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Abstract

Wolbachia infections have been described in several Drosophila species but relatively few
have been assessed for phenotypic effects. Cytoplasmic incompatibility (CI) is the most
common phenotypic effect that has been detected, while some infections cause male killing
or feminization, and many Wolbachia infections have few host effects. Here we describe two
new infections in a recently described species, D. pandora, one of which causes near-
complete CI and near-perfect maternal transmission (the “CI” strain). The other infection is a
male killer (the “MK” strain), which we confirm by observing re-initiation of male

production following tetracycline treatment. No incompatibility was detected in crosses
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between CI strain males and MK strain females, and rare MK males do not cause CI.
Molecular analyses indicate that the Cl and MK infections are distantly related and the CI
infection is closely related to the wRi infection of D. simulans. Two population surveys
indicate that all individuals are infected with Wolbachia, but the MK infection is uncommon.
Given patterns of incompatibility among the strains, the infection dynamics is expected to be
governed by the relative fitness of the females, suggesting that the CI infection should have a
higher fitness. This was evidenced by changes in infection frequencies and sex ratios in

population cages initiated at different starting frequencies of the infections.

Introduction

Infections of the endosymbiotic bacterium Wolbachia in Drosophila species were first
described in D. simulans Sturtevant (Hoffmann et al. 1986) and they have subsequently been
found to be widespread across the genus (Rousset and Solignac 1995; Werren and Jaenike
1995; Mateos et al. 2006; Miller and Riegler 2006; Bennett et al. 2012; Muller et al. 2013)
although the majority of these infections have only been detected at the molecular level and
not characterized for their phenotypic effects on the host (Salzberg et al. 2005; Mateos et al.
2006). The first infection described in Drosophila was shown to cause cytoplasmic
incompatibility (CI) (Hoffmann et al. 1986), where embryo death occurred in matings
between uninfected females and infected males. Cytoplasmic incompatibility has been
detected for several other Drosophila infections since (Giordano et al. 1995; Bourtzis et al.
1996; Charlat et al. 2002; Miller et al. 2010). Infections have also been detected that cause
male Killing (MK) rather than CI (Dyer and Jaenike 2004) but this phenotype appears rare in
Drosophila (Montenegro et al. 2006; Sheeley and McAllister 2009). Other infections have

been detected that cause neither Cl nor MK in Drosophila hosts (Hoffmann et al. 1996;
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Zabalou et al. 2004; Hamm et al. 2014); these endosymbionts may spread by generating
positive fitness effects in the host (Kriesner et al. 2013; Hamm et al. 2014) although they may
also exist transiently in populations if they have very high levels of maternal transmission

with minimal effects on fitness.

Male Killer infections are relatively common in insects generally (Hurst and Jiggins 2000)
and have been identified from a small number of Drosophila (Montenegro et al. 2006) where
Wolbachia has been determined as one of the responsible agents (e.g.Hurst and Jiggins 2000;
Dyer and Jaenike 2004; Sheeley and McAllister 2009). Models suggest that MK strains have
the potential to displace ClI infections under some scenarios when they maintain resistance to
Cl in females and when they are still able to cause CI through males and produce more
surviving female offspring (Hurst et al. 2002). However, there is also a region of parameter
space where both Cl and MK infections are expected to persist, depending on the relative
magnitude of ClI, rate of male killing and fitness benefits. On the other hand, MK infections
are expected to spread most easily in populations where there is strong competition or other
interactions among host siblings, or where there is marked inbreeding depression, providing
an advantage for hosts that exhibit male killing (Hurst and Majerus 1993). Hosts may also
benefit directly from Wolbachia in ways that are unrelated to the male killing phenotype
(Unckless and Jaenike 2012). Male killer strains might therefore be relatively more common
in Drosophila species where there are strong sibling interactions, although a combination of

mechanisms may be required (Unckless and Jaenike 2012).

We are presently exploring the effects and population dynamics of a wide range of
Wolbachia infections in Drosophila and related genera to understand factors dictating the
dynamics of different types of infections and their ecological context. Here we characterize

two newly discovered infections in D. pandora McEvey and Schiffer, a member of the
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ananassae complex in the melanogaster species group. This species was only recently
described and occurs sympatrically within the distribution of D. ananassae (McEvey and
Schiffer 2015). Currently D. pandora is known from locations in Papua New Guinea, the
Torres Strait Islands, and tropical locations in mainland Australia ranging from the north of
Cape York Peninsula to Rockhampton, and as far West as Darwin (McEvey and Schiffer

2015). This species (at least in Australia) appears to prefer urban and disturbed habitats.

