmann & Turelli
1997; Kriesner et al. 2013). Because Wolbachia are mater-
nally transmitted, even when significant CI occurs, nat-
ural selection focuses on increasing fitness benefits for
hosts rather than increasing reproductive manipulation
(Turelli 1994; Haygood & Turelli 2009). Consistent with
this expectation, Wolbachia have become critical to the
survival and reproduction of several hosts. Wolbachia
have been co-evolving with filarial nematodes for mil-
lions of years, and removal causes various deleterious
effects, including the inhibition of embryogenesis and
larval development, reduced motility and adult viabil-
ity, and stunted adult growth (Taylor efal. 2005).
Within insects, Wolbachia are essential for female fertil-
ity in the parasitic wasp Asobara tabida (Dedeine et al.
2001). For several Drosophila paulistorum semispecies,
Wolbachin have persisted through cladogenesis and
removal is lethal (Miller et al. 2010). In D. mauritiana,
infected females produce four times as many eggs as
uninfected females (Fast et al. 2011).

Wolbachia can enhance host fitness in more subtle
ways, including metabolic provisioning (Brownlie et al.
2009) and protection from other microbes (Hedges et al.
2008; Teixeira et al. 2008). This recently discovered anti-
microbial effect has revitalized efforts to use Wolbachia
for disease control, an idea that goes back to the 1960s
(Laven 1967; McGraw & O’Neill 2013). The disease-vec-
tor mosquito Aedes aegypti has been transinfected with
two Wolbachia strains from D. melanogaster (McMeniman
et al. 2009; Walker etal. 2011), and two natural

Australian Ae. aegypti populations have been trans-
formed with wMel to suppress dengue virus transmis-
sion (Hoffmann et al. 2011). Recently, Anopheles stephensi
was transinfected with Wolbachia, making them less able
to transmit the malarial parasite (Bian ef al. 2013). These
disease-suppression applications motivate additional
analyses of Wolbachia in nature.

Although hundreds of papers concerning Wolbachia
have appeared in the past decade, very few Wolbachia—
host interactions have been studied intensively in nat-
ure. For fewer than 20 species, do we have estimates of
infection frequencies for multiple populations, analyses
of transmission efficiency in nature, or analyses of
reproductive manipulation or other phenotypes in the
wild that might explain Wolbachia persistence and prev-
alence. Indeed, relatively complete scenarios explaining
natural infection frequencies are available in very few
cases, including (i) the wRi infection in D. simulans,
which is maintained at a high level (about 93%) in most
populations by a balance between fairly intense CI but
imperfect maternal transmission (Turelli & Hoffmann
1991, 1995; Carrington et al. 2011; Kriesner et al. 2013);
(ii) the infections in the mosquitoes Culex pipiens (Barr
1980; Rasgon & Scott 2003) and Ae. albopictus (Kittaya-
pong et al. 2002) that produce complete CI and exhibit
essentially perfect maternal infection, so that almost all
individuals in nature are infected; (iii) the monomor-
phic infections in the D. paulistorum species complex,
which cause CI, contribute to assortative mating and
have evolved to obligate mutualism while persisting
through cladogenesis (Miller et al. 2010); (iv) the imper-
fectly transmitted male-killing (MK) strain in D. innubila
that confers a selective advantage of about 5% and is
maintained at ~35% infection frequency (Dyer & Jaenike
2004); and (v) the MK infection in the butterfly Hypolim-
nas bolina, which shows both high infection frequency
and transmission efficiency (Charlat et al. 2009). In other
species, such as D. melanogaster and D. yakuba, we know
that Wolbachia persists despite imperfect maternal trans-
mission and no appreciable reproductive manipulation
(Charlat et al. 2004; Harcombe & Hoffmann 2004), but
the fitness benefits maintaining the infection are not
known with certainty, although plausible candidates
exist (Teixeira et al. 2008; Brownlie et al. 2009).

Within host species, Wolbachia are typically mater-
nally transmitted. In contrast, phylogenetic discordance
between distantly related insect hosts and their Wolba-
chia (O’'Neill et al. 1992; Werren et al. 1995) suggests that
Wolbachin may be generally horizontally transmitted
between species (Stahlhut et al. 2010; Jaenike 2012),
unlike the co-speciation typical of some insect-endo-
symbiont mutualisms, such as aphids and Buchnera
(Moran & Baumann 1994). Although coalescent analyses
are consistent with some Wolbachia infections of

© 2014 John Wiley & Sons Ltd



WOLBACHIA MUTUALISM VS. MANIPULATION 4873

Drosophila being relatively young, on the order of a few
thousand years (Richardson et al. 2012), some infections
have persisted for hundreds of thousands of years (Jae-
nike & Dyer 2008), including through cladogenesis
(Miller et al. 2010; Stahlhut et al. 2010). Because so few
sister species have been examined for infection status,
the frequency with which species acquire Wolbachia via
descent (cladogenic transmission) or introgression
(Rousset & Solignac 1995) vs. horizontal transmission
(O'Neill et al. 1992) is essentially unknown.