The Drosophila pandora — Wolbachia situation seems atypical of Drosophila infections in
that our preliminary data pointed to a very high proportion of individuals in a population
being infected by Wolbachia, unlike in other Drosophila species, where infected and
uninfected individuals typically occur within populations (Hoffmann et al. 1996; Mercot and

Charlat 2004; Dyer et al. 2005; Montenegro et al. 2006).

We therefore investigated these Wolbachia infections in detail by: 1) determining the
infection frequency of Wolbachia in two field populations of D. pandora from northern
Australia; 2) characterizing the phenotype of the Wolbachia infections through experiments
investigating cytoplasmic incompatibility, maternal transmission and fecundity; and 3) typing
the strains with different phenotypes through PCR and sequencing, and examining their
genetic relationships in a phylogenetic context. We show that the D. pandora situation is
unusual in having coexisting MK and ClI infections present in populations, and we therefore
investigate the dynamics of the two infections in a population experiment. Results are
interpreted in the context of models that help to explain the frequencies of the two coexisting

infections.

Methods

D. pandora field collections and species identification
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Population samples of D. pandora were obtained in April 2014 by initiating 112 isofemale
lines from Woodlands Big4 Tourist Park, Townsville (19.241°S, 146.664°E) and a further 33
lines from Lake Placid Tourist Park in Cairns (16.269° E, 145.674° S). Species identification
was based on configuration of the sex combs on tarsomeres | and 1l of the male foreleg, and
examination of the male Terminalia (see McEvey and Schiffer 2015). Lines were screened
for Wolbachia infection by PCR as outlined below. The F; progeny were collected and stored
in 100% ethanol. These collections yielded two female-biased lines of an ananassae-complex
species which were initially unidentifiable due to the complete absence of male progeny. By
introducing identified males from various ananassae complex species and recording which
crosses produced progeny (and then confirming the identity of the resultant male progeny),

we were able to determine that these Wolbachia-infected lines were both D. pandora.

To further confirm that the female-biased lines were indeed D. pandora and not a cryptic
species, we used the Drosophila nuclear markers Ddc and Pgi (Matsuda et al. 2009) to screen
a single F1 individual from ten of the isofemale lines from Cairns and ten from Townsville in
addition to the single female-biased line from each location (one individual for the Cairns
line, two individuals for the Townsville line). A further two female-biased lines collected at
the same location in Cairns in November 2014 were also included, bringing the total female-
biased lines to four. DNA extractions were performed using a 5% Chelex (BioRad) based
plate method on single individuals. This involved extracting a whole fly per well in a deep
well plate using 2.5 pL of Proteinase K (Roche), 250 pL of 5% Chelex solution and two 2
mm glass beads. Samples were homogenized in a mixer mill, 150 ul of the resulting solution
was transferred to a standard 96 well PCR plate which was then incubated for 30 minutes at
65°C followed by 10 minutes at 90°C. The PCR conditions for Ddc were: 3 mins at 94°C; 37

cycles of 30 seconds at 94°C, 45 seconds at 65°C, 90 secs at 72°C; and a final extension for
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10 mins at 72°C followed by holding at 4°C. PCR conditions for Pgi were the same except
for 30 cycles and an annealing time of 75 seconds. PCR products were sequenced using
Sanger sequencing by Macrogen (Korea). The chromatograms were checked and edited

manually in Geneious v6.1.4 http://geneious.com (Kearse et al. 2012) and double peaks

indicating heterozygosity were recorded as IUPAC ambiguity codes. The resulting sequences
were aligned and used to build neighbour-joining trees for each marker separately using the

Tamura-Nei distance with 100 bootstrap replicates.

Establishment of laboratory lines

Several laboratory lines of D. pandora were used in crosses and experiments. The first line
was established by pooling flies from three isofemale lines collected in May 2011 near Lake
Placid, Cairns (16.870°S, 145.676°E and 16.869°S, 145.671°E), each of which did not show
any bias in sex ratio. These lines were mixed in November 2013 to create a single line for
experiments, denoted by pl+ in this paper. Individuals from this combined line were all found
to be infected by Wolbachia based on PCR characterization (see below). A line cured of this
infection (denoted by pl-) was created from the pl+ line following treatment with 0.03%
tetracycline (Sigma) in cornmeal media for a generation as outlined in Hoffmann et al (1986).
Tetracycline treatment was undertaken on offspring of the adults that were pooled to form the
pl+ line. Lines were maintained in the laboratory on cornmeal media at 19°C with a 12:12

L:D cycle.

The third laboratory line used denoted by C168+ represented an isofemale line that was also
positive for Wolbachia but that produced only female offspring when it was first set up. This
line and other female biased lines could only be maintained by introducing males from the

non-female-biased pl+ D. pandora line each generation.
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To assess whether the sex ratio bias we observed in the C168+ line of D. pandora was
related to Wolbachia infection, we treated this line with tetracycline as outlined above to
create a C168— line which was scored for sex ratio of the emerging progeny. The absence of

Wolbachia in this line was verified by PCR (see below).