Drosophila suzukii, the spotted-wing Drosophila, is an
invasive pest in North America and Europe that has
spread rapidly, grows under a wide range of condi-
tions (Tochen et al. 2014) and damages marketable fruit
(Goodhue et al. 2011; Hauser 2011). Since its detection
in coastal California in 2008, D. suzukii has spread
through over half of the United States, Mexico and
Canada (Fig. 1, Walsh et al. 2011; Burrack et al. 2012;
Freda & Braverman 2013). Since its discovery in Spain
in 2008, it has also spread through most of continental
Europe (Calabria et al. 2012; Cini et al. 2012). Given its
economic importance and widespread distribution, D.
suzukii has become a popular research organism
(Hauser 2011), with an annotated genome (Chiu et al.
2013). Wolbachia was initially found in Japanese
D. suzukii (Cordaux et al. 2008). Based on wsp sequenc-
ing, the infection was identified as wRi (Bennett et al.
2012), the strain prevalent in most populations of D.
simulans (Ballard 2000; Kriesner et al. 2013). While
identical to wRi at many commonly sequenced loci, a
draft genome of Wolbachia from D. suzukii revealed
several differences (Siozios et al. 2013), leading to the
designation wSuz. Here, we document wSuz infection
in several populations of D. suzukii and describe initial
attempts to better understand the population biology
of wSuz and elucidate its prevalence, effects and ori-
gin, as such information might guide possible control
measures. We also examined the Wolbachia infection in
laboratory stocks of D. subpulchrella, plausibly D. su-
zukii’s sister species.

Fig. 1 Map of Drosophila suzukii samples used in this study
(open circles) and timing of first detection by state (modified
with permission from Burrack et al. 2012).

© 2014 John Wiley & Sons Ltd

Materials and methods

Wolbachia detection and prevalence in natural
populations

To determine Wolbachia prevalence in D. suzukii, in 2012
and/or 2013 we sampled one natural population in
New York, two in California and one in Nova Scotia
(Fig. 1; Table 1). We also assayed two laboratory lines
of D. subpulchrella and one of D. biarmipes. We used two
concurrent PCR assays to determine the infection status
of individual flies (Turelli & Hoffmann 1995). One reac-
tion targeted the Wolbachia-specific 16S rDNA locus
(Zhou et al. 1998; Werren & Windsor 2000), while the
second targeted the arthropod-specific 28S rDNA (Fol-
mer et al. 1994; Morse et al. 2009; primers used for all
PCR experiments listed in Appendix S1, Supporting
information). Positive controls using single-copy nuclear
genes are essential because failure to detect a Wolbachia
PCR product could be due to: absence of Wolbachia, too
much DNA, failure to extract DNA from the single-fly
prep or low-titre Wolbachia infection (e.g. Miller et al.
2010; Schneider et al. 2014).

We extracted DNA following the ‘squish’ buffer pro-
tocol (Gloor et al. 1993) or used a DNeasy Blood and
Tissue kit (Qiagen). PCR concentrations followed
Hamm et al. (2014), and profiles were derived from
Duron et al. (2008). PCR products were visualized on
1% agarose gels alongside a standard. We considered
an individual infected when both the Wolbachia-specific
primers and nuclear controls produced fragments of the
appropriate size. In population samples, Wolbachia
infection frequency was estimated using only individu-
als with control-confirmed positive or negative infection
status. We estimated exact 95% confidence intervals
assuming a binomial distribution.

Table 1 Sampling locations by date with sample sizes (N),
number infected (I) and infection frequency, with 95% confi-
dence interval (CI)

Location Date I/N Frequency (95% CI)

Rochester, NY August 2012 10/109  0.092 (0.045, 0.162)

Rochester, NY September 12/178 0.067 (0.035, 0.115)
2012
Nova Scotia, September 4/34 0.117 (0.033, 0.275)

CAN 2013
Winters, CA June 2012 7/38 0.184 (0.077, 0.343)
Winters, CA May 2013 41/71 0.577 (0.454, 0.694)
Watsonville, CA  September 32/192 0.167 (0.117, 0.227)

2012
Watsonville, CA  October 2012 7/40 0.175 (0.073, 0.327)
Watsonville, CA  August 2013 13/57 0.228 (0.123, 0.358)
Watsonville, CA  October 2013 33/210 0.157 (0.111, 0.214)
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Of the California D. suzukii samples that failed to pro-
duce a Wolbachia band, 45 (15%) were randomly sub-
jected to 1/10 and 1/100 dilutions of DNA and
reassayed. These samples were also assayed using
quantitative real-time PCR (qPCR) to avoid false
negatives that might be produced by low-titre infections
(Arthofer et al. 2009). These controls are important
because highly variable infection titres have been
reported within populations (Clark et al. 2005; Unckless
et al. 2009). Using qPCR, we examined the titre of Wolba-
chia by amplifying a short segment of the wsp gene and
comparing its abundance to that of Rps17, a reference
nuclear gene (Osborne et al. 2009). All DNA utilized in
qPCR experiments was extracted using a DNeasy Kkit.
Each sample was assayed with four technical replicates
per locus on an Illumina Ecot™ real-time PCR machine.
The concentrations and thermocycler profiles for qPCR
followed Osborne et al. (2009), and relative Wolbachia
density was estimated using the ACt method.

Wolbachia identification

To identify the Wolbachia strain(s) infecting D. suzukii,
we randomly selected five infected females from Wat-
sonville, California, for multilocus sequence typing
(MLST) (Baldo et al. 2006). We also typed the Wolbachia
in D. subpulchrella line 201. Following Baldo et al. (2006),
we sequenced five MLST protein-coding genes (gatB,
coxA, hepA, ftsZ and fbpA) as well as wsp. Each gene
was sequenced in both directions on an ABI 3730 DNA
Analyzer (Applied Biosytemst™) at the University of
California, Davis DNA Sequencing Facility. The result-
ing chromatograms were assembled into contigs and
visually inspected to ensure that both reads were in
agreement. These contigs were used as queries for a
BLASTn search (Altschul et al. 1990) using the NCBI
‘nr’ database to confirm that orthologous genes were
amplified. Contigs were also used to search the Wolba-
chia MLST database (http://pubmlst.org/wolbachia/)
using the ‘multiple locus query’ feature. The allelic pro-
files were used to identify the Wolbachia strain. All chro-
matograms and sequences were deposited in the MLST
database, and all data, accession numbers and statistical
code were deposited on the DataDryad website (doi:10.
5061/dryad.0 pg63).

Given that new Wolbachia introductions should be
associated with greatly reduced mitochondrial DNA
variation (Turelli et al. 1992), we amplified ~1300 bp of
mitochondrial cytochrome oxidase I (COI) with PCR to
estimate haplotype frequencies using 30 wild-caught
individuals from California, 24 from New York and
from three lines of D. subpulchrella using a combination
of primers (Folmer et al. 1994; Simon ef al. 1994, 2006).
Conditions for COI PCR followed the hcpA protocol

from Baldo et al. (2006) or followed Haselkorn et al.
(2013). To visualize the relationships among haplotypes,
we generated a neighbour-joining tree using PAUP*
(Swofford 2003) and asked whether haplotypes were
randomly associated with Wolbachia infection status,
using Fisher’s exact test.

Host phylogenies

Both D. subpulchrells (Takamori et al. 2006) and
D. biarmipes have been proposed as sister to D. suzukii
(Van Der Linde & Houle 2008; Yang et al. 2012). To
re-examine these relationships, we used DNA from 13
protein-coding genes (3 mtDNA and 10 nDNA, down-
loaded from GenBank) for 10 members of the melanogas-
ter species group (Appendix S2, Supporting information).
We conducted a partitioned Bayesian phylogenetic
analysis using MrBayes 3.2.1 (Ronquist & Huelsenbeck
2003) under the GTR substitution model with I'-distrib-
uted rate heterogeneity. We ran this analysis using 10
chains for at least 1 million generations (with sampling
every 5000 generations) and until the standard deviation
of split frequencies was below 0.05.

Maternal transmission

Wild female D. suzukii were collected in September
2012 from Rochester, NY. Flies were allowed 5 days for
oviposition. Individual females were maintained in
vials on 8 mL of banana medium (Drosophila Species
Stock Center recipe), supplemented with pieces of
strawberry as needed. Cultures were kept at 22 °C, 70%
RH and a 12:12 light/dark cycle. Following the oviposi-
tion period, females were frozen for PCR Wolbachia
screening. For Wolbachia-infected females, we screened
all daughters, up to a maximum of 20. A second assay
used wild-caught female D. suzukii collected in Novem-
ber 2013 from Watsonville, CA. Individual females were
maintained as above in vials with 10 mL of ‘Blooming-
ton’ standard medium fly food and half a blueberry to
stimulate oviposition. Females were allowed to oviposit
for 2 days before being transferred to a fresh vial, and
the experiment was continued for 10 days. We screened
all offspring of Wolbachia-infected females for infection.
We estimated the rate of maternal transmission and
used a bias-corrected and accelerated (BC,) bootstrap to
obtain 95% confidence intervals based on 10 000 pseu-
doreplicates (Efron & Tibshirani 1993).

Cytoplasmic incompatibility assays

Pairs of naturally infected and uninfected isofemale
lines of D. suzukii were used for these experiments.
Lines were established from wild-caught females from

© 2014 John Wiley & Sons Ltd
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Rochester, NY (August 2012), and Central California
(July 2009). Flies were reared as described earlier. Upon
emergence, virgins were isolated and maintained on
medium for 5 days. Immediately prior to mating, a
small piece of strawberry or half blueberry was pro-
vided. All four pairwise crosses between infection states
were performed using single-pair matings. Flies were
allowed to oviposit for 24 h and then transferred to
fresh vials daily for 4 days. Following each transfer, the
eggs were counted, and after 48 h, the unhatched eggs
were counted. We calculated the mean and standard
error of hatch rate for each crossing type, averaging
over the hatch rates associated with individual pairs.
We did not distinguish between unfertilized eggs and
dead embryos, and only crosses that generated at least
10 eggs were used in statistical analysis. Homogeneity
among the four groups was examined using a Kruskal—-
Wallis rank-sum test. The infection status of males and
females from each cross was verified by PCR. Similarly,
CI assays were conducted using infected and uninfected
D. subpulchrella laboratory strains; though, here we com-
pared the number of adult progeny produced.

Male-killing assay

To investigate whether Wolbachia induced MK in D. su-
zukii or D. subpulchrella, we conducted reciprocal crosses
between infected and uninfected males and females
(derived from isofemale lines). For these experiments,
we used D. suzukii lines MTY3 (stock E-15003 from the
Ehime, Japan Drosophila stock center), PacO (a stock
previously available from Ehime) and MBW (a multife-
male line established from Monterey Bay/Watsonville
area by the Begun lab) and D. subpulchrella lines
E-15201 (Ehime) and NGN5 (Ehime E-15203). Single
pairs were placed in vials and maintained as mentioned
previously. Adults were transferred to fresh vials every
2 days. After the experiment, the parents were screened
for Wolbachia to confirm infection status. Progeny from
each cross were counted 14 days after the parents were
removed. The total numbers of males and females for
each experiment from infected lines were compared
using a binomial test with P = 0.5.