Wolbachia infection frequency and strain typing

A preliminary screen for Wolbachia was conducted for all field isofemale lines. DNA
extractions were performed using the 5% Chelex method outlined above and Wolbachia
infection was assessed via standard PCR using the gatB primers for the Multilocus Sequence
Typing System (MLST) for Wolbachia outlined in Baldo et al (2006). The PCR conditions
were: 3 mins at 94°C; 37 cycles of 30 seconds at 94°C, 45 seconds at 54°C, 90 secs at 72°C;

and a final extension for 10 mins at 72 °C followed by holding at 4°C.

Presence of the gatB amplicon was confirmed by running 5 pl of PCR product on a 2%
molecular biology grade agarose gel (Scientifix) and observing a clear 471 bp band. To
confirm infection status, we also screened a subset of samples using the wsp validation

primers wsp_val (Lee et al. 2012; Kriesner et al. 2013) with the cycling regime outlined

above for gatB, and an annealing temperature of 59°C.

To further investigate the Wolbachia infections involved, additional PCR amplifications were
conducted for two individuals each from two infected non-female-biased isofemale lines and
two infected female-biased isofemale lines (including C168+ ), with the forward and reverse
CoXA, hcpA, ftsZ, fpbA and gatB MLST primers (Baldo et al. 2006) and wsp_val primers (Lee
et al. 2012; Kriesner et al. 2013). The cycling regime was the same as outlined above for
gatB, with an annealing temperature of 54°C for coxA, ftsZ and hcpA and 59°C for fpbA and

wsp_val. As above, agarose gels were used to visualise clear bands that confirmed the
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presence of amplicons of the appropriate size for each primer pair. PCR products were sent to
Macrogen (Korea) for purification and Sanger sequencing. Sequencing chromatograms were

examined and processed using Finch TV v1.4.0 (Geospiza, Seattle, WA) and MEGA version

6 (Tamura et al. 2013). Allelic profiles were compared to those in the MLST database at

http://pubmlst.org/wolbachia/ (Jolley and Maiden 2010).

For routine rapid scoring of Wolbachia infections in experiments, we used the genotyping
assay developed by Lee et al (Lee et al. 2012; Kriesner et al. 2013) which distinguishes
Wolbachia infections on the basis of melting temperature (Tr,) difference of the wsp
validation PCR amplicons. High-resolution melt analysis on the Roche LightCycler® 480
system produced distinct T, clusters for female-biased and non-female-biased wsp amplicons
that differed by Ty, ~0.5 °C. While the clusters are always distinct, the T, range can differ
slightly between runs so the use of controls is essential (e.g. Run 1 female-biased: 81.88 —
82.21°C and non-female-biased: 82.65-82.79 °C; Run 2 female-biased: 82.24-82.51°C and
non-female-biased: 82.96-83.28 °C). Sanger sequencing of representative PCR products (14
non-female-biased lines and all 4 female-biased lines) confirmed that individuals from non-
female-biased lines clustered at a high T, whereas those from the female-biased lines

clustered at the lower Tp,.

To investigate Wolbachia colonization history we also screened female biased and non-
female biased lines for mtDNA variation using the mitochondrial marker CO1 (Matsuda et al.
2009). Samples were those outlined above for the nuclear markers Ddc and Pgi comprising
20 individuals from non-female biased lines and four from female biased lines. PCR
conditions were: 3 mins at 94°C; 32 cycles of 30 seconds at 94°C, 45 seconds at 55°C, 90

secs at 72°C; and a final extension for 10 mins at 72°C followed by holding at 4°C. However
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the results revealed very low variation and did not warrant phylogenetic analysis. Sequences

have been deposited in Genbank (KX234146- KX234169).

Wolbachia tree-building

We built an unrooted species tree to investigate the genetic relationships of the two D.
pandora infections in the context of broader Wolbachia diversity. Representative sequences
were obtained for taxa from each Wolbachia supergroup with all five MLST markers and wsp
sequences available. Taxa included the most highly-scoring BLAST matches to our D.
pandora Wolbachia sequences and several previously described MK infections. The majority
of sequences were obtained from GenBank (http://www.ncbi.nlm.nih.gov/genbank/ Benson et
al. 2011), and several unpublished sequences for Folsomia candida were kindly provided by
Laura Baldo from the University of Barcelona and John H Werren from the University of
Rochester. Details of sequences used in the tree-building are presented in Table S1. For each
marker region, sequences were aligned using Geneious v6.1 and alignments were trimmed to
ensure coverage of all taxa and to remove primer regions. PartitionFinder v1.0.1 (Lanfear et
al. 2012) was used to determine appropriate codon position partitioning and nucleotide

evolution models for each partition; these were chosen according to the best BIC value.