Fecundity assays

Wild-caught D. suzukii were collected at an organic
raspberry farm (Garroutte Farms) in Watsonville, Cali-
fornia, in October 2012 and October 2013. These flies
were immediately taken to the laboratory, and individ-
ual females were reared as above with half a blueberry
in each vial. Females were allowed to oviposit for
2 days before being transferred to a fresh vial, and the
experiment was continued for 10 days. All ovipositing

© 2014 John Wiley & Sons Ltd

females were assayed for Wolbachia. The numbers of
adult offspring from infected vs uninfected females
were compared using a Wilcoxon signed-rank test.

We also compared the fecundity of infected vs. unin-
fected females from laboratory stocks. Single pairs were
placed in food vials and transferred to fresh vials every
2 days for a total of 25 days, after which the infection
status of the pair was tested by PCR. After 2 weeks, the
adult progeny were counted. We tested the infection
status of five progeny from each cross. The numbers of
offspring for Wolbachia-infected and uninfected females
were compared using a Wilcoxon test.

Because Wolbachia density can be influenced by many
factors, including diet and rearing density, we con-
ducted a fecundity experiment in which the parents
were reared under more controlled conditions. We
informally controlled density by placing three males
and three females in food vials for 3 days; replicates
were established for both infected and uninfected lines.
From these offspring, we collected virgins and held
them for 3 days before performing reciprocal crosses
(Ud X 12 and I3 X UQ), placing one male and female
in each vial. We transferred the pairs daily to fresh vials
for 5 days. After 2 weeks, the offspring from each cross
were counted.

For D. subpulchrella, we controlled for nuclear effects
on fecundity with reciprocal crosses between infected
and uninfected lines. We informally controlled density
by placing three males and three females in standard
food vials with half blueberry for 2 days. Single pairs of
virgin F; females and uninfected F; males were placed
in holding vials with half blueberry for 1 day and then
transferred to fresh food vials with half blueberry every
day for 5 days. We counted emerged adults after
14 days, but excluded counts from females that pro-
duced fewer than 10 offspring.

Desiccation assay

To determine whether Wolbachia modified desiccation
resistance, wild-caught D. suzukii males (collected from
Watsonville, CA, in October 2013) were placed individ-
ually in small test tubes and then transferred to a
0.04 m® glass aquarium with 200 g of desiccant (Drie-
rite). The tubes were checked every hour and dead flies
removed. After 24 h, the experiment was terminated
and the flies were screened for Wolbachia.

Starvation assay

To determine whether Wolbachia modified starvation
resistance, we placed groups of five wild-caught D. su-
zukii females in standard Drosophila vials filled with
15 mL of 1% agar and placed the vials in an incubator.
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The vials were checked every 12 h, and dead flies were
removed. After 72 h, the experiment was terminated
and the flies were screened for Wolbachia.

Results

Wolbachia detection and prevalence

We found D. suzukii infected with Wolbachia throughout
North America (Table 1). All 929 D. suzukii surveyed
for Wolbachia produced a visible control band of the
appropriate size for 285 rDNA. Of these, 159 were PCR
positive for Wolbachia. Of the 475 California flies that
produced a 285 rDNA product but failed to generate a
Wolbachia product, we assayed 45 using serial dilution,
low-titre primers for the ARM and 125 rDNA loci
(Schneider et al. 2014), and qPCR. These more sensitive
assays also failed to detect Wolbachia infection.

In eight of our nine samples, infection frequencies
ranged from 7 to 23% among the four populations sur-
veyed. One sample from Winters, CA, produced an out-
lier frequency of b58% (Table 1). The infection
frequencies were not equal across all samples
(x2 =103.3, d.f. = 8, P <0.0001). However, the eastern
samples (New York and Nova Scotia) were statistically
homogeneous (x> =12, d.f. =2, P = 0.55), with an over-
all infection frequency of 0.08 and 95% confidence inter-
val of (0.05, 0.12). Similarly, without the outlier, the
California samples were homogeneous (y3* = 2.0, d.f. =
4, P = 0.74), with an overall infection frequency of 0.17
(0.14, 0.21). Even without the anomalous May 2013 sam-
ple from Winters, CA, the pooled eastern vs. western
samples showed significantly different frequencies
(x> =16.5, P =0.02). The anomalous Winters sample
corresponded to a statistically significant infection fre-
quency increase between June 2012 and May 2013
(x* = 15.3, P < 0.001). Using each collection as a single
observation of Wolbachia infection prevalence, the data
suggest that the mean prevalence was greater in Cali-
fornia than in eastern populations (Kruskal-Wallis %>
test; Z = 5.4, P = 0.02). Strain E-15201 of D. subpulchrella
carried  Wolbachia, = whereas strain NGN5 of
D. subpulchrella and the genome strain of D. biarmipes
were uninfected.

Wolbachia identification and mtDNA diversity

Using the Wolbachia MLST protocol on infected D. su-
zukii, we identified the following alleles with 100%
identity to previously reported alleles for each of the
five protein-coding genes sequenced: gatB 22, coxA 23,
hepA 24, ftsZ 3 and fbpA 23. This allelic profile corre-
sponded with strain 17 in the MLST database, the wRi
strain found in D. simulans (Hoffmann et al. 1986). We

observed the same allelic profile (100% identity) in D.
subpulchrella. Similarly, D. suzukii and D. subpulchrella
showed 100% sequence identity with wsp allele 16
found in wRi of D. simulans.

We sequenced over 1200 bp of mitochondrial COI for
23 female D. suzukii from Watsonville, CA, and three D.
subpulchrella lines. We identified five mtDNA haplo-
types in D. suzukii and found three haplotypes shared
between infected and uninfected individuals. In contrast
to the identity of the Wolbachia genotypes, we observed
11 fixed differences between the COI haplotypes of D.
suzukii and D. subpulchrella (Fig. 2B). The same five COI
haplotypes were found in D. suzukii from Rochester. As
expected with imperfect maternal transmission of Wol-
bachia and an infection that has approached its equilib-
rium frequency (Turelli et al. 1992), the infection was
randomly associated with D. suzukii mtDNA haplotypes
(Fisher’s exact test, P =0.29 based on 10 000 Monte
Carlo simulations).