An initial run of the Bayesian phylogenetics software BEAST v2.3.1 (Bouckaert et al. 2014)
for each gene alignment then provided estimates of substitution rate and other nucleotide
evolution model parameters used as non-estimated priors in a *BEAST run (Heled and
Drummond 2010; Bouckaert et al. 2014) incorporating all genes (see Table S2 for details).
The *BEAST approach co-estimates an overall species tree along with individual gene trees
for each marker. In this case, molecular clocks and gene trees were linked across partitions
within each marker, but maintained as unlinked between markers. Although the markers

should in theory share the same tree because they are inherited together, the individual gene
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trees showed some differences in topology that caused convergence problems in trial
*BEAST runs. Leaving gene trees unlinked also allows for processes like horizontal gene
transfer that may have occurred during evolution of these taxa. Ploidy was set to ‘Y or
mitochondrial’ for each marker; strict molecular clocks were used, and all clock rates were
assigned gamma-distribution priors (shape = 2, scale = 2); the species tree was modelled with
a Yule model with birthrate assigned a 1/X distribution (default settings) and species tree
population size was set to ‘linear’ with population mean estimated during the run. All other
priors and operators were maintained at default settings, except the SubtreeSlide operator size
was reduced to 0.02 for each gene tree, and the treeScaler scale operator scale factor was set

to 0.9 for the hcpA and ftsZ gene trees.

Five independent runs were performed with these settings, each run for 10M generations,
sampling trees every 10,000 generations. Traces were checked in Tracer v1.6 (Rambaut et al.
2014) to confirm all ESS values were >200 for the combined runs, and species trees were
visualized in DensiTree v2.0 to check that the independent runs agreed on species tree
topology. Finally, all five runs were combined in LogCombiner (Bouckaert et al. 2014),
removing 20% of each run as burnin (leaving 4204 trees in total). A Maximum Clade
Credibility tree was calculated in TreeAnnotator (Bouckaert et al. 2014) retaining median
branch lengths. This tree was visualized with the ape package v3.4 (Paradis et al. 2004) in R

v3.2.2 (R_Core_Development_Team 2015).

Further phenotype characterization

The infection phenotypes were characterized in the pl+ (non-female-biased) and C168
(female-biased) infected D. pandora lines by conducting a series of experiments investigating

cytoplasmic incompatibility, fitness and maternal transmission of Wolbachia. Experiments
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were conducted at 19°C and/or 25°C with a 12:12 L:D cycle and involved lines 2-20

generations after tetracycline treatment.

Cytoplasmic Incompatibility and Crosses

Cytoplasmic incompatibility associated with the pl+ line was assessed in two identical
experiments, performed four generations apart in January and April 2014 in which the pl+
and pl- lines were reciprocally crossed in addition to control crosses within lines (Cross 1. 9-
x 3+, 2. Q+x 3-, 3. 2+ x 3+, 4. Q- x 2-). Virgins were collected within six hours of
emergence and holding vials were checked for absence of progeny after 10 days to confirm
virgin status. Fifteen replicates of each cross were set up when virgins were five days old;
mating was observed and males were stored in ethanol. Females were provided with spoons
containing treacle media brushed with yeast paste to encourage egg-laying. Spoons were
checked for eggs the following day; females that had laid >10 eggs were stored in ethanol and
the spoons removed, with new spoons provided to flies that had not laid or that had laid fewer
than 10 eggs. A minimum of 10 eggs were used, following Hoffmann et al (1986). Spoons
were scored for hatched and unhatched eggs 24 hours after collection and put in vials
containing 6 ml cornmeal media to provide an appropriate food source for growing larvae.
Progeny took approximately 10 days to develop and upon eclosion were stored in 100%

ethanol for scoring of sex ratio.

Incompatibility relationships between the pl+ line and C168 line were assessed in an
experiment conducted in March 2015 at 25°C. Infected and uninfected individuals of the
C168+ and C168- lines were crossed with infected and uninfected individuals of the pl+ and
pl- lines (Crossl. C168- @ x pl+ &, 2. C168+ Q@ x pl- &, 3. C168+ Q x pl+ &, 4. C168- Q x
pl- &,5.C168+ @ x C168- &, 6. C168- @ x C168- 3'). No cross could be performed between

pl- females and C168+ males owing to the lack of male progeny for C168+ at 25°C. Virgin
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collection, mating, egg collection, egg scoring and progeny scoring were conducted as for the

pl+ Cl experiment outlined above.

Maternal transmission

Maternal transmission for the pl+ line was assessed following a three step protocol: 1) eggs
were collected from an individual female from the pl+ line; 2) 25 sub-lines were created by
crossing the resulting female progeny with uninfected males from the pl- line; and 3) four
male progeny from each sub-line were crossed with an equivalent number of uninfected
females from the pl- line. Individuals for steps 2 and 3 of this experiment were collected as
virgins and crossed when they were 5 days old. Eggs were collected on spoons over 24 hours
and scored for hatched and unhatched eggs after a further 24 hours. Progeny were collected
into 100% ethanol and scored for sex ratio. Crosses with high hatch rates were screened for
Wolbachia as outlined above, meaning that maternal transmission was determined from a
combination of Cl and PCR detection (i.e. males from the final step should show CI when
crossed to pl- and also be positive for Wolbachia where maternal transmission has

succeeded).

Maternal transmission of the C168+ line was assessed by collecting 10 C168+ females and
conducting pairwise matings with C168— males at 25°C. Ten progeny per cross were
collected and screened for Wolbachia status via PCR to determine the rate of maternal
transmission. We were unable to replicate the three part experiment that we did for the pl+

line owing to the absence of males for this line at 25°C.

Temperature and male emergence

Hurst et al (2000) noted that exposure to elevated temperatures reduced male killing in D.

bifasciata Pomini resulting in some male emergence. To test this in the C168+ D. pandora
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line, we crossed females from the C168+ line with infected and uninfected males from the
pl+ line (12 and 13 replicates respectively) at five days old. We maintained the crosses at
28°C for two weeks and scored the sex ratio of progeny. This temperature was chosen as an
intermediate between a standard Drosophila rearing temperature of 25°C and the thermal
extreme for the majority of Drosophila species of 32°C (Chakir et al. 2002). We chose two
weeks as the termination point for the experiment based on the results of a pilot study
investigating the effect of C168+ female age on male emergence at high temperature which

indicated no males were produced after females were more than one to two weeks old.

To investigate the effect of any emerging males from the C168+ line on egg hatch rates and
progeny sex ratios, we collected males from the pl+ , pl-, C168+ and C168- lines of D.
pandora that were reared at 28°C and reciprocally crossed them with females from the same
lines reared at 25°C. After emergence, virgin flies were placed at 25°C and remained at this
temperature for all subsequent work. Crosses were conducted at five days of age, mating
occurrence in the first six hours was recorded, eggs were collected and egg hatch rates and
progeny sex ratios were scored. Males (N = 41) from C168+ were screened for Wolbachia

infection via PCR as outlined above using the gatB primers.

Fecundity

Fecundity was assessed for pl+, pl-, C168+ and C168- lines at 25°C in September 2015.
Fifteen crosses per line were set up using five day old virgins. C168+ females were crossed
with males from pl+ owing to the lack of males for ‘C168+ at 25°C. Crosses and egg
collection were conducted as for CI experiments by replacing spoons every day over four
days and scoring egg number. Fecundity was compared among crosses with a one way

ANOVA given that egg number data were normally distributed.
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Population monitoring

The population dynamics of the two infections were investigated in a population experiment
running over several months in late 2015. A replicate consisted of a bottle containing 200
flies (1:1 sex ratio). The females were collected as virgins and at two days old were sorted
into treatments made up of 10%, 25%, 50%, 75% and 90% ‘C168+ females with the
remainder from the pl+ line. All males were collected as virgins from the pl+ line and were
added to each bottle after females to reduce initial mating bias. Eleven replicates were set up
per treatment and were maintained for five generations using 100 ml standard cornmeal
media. Bottles were density controlled to approximately 200 individuals at the beginning of

each generation.

Random samples of one hundred generation five progeny from each replicate were scored for
sex ratio. In addition, 50 females from all replicates of the 10%, 50% and 90% treatments
were extracted and screened for infection type using the 5% Chelex extraction method and
Tm-based genotyping assay of the wsp validation PCR amplicon, both outlined above. Sex
ratio and infection frequency were tested against the expectation that the infections would be
maintained at the same frequency as in the starting population. Deviations from expectations
were tested through one sample t-tests (with proportions being angular transformed).
Expectations for sex ratio were based on the notion that MK flies produced only female

offspring whereas CI females produced an equal number of males and females.

Results

Wolbachia infection in natural populations

To confirm that the two Wolbachia infection types were indeed occurring in the same species

and that this was not a case of cryptic species within D. pandora, we obtained nucleotide
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sequences for 25 individuals from two sites with the Drosophila nuclear markers Ddc and
Pgi. (Genbank accession numbers KX234098 - KX234145). Both markers showed variation
(Ddc: 20/600 bp variable; Pgi: 11/760 bp) although much of this appeared to be present as
heterozygosity within individuals and so was of little utility for determining individual
relationships. The resulting neighbour-joining trees (Figs. S1, S2) show no clustering of
infection type (MK vs CI) and no clustering of source location (Cairns vs Townsville). This
provided additional evidence that the two distinct Wolbachia strains are segregating within D.

pandora.