Host phylogenetics

To understand the evolutionary history of Wolbachia
infection in D. suzukii and D. subpulchrella, we estimated
the phylogeny of the suzukii subgroup, using 11 382 bp
from 13 protein-coding loci. The fully resolved Bayesian
tree placed the members of the D. suzukii subgroup in a
monophyletic clade with D. subpulchrella sister to D. su-
zukii (a result concordant with the mtDNA tree) with
high posterior support (Fig. 2A).

Maternal transmission

We screened the offspring of wild-caught D. suzukii
females infected with Wolbachia to estimate transmission
frequency. From Rochester, NY samples, we screened
the female offspring of 14 Wolbachia-infected females
that produced at least 20 offspring. We screened male
and female progeny from six infected females from
Watsonville, CA. Most females perfectly transmitted
Wolbachia to both male and female offspring (Fig. 3);
though, six exhibited imperfect transmission with trans-
mission rates varying from 95% to 20% (Fig. 3). The
mean transmission rate was 0.86 with a 95% BC, boot-
strap confidence interval of (0.73, 0.96). Given this vari-
ation, many infected females would have to be screened
to accurately assess the fraction of ‘low transmitters’,
but maternal transmission of Wolbachia is clearly imper-
fect in natural populations of D. suzukii.

Cytoplasmic incompatibility

With CI, we expect reduced egg hatch when infected
males mate with uninfected females. We found no

© 2014 John Wiley & Sons Ltd
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Fig. 2 Phylogenetic trees: (A) Bayesian phylogeny depicting
the relationships between relatives of Drosophila suzukii; (B)
Neighbour-joining tree of mtDNA haplotypes for D. suzukii
and relatives. Wolbachia-infected individuals denoted (+).

evidence for CI in D. suzukii (Table 2). For our Califor-
nia analysis, hatch rates were homogeneous among all
four classes of crosses (Kruskal-Wallis test, P = 0.7). In
contrast, the hatch rates among crosses of New York D.
suzukii were not homogeneous (Kruskal-Wallis test,
P = 0.005). However, this was due to an unexpected
low hatch rate from crosses between uninfected males
and infected females, the opposite of what would be
expected with CI. Similarly, we found no evidence of
CI in D. subpulchrella (Table 3). Although the numbers
of progeny were not homogeneous among groups
(Kruskal-Wallis test, P = 0.04; Table 3), there was no
significant difference between the potential CI cross and
its reciprocal (Wilcoxon test P = 0.82). In principle, CI
might be observed with males of different ages (Hoff-
mann et al. 1986; Hoffmann 1988).
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Fig. 3 Wolbachia transmission by wild-caught Drosophila suzukii
females.

Male killing

With MK, we expect biased sex ratios from infected
mothers. Reciprocal crosses between infected and
uninfected lines of D. suzukii and D. subpulchrella
revealed no evidence of female-biased sex ratio in either
D. suzukii (P =0.37; N =179) or D. subpulchrella (P =
0.47; N = 507) (Fig. 4).

Fecundity assays

To offset imperfect maternal transmission, we expected
a fecundity advantage for Wolbachia-infected females.
We collected 40 D. suzukii females from Watsonville,
CA, in 2012 and 66 in 2013. In both 2012 and 2013, we
detected a significant fecundity disadvantage for
infected females [2012: I 103 +84 (N=7); U
51.6 + 8.3 (N = 29), two-tailed Wilcoxon test, P < 0.005;
2013: 119.9 & 6.5 (N = 20); U 54.5 £ 8.3 (N =9), Wilco-
xon test, P = 0.02]. In principle, these differences could
have been caused by host genotype differences rather
than infection status. However, with imperfect maternal
transmission, infection status is rapidly randomized
over both nuclear and mitochondrial genotypes (Turelli
et al. 1992).

We complemented these field assays by crossing
infected and uninfected laboratory lines of D. suzukii in
both New York and California. Again we detected a
significant fecundity disadvantage associated with Wol-
bachia (Table 4, Wilcoxon tests, P < 0.01). When
repeated with density control, the infected females
produced slightly fewer offspring than uninfected [I
7617 (N=8); U 96+34 (N=14), but the
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Table 2 Cytoplasmic incompatibility assays for Drosophila suzukii from New York and California. Mean egg hatch rates (for females
that laid > 10 eggs) + standard error (SE) and sample sizes (N). U denotes Wolbachia-uninfected, I denotes infected. There was a dif-
ference between group hatch rates for New York flies (Kruskal-Wallis test, P = 0.005), but not California (Kruskal-Wallis test,

P = 0.687)
New York (block 1) New York (block 2) California

Female Male Mean hatch rate (+SE) N Mean hatch rate (+SE) N Mean hatch rate (+SE) N
U U 0.30 + 0.06 9 0.625 + 0.03 19 0.588 + 0.05 23
U 1 0.51 + 0.06 5 0.474 + 0.05 19 0.538 + 0.07 15
I 18) 0.38 + 0.04 11 0.307 + 0.09 9 0.596 + 0.03 28
I I 0.38 + 0.04 11 0.600 + 0.07 15 0.547 + 0.05 23
Table 3 Cytoplasmic incompatibility assay for Drosophila sub- 80 | e D, suzui -
pulchrella. Mean adult numbers (for females that produced > 10 D. suzukii +
progeny) + standard error (SE) and sample sizes (N). U N g: zZZZZZZ::ZZ;
denotes Wolbachia-uninfected, I denotes infected. There was a
difference between hatch rates of all groups (Kruskal-Wallis 60 -
test, P = 0.036); however, there was no difference between CI °
cross and its reciprocal (two-tailed Wilcoxon test, P = 0.65) " °