To assess Wolbachia infection frequencies in D. pandora, we screened a variety of laboratory
lines in addition to 112 isofemale lines from Townsville and 36 from Cairns. All lines tested
were infected with Wolbachia (binomial confidence intervals of 97-100% for Townsville and
90-100% for Cairns). Of these, one female-biased line was collected in Cairns (2.78% of all

Cairns lines) and one in Townsville (0.89%).

Our initial line characterization focussed on the pl+ line. The PCR assay confirmed that after
tetracycline treatment the pl- line lacked Wolbachia. Crosses between pl- females and
Wolbachia infected pl+ males had low or non-existent hatch rates compared to controls
(generalized linear model, binomial error, P < 0.001 for cross term), indicating almost
complete CI in the pl+ line of D. pandora (Table 1), but no strong male bias. We therefore

refer to this as a Cl Wolbachia infection.

We then carried out initial characterization of the C168+ line given its female biased sex
ratio which was not observed in the pl+ line. Treating a copy of the female-biased C168+
with tetracycline resulted in emergence of male progeny and more equal sex ratios (20 @, 16
& progeny) compared to a copy of the line that was not treated with tetracycline (27 ¢, 0 &).
The C168- line became self-sustaining and no longer required the introduction of males,
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while PCR confirmed its uninfected status, suggesting that the female-bias is indeed related

to Wolbachia infection.

Crosses between pl+, pl-, C168+ and C168- showed that the female bias is strongly
maintained when C168+ female is present, regardless of the male’s infection status (Table 2).
Average egg hatch rates for crosses involving these females were roughly half of those in
control crosses indicating that the Wolbachia phenotype for C168+ is male killing, as

opposed to feminization. We therefore refer to this as an MK infection.

To characterize the infections further, nucleotide sequences for the two Wolbachia strains
were obtained for the five MLST loci and wsp (Genbank accession numbers KU686364-
KU686375). The Wolbachia strain associated with the CI lines was identical to the wRi
strain, while the MK strain had an allelic configuration that did not match any known
Wolbachia stains in the MLST database or Genbank. Chromatograms were examined for
evidence of co-infection by looking for double peaks or a sudden drop in sequence quality,
however none were detected. Moreover, sequences obtained from individuals were always
homogeneous. Alignment of the wsp validation PCR amplicon revealed 22 SNPs and one 3-
bp insertion-deletion polymorphism fixed between the non-female-biased and female-biased
variants. These fixed differences formed the molecular basis of two distinct melt profiles and

the T-based genotyping assay used in the population dynamics experiments.

Wolbachia tree-building

To investigate the similarity of the two D. pandora infections in the context of broader
Wolbachia diversity, we calculated an unrooted Bayesian species tree. Species tree estimation
revealed both Wolbachia strains in D. pandora are members of Supergroup A (Fig 1). The CI

infection clustered with the D. simulans wRi strain (as expected given their 100% sequence
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identity for the markers tested), whereas the MK infection clustered with several other
Drosophila strains including D. melanogaster Meigen wMel, D. simulans wAu and the D.
innubila Spencer MK infection, as well as the Nasonia longicornis Darling infection. These
relationships were strongly supported with > 0.99 posterior probability support in each case.
The D. bifasciata MK strain included was also assigned to Supergroup A but did not cluster
strongly with either of the two D. pandora infections. Outside Supergroup A, the
representatives of the five other supergroups all formed distinct groupings as expected.
Interestingly, supergroups B and E appeared relatively closely related, as evidenced by the
short branch length separating them. The non-Drosophila MK sequences both occurred in
Supergroup B, suggesting that the MK phenotype appears to have evolved several times

across Wolbachia evolutionary history.

Further phenotypic characterization

To characterize the Cl and MK lines from D. pandora further, we considered maternal
transmission of the infections, as well as temperature effects on MK and fecundity of both

strains.

Maternal transmission

We assessed maternal transmission of Wolbachia for the CI infection in D. pandora by
generating 25 maternal sublines from an individual female, crossing their male progeny with
uninfected females and assessing the hatch rates of their eggs. If transmission was high, the
majority of crosses should have a low hatch rate consistent with the high CI that occurs when
an infected male mates with an uninfected female. Maternal transmission was very high at
98%; of 82 crosses involving the pl+ line (25 sublines x 2-4 replicates), only two replicates

from different mothers showed a high hatch rate consistent with imperfect maternal

This article is protected by copyright. All rights reserved.
17



transmission of Wolbachia. Later PCR screening showed that the males involved in these
crosses were indeed uninfected, despite their mothers being infected. The remainder of
replicates had hatch rates ranging between 0 and 13% which were consistent with findings
from previous Cl assays, and these remaining hatch rates did not differ significantly among

the lines (Kruskal-Wallis test, df = 24, P = 0.689).

Maternal transmission of the MK Wolbachia infection was assessed by collecting and PCR
screening 10 progeny from each of 10 mothers from the C168+ line. Maternal transmission
was 100% of 100 female progeny screened from 10 mothers, all were infected. Screening of
the rare males produced at 28°C (N = 41) showed 98% were infected, suggesting a low level
of imperfect transmission may occur when populations are at sufficiently high temperatures

for males to emerge.

Temperature and male emergence

We tested the potential for exposure to elevated temperatures to reduce male killing, as
occurs in D. bifasciata Pomini (Hurst and Jiggins 2000), by crossing females from the C168+
line with infected and uninfected males from the pl+ line at 28°C. Elevated temperature
resulted in some male emergence for C168+, however sex ratios were far from equalized.
When held at 28°C, 8.5% of progeny (73 out of 853 in total) were male when a C168+
female was crossed with an infected pl+ male, while 6.2% (45 out of 729 in total) were male
when a ‘C168+ female was crossed with a pl- male. The majority of these males (60%)
emerged on the first day when they comprised 14% of the offspring, whereas only 4.2% of
the males emerged on the last two days, when they comprised 3% of offspring. Differences in
males and females emerging across the five days differed significantly (G = 77.91, df = 4,

P<0.001) by a contingency test.
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When male flies reared at 28°C were used in crosses, those from the C168+ line did not
perform well, showing much lower mating rates (18-43% mated) than those from the pl+ line
or either uninfected line (75-93% mated). The few that mated did not appear to induce CI (for
example when mated with pl- females average hatch rate of 87.6%, SD 16.7, N = 6 crosses)
however their low mating success resulted in inadequate data to assess this in a meaningful
way (when mated with C168— females, mating occurred in only three crosses). In crosses
with C168+ females, only 1 male was produced out of 65 progeny. In terms of failing to
generate Cl or prevent MK, these males therefore behaved the same as uninfected males,

despite the majority of them being infected as noted above.

Fecundity

Fecundity was similar for all D. pandora lines irrespective of infection status and infection
type (Table 3). An ANOVA showed no significant difference among the four cross types

(F(s52) = 0.552, p = 0.649).

Population monitoring

To investigate the population dynamics of the two infections, we set up treatments made up
of 10%, 25%, 50%, 75% and 90% C168+ females with the remainder from the pl+ line, and
cultured the populations over several months. After five generations, the sex ratio ranged
from approximately equal for the 10% C168+ treatment to substantially female-biased for the
90% treatment (Fig 2a). Indeed one 90% replicate contained only females while another
failed to produce any progeny, suggesting that there may have been only females in the
previous generation. Screening results indicated that there were 0-16%, 2-49% and 54-100%

C168+ females remaining in the 10%, 50% and 90% treatments respectively (Fig 2b).
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Based on the assumption that: the infections have a similar fitness; the MK infection
produced complete male killing; and an infinite population size, we expected the sex ratios in
the population cages after five generations to be dictated by the frequency of the C168+
infection at the start of the experiment. We used one sample t-tests (2 sided) to compare the
expected proportion of females of 0.526, 0.571, 0.667, 0.800 and 0.909 for the 10%, 25%,
50%, 75% and 90% ‘C168+ treatments respectively against the proportions we observed. For
instance, for the 10% treatment we expected 90% of the population to show a 50:50 sex ratio,
and 10% of the population to produce only females, leading to an expected female proportion
of (0.9*0.5)+(0.1*0.5) divided by the total proportion emerging (1-(0.1*0.5)), resulting in a
final proportion of 0.526. These sex ratios should not change if the frequencies of the
infection do not change in the populations. We observed lower proportions of females than
expected in all except the 90% treatment with: a female proportion of 0.493 (t = 1.94, df = 10,
p = 0.081) for the 10% treatment, with a significant difference in two cases: 0.529 (t = 1.833,
df =10, p = 0.097) for the 25% treatment; 0.564 (t = 4.28, df = 10, p = 0.002) for the 50%
treatment; 0.672 (t = 4.63, df = 10, p = 0.001) for the 75% treatment; and 0.879 (t = 1.46, df =

9, p =0.179) for the 90% treatment.