Q

ol [ ]
Female Male Mean emerged adults (=SE) N g 40 ° °

° ° b
U U 155 (+£1.56) 6 2 O
U I 19.7 (£2.46) 10
I U 20.14 (+2.25) 7 20 4 o .
I 1 25.24 (+2.12) 17 «

[ ]
na e
LA
O -
difference was not statistically significant (Wilcoxon T 1 1 1 T
0 20 40 60 80

test, P = 0.41). Our density-controlled fecundity experi-
ment for D. subpulchrella showed no statistically signifi-
cant difference in the number of offspring produced by
infected vs. uninfected females produced from recipro-
cal crosses [I 30.9 4+ 2.8 (N =15); U 33.7 £ 29 (N = 11);
Wilcoxon test, P = 0.58].

Although several tests indicated a Wolbachia-associ-
ated reduction in fecundity, some infected females had
apparently normal numbers of offspring. We used
qPCR to compare Wolbachia titre among females and
found no significant association between the level of
infection and fecundity (linear regression, P = 0.31,
d.f.=1,8).

Desiccation assay

We assayed 76 male D. suzukii for resistance to desicca-
tion, 12 of which were Wolbachia infected. The mean
survival time for infected flies was 14.25 h [95% confi-
dence (12.9, 15.5; N = 12)], while the mean survival time
for uninfected flies was 13.16 h (9.9, 16.4; N = 64). Our
data provided no evidence that Wolbachia increases des-
iccation resistance (Wilcoxon test, P = 0.67). Only males
were available for the desiccation assay due to the
requirements for females in other experiments.

No. of females

Fig. 4 Scatterplot of the number of male and female offspring
produced by Wolbachia-infected (+) and uninfected (—) females
(mated to uninfected and infected males, respectively) of Dro-
sophila suzukii and D. subpulchrella. The line denotes 1:1 off-
spring sex ratios. Female offspring did not occur at a higher
rate than males in infected D. suzukii + (binomial test p = 0.5,
P =037, N=179) or D. subpulchrella + (P =0.47, N = 507),
indicating no male killing (or feminization).

Table 4 Mean number of adult Drosophila suzukii (+£standard
error, sample size) generated by Wolbachia-infected (I) vs. unin-
fected (U) laboratory-reared females

State  Block I U

NY 1 (October 2012) 3.84 (£0.70, 60)
2 (March 2013) 14.25 (£2.62, 60)
CA 19.89 (£6.49, 9)

9.24 (£1.10, 56)
9.73 (£2.30, 48)
54.45 (+6.49, 20)

Starvation assay

We assayed 70 female D. suzukii for resistance to starva-
tion, 11 of which were Wolbachia infected. Mortality

© 2014 John Wiley & Sons Ltd
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rates were fairly high within the first 12 h of the experi-
ment because many flies stuck to the agar. Excluding
these flies, the mean survival times for infected and
uninfected flies were 26.6 (20.5, 32.8; N =9) and 22.7
(18.8, 25.7; N = 55) hours, respectively. We detected no
Wolbachia effect on survival (Wilcoxon test, P = 0.205).

Discussion

What maintains wSuz in Drosophila suzukii?

Wolbachia are best known for reproductive manipula-
tions that increase the representation of infected cyto-
plasms. Yet, we found no evidence of cytoplasmic
incompatibility (CI) or male killing (MK) in D. suzukii
or D. subpulchrella. Reciprocal crosses between infected
and uninfected lineages do not show CI (Tables 2 and
3). Furthermore, Wolbachia-infected D. suzukii and D.
subpulchrella females produce 1:1 offspring sex ratios,
indicating neither MK nor feminization (Fig. 4). Thus,
efforts to control or manipulate D. suzukii by Wolbachia-
induced reproductive manipulation, if possible at all,
would require transinfection with non-native Wolbachia.
CI or MK may be observed with males and females of
different ages than we have used (Hoffmann et al. 1986;
Hoffmann 1988). This will be explored in future
analyses.

With no apparent reproductive manipulation, wSuz
also shows imperfect maternal transmission in D. su-
zukii. This should systematically reduce its frequency.
Yet, the widespread geographic distribution of 7-20%
infection frequencies, including our 2012-13 North
American samples (Table 1) and an earlier Hawaiian
sample (Bennett et al. 2012), strongly suggests that wSuz
is stably maintained, as does the random association
between Wolbachia infection and mtDNA haplotypes.
The simplest explanation is that wSuz produces a fit-
ness advantage that balances its imperfect transmission
(Hoffmann & Turelli 1997). Under this scenario, if a
fraction p of the ova produced by infected females is
uninfected, wSuz should persist only if it enhances the
relative fitness, F, of infected females sufficiently that
F(1 — w) > 1. With constant parameter values, the pre-
dicted equilibrium frequency is p =1 — [puF/(F — D].
Hence, to maintain frequencies on the order of 5-20%
in the face of p = 15%, the selective advantage, F — 1,
associated with wSuz should be appreciable, on the
order of 20%.

This prediction motivated our experiments examining
relative fecundity, starvation tolerance and desiccation
resistance. None of our assays revealed a beneficial
effect of wSuz. We may have assayed the wrong pheno-
types, our experiments (apart from fecundity) may have
been too small, or fitness benefits may be context

© 2014 John Wiley & Sons Ltd

dependent. Wolbachia strains closely related to wSuz
confer resistance to RNA viruses that are otherwise vir-
ulent to Drosophila (Hedges et al. 2008; Teixeira et al.
2008; Osborne et al. 2009; Unckless & Jaenike 2012). D.
suzukii has a relatively robust immune response, associ-
ated with increased haemocyte loads relative to D. mela-
nogaster (Kacsoh & Schlenke 2012), and its largest
gene-family expansions and contractions are related to
immune response (Chiu et al. 2013). Hence, effects
of Wolbachia on immune response are natural
candidates for the expected fitness benefits we have not
yet discovered.

Temporal and spatial heterogeneity of infection
frequencies

If wSuz confers resistance to microparasites, which
often occur as epidemics, substantial fluctuations in
prevalence may be expected. Thus, the significant
increase in Wolbachia infection frequency in the Winters,
CA, population from 18% to 58% (P < 0.001) in less
than 1 year may reflect a cryptic epidemic. Anomalous
frequency changes have also been observed in D. simu-
lans (Turelli & Hoffmann 1995), and Unckless et al.
(2009) documented seasonal changes in Wolbachia titre
in D. innubila that may alter fitness effects. The fre-
quency differences observed in eastern and western
samples may reflect systematic environmental differ-
ences. Alternatively, because D. suzukii has been
detected in California longer than in northeastern Uni-
ted States (Burrack et al. 2012), frequency differences
may reflect increased build-up in pathogen loads in the
west. These conjectures will be tested in future studies,
along with the effects of wSuz on pathogen resistance,
development time, longevity and mating. For now, the
apparent persistence of wSuz remains a mystery.

Although we have sampled only a handful of popula-
tions, we found a significantly lower frequency of wSuz
infection in eastern (New York and Nova Scotia) than
in western D. suzukii populations. Continued sampling
will reveal whether the difference persists or is a conse-
quence of chance effects associated with recent inva-
sion. Figure 1 shows that D. suzukii had a disjunct
distribution across the United States in 2013. Because
this species was first discovered in California and Flor-
ida, it is likely that northeast populations were derived
from the west or south, plausibly as a result of shipping
strawberries or raspberries, favoured D. suzukii breed-
ing resources (Goodhue et al. 2011). If the lower eastern
frequencies are founder events, infection prevalence
might increase to the level seen in California. Given the
inferred selective advantage of carrying Wolbachia, such
frequency increases may be detectable within a few
years.
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Table 5 Summary of published naturally occurring Wolbachia infections in Drosophila, indicating the Wolbachia strain designation, the
reproductive manipulation phenotype (CI, cytoplasmic incompatibility; MK, male killing; N, very weak or none) and the mode of
acquisition of the Wolbachia infection (C, cladogenic transmission; H, horizontal transmission; I, introgression). Empty cells indicate
no information. Species in small clades in which cladogenic or introgressive inheritance of Wolbachia is suggested are grouped

Species Strain Phenotype Origin References

cardini group

arawakana wWil 1
arawakana wSpt 1
arawakana 1
neocardini 2
Hawaiian species
bristle tarsus subgroup
nr basimacula wBas 34
prodita wDas C 34
redunca wDas C 3,4
split tarsus subgroup
ancyla wGin C
fundita wFun C 34
nr fundita wGin C 3,4
forficata wFor Hf 34
nr dorsigera wFor 34
spoon tarsus subgroup
dasycnemia wDas 3,4
setiger subgroup
eurypeza wEur 34
tetraspilota wTet 34
melanogaster group
ananassae subgroup
ananassae wRi CI 5
ananassae wSpt 1
pseudoananassae wPana 1
melanogaster subgroup
melanogaster wMel CI (weak) H' 6
simulans wRi Cl Hf 7
simulans wAu N H' 8
sechellia wHa CI C 9
sechellia wNo & wHa CI C 9
simulans wHa CI C 9,10
simulans wNo & wHa CI C 9,11, 12
simulans wNo/wMa' CI C 9,11, 12
mauritiana wMa N I 9
santomea wSty N s 13, 14
teissieri wSty N N 13, 14, 15
yakuba wSty N If 13, 14, 15
montium subgroup
auraria CI 16
baimaii wBai 1
bicornuta wBic 1
kikkawai wKik 3
nikananu wNik 1
triuumriu/quadmriﬂ wRi 1,17
suzukii subgroup
subpulchrella wSuz N C this study
suzukii wSuz N C 17,18
takahashii subgroup
pseudotakahashii wPse 1
mitchellii group
nigrocirrus wEla 3
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Table 5 Continued

Species Strain Phenotype Origin References

obscura group

ambigua 2 19

tristis 4l 19

bifasciata wBif MK 20
quinaria group

innubila wlnn MK H 21

munda wMun 22

quinaria N H 23

recens CI H 24
saltans group

prosaltans wPro C 25

septentriosaltans wSpt C 25

sturtevanti wStv 1
semieuscata group

apicipuncta wApi 3
testacea group

orientacea wOri C 26

neotestacea wNeo C 26

testacea wTes C 27
virilis group

borealis MK 22
willistoni group

paulistorum semispecies wAu C 28

tropicalis wTro H 29

willistoni wWil H 25,29

"Based on the observed molecular differences between the Wolbachia in this species and its closest relatives, horizontal transmission

seems most plausible.
'These infections may be identical (Ballard 2004).

$Lachaise et al. (2000) provided evidence that the Wolbachia in the yakuba complex (yakuba, santomea, teissieri) were transmitted by
introgression. This is supported by stronger evidence for mtDNA introgression (Bachtrog et al. 2006; Llopart et al. 2014).

D. quadraria is a junior synonym of D. triauraria (Watada et al. 2011).

T"Haine et al. (2005) conjecture that these obscura species may have experienced horizontal transmission, but given the very close rela-
tionship between the hosts and the lack of mtDNA data, cladogenic or introgressive transmission seems equally plausible.
References: 1. Mateos et al. (2006), 2. Montenegro et al. (2006), 3. Bennett et al. (2012), 4. O’Grady et al. (2011), 5. Bourtzis et al. (1996),
6. Hoffmann (1988), 7. Hoffmann et al. (1986), 8. Hoffmann ef al. (1996), 9. Rousset & Solignac (1995), 10. O'Neill & Karr (1990), 11.
Mergot et al. (1995), 12. James & Ballard (2000), 13. Lachaise et al. (2000), 14. Zabalou et al. (2004), 15. Charlat et al. (2004), 16. Bourtzis
et al. (1996), 17. Cordaux et al. (2008), 18. Siozios et al. (2013), 19. Haine et al. (2005), 20. Hurst & Jiggins (2000), 21. Dyer & Jaenike
(2004), 22. Sheeley & McAllister (2009), 23. Dyer et al. (2011), 24. Werren & Jaenike (1995), 25. Miller & Riegler (2006), 26. Baldo et al.
(2006), 27. Jaenike et al. (2010), 28. Miller et al. (2010), 29. Miiller et al. (2013).

Master manipulator or helpful guest?

The Wolbachia strains present in the sister taxa D. su-
zukii and D. subpulchrella are very closely related (iden-
tical at the five MLST loci and wsp), whereas their
mtDNA shows significant differences. Moreover, in D.
suzukii the same mtDNA haplotypes are found among
infected and uninfected individuals. These facts indicate
that the association of wSuz with D. suzukii is old. The
lack of differentiation between Wolbachia in D. suzukii
and D. subpulchrella, combined with appreciable inter-
specific mtDNA differences, suggests that an infection
in their most recent common ancestor may have per-
sisted through cladogenesis. Cladogenic transmission
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has also been proposed for Wolbachia shared by D. simu-
lans and D. sechellia (Rousset & Solignac 1995), for three
species of the D. testacea group (Jaenike et al. 2010) and
for several of the reproductively isolated D. paulistorum
semispecies (Miller et al. 2010).

Although horizontal transmission of Wolbachia is pro-
ven by phylogenetic discordance between Wolbachia and
distantly related hosts (O'Neill ef al. 1992), only com-
parisons of sister species can reveal the relative frequen-
cies of horizontal transmission vs. cladogenic
transmission or introgression. Horizontal transmission
is clearly indicated when closely related hosts harbour
distantly related Wolbachia. In contrast, when closely
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related hosts harbour closely related Wolbachia, clado-
genic transmission or introgression seems more plausi-
ble. Recent introgression can be ruled out if mtDNA
and nuclear loci show concordant phylogenies. Hence,
we have inferred cladogenic transmission of the closely
related Wolbachia in D. suzukii and D. subpulchrella.
Table 5 provides a preliminary summary of what is
known within the genus Drosophila about Wolbachia
reproductive manipulation and mode of acquisition.
Except where noted, we have accepted the conclusions
of the original investigators. When closely related hosts
harbour very similar Wolbachia, we have inferred clado-
genic transmission. What is most striking from Table 5
is how few infections have been characterized and how
often transmission has been via cladogenesis or intro-
gression (as evidenced by mtDNA comparisons, cf.
Rousset & Solignac 1995). Table 5 proposes several
new examples of cladogenic transmission among
Hawaiian Drosophila. Additional mtDNA analyses
may support introgression in some of these cases; how-
ever, our preliminary analysis suggests that fewer than
half of Wolbachia-infected Drosophila received their infec-
tions via horizontal transmission (9 of 31 cases in
Table 5).

The lack of detectable reproductive manipulation by
the Wolbachia in D. suzukii and D. subpulchrells may
reflect a long history of co-evolution (Hoffmann & Tur-
elli 1997; Hornett et al. 2006). As Table 5 shows, lack of
detectable CI or MK is not uncommon. Prior to PCR
assays, there was an ascertainment bias favouring the
discovery of Wolbachia that manipulate reproduction.
With so few natural Wolbachia infections characterized
for their effects, we know relatively little about the fre-
quency or intensity of reproductive manipulation. For
very few hosts, do we know Wolbachia frequencies in
natural populations. Finding persistent low-frequency
infections rules out significant CI, which produces sta-
ble equilibrium frequencies above 0.5 (Turelli & Hoff-
mann 1995). Mutualistic effects may prove more
common and/or more important for Wolbachia preva-
lence than reproductive manipulation (cf. Jaenike &
Brekke 2011).

Combining infection studies of sister species with
tests of reproductive manipulation will help us under-
stand Wolbachia biology and patterns of co-evolution
with its hosts. In addition to providing a model for
host-symbiont co-evolution, Wolbachia hold significant
promise for the control of vector-borne diseases
(McGraw & O’Neill 2013). Although we do not yet
understand what maintains wSuz in D. suzukii, it is
clear that Wolbachia infections need not manipulate host
reproduction to persist or spread (Hoffmann 1988; Hoff-
mann et al. 1996; Charlat et al. 2004; Kriesner et al.
2013).
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