We also expected the frequency of C168+ females to remain at 10%, 50% and 90% on
average for these three treatments if the relative fitness of the two infections was equal and
assuming only drift effects. However one way t-tests revealed the observed frequencies were
lower than expected, averaging 4.4% for the 10% treatment (t = 4.04, df = 10, p = 0.002),
27.2% for the 50% treatment (t = 5.40, df = 10, p < 0.001) and 84.4% for the 90% treatment
(t=1.39,df =9, p =0.198), suggesting an advantage for the CI infection which appears to
have increased in frequency relative to the MK infection. Based on the observed MK

frequencies, we expected the proportion of females after five generations to be 0.511, 0.578
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and 0.865 for the 10%, 50% and 90% populations respectively, and the observed proportions

of 0.492, 0.564 and 0.879 respectively, showed no significant departure from expectations.

Discussion

We found a male-killing Wolbachia that appears to be coexisting with a ClI Wolbachia at a
low frequency in D. pandora populations (assuming that these infections are at equilibrium
frequencies). Male Killer infections have the capacity to spread rapidly in populations (Hurst
et al. 2002), however they tend to occur at variable frequencies in natural populations (Hurst
and Majerus 1993). Some male killers can occur at a relatively high frequency including
Wolbachia MK strains in Drosophila species. For instance, the male killing Wolbachia from
D. innubila is present at intermediate frequencies in natural populations and appears to have
persisted in populations as a consequence of a balance between maternal leakage of the
infection and a selective advantage (Dyer and Jaenike 2004). This infection can also increase

to fixation under some conditions (Jaenike et al. 2003).

For D. pandora, the population dynamics of the MK and ClI infections will depend on the
impact each infection has on host fitness (see Hurst et al. 2002). The maternal transmission
experiments indicated very high levels of transmission of both infections, at or near 100%, at
least under laboratory conditions when transmission can be higher than in the field (Turelli et
al. 1995). If some uninfected individuals did occur in the field they would likely express very
high CI, maintaining a very low frequency of uninfected individuals in field populations, as
reflected by a very high frequency of Wolbachia in the field population. Moreover, the
crosses between MK infected females and CI males (Table 2) show that there is no ClI
between these infections, indicating that incompatibility is unlikely to influence the outcome
of their interactions. We were able to generate some MK males by rearing flies at a higher

temperature than usual, however these males mated poorly compared to controls and did not
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induce CI when crossed with uninfected females, suggesting they will not influence the
dynamics of the infections in natural populations. This contrasts with the situation in
Hypolimnas butterflies where Cl was induced by infected males that were produced

following the evolution of suppression of the MK phenotype (Hornett et al. 2008).

With respect to fitness effects generated by MK and CI infections, we did not find any
difference in fecundity between females from these strains or their tetracycline cured
counterparts (Table 3). The MK females did show the lowest fecundity, but we had limited
power to detect small differences among the lines. For instance we only had around 40%
power to detect a difference of around 10% between two treatments at the 5% significance
level (based on average means and SDs of non-MK females), and the detection of small
effects would require several hundred replicates. We also did not detect any obvious
differences in hatch rate among MK and CI infected females; once hatch rates are doubled for
the females positive for the MK infection (Table 2) they are similar to the hatch rates

observed in the crosses with the CI infection (Table 1).

In contrast to the fecundity results, the population monitoring experiment suggested a fitness
advantage of the CI infection, which appeared to increase in frequency relative to the MK
infection. This advantage might contribute to the predominance of the CI infection in natural
populations, although our cages did not consider one possible advantage of MK, namely
reduced larval competition at a high density. Because we followed changes in infection
frequencies across five generations, there was the potential for small fitness effects of the
infections associated with fecundity and other traits to accumulate. For example, if the MK
had a fitness cost of 10% in a generation, in the 50% treatment we would have expected the
MK infection frequency to decline to around 34% after five generations. This is only a little

higher (and not significantly different from) the observed mean frequency of 27% for the
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50% treatment. Following the same logic, the MK infection frequency for the 90% treatment

would be expected to have declined to 82.7% MK (similar to the observed mean frequency of
84%), while the MK infection frequency for the 10% treatment would be expected to decline

to 5.6%, which was again similar (and not significantly different) to the observed value of

4.4%.

It is expected that MK infections might invade ClI infections in cases where there is sib
competition or another factor that might increase the fitness of female offspring (Hurst et al.
2002). In D. pandora, as in other Drosophila species that use fruit as breeding sites, sib
competition may occur in some situations, assuming both that a limited number of females
oviposit on fruit (as in the case of D. melanogaster (Hoffmann and Nielsen 1985), and that
there is strong intraspecific competition (as demonstrated in several species (Atkinson 1985)).
The MK infection may be persisting in natural populations due to the competitive abilities of
its larvae under some conditions, however this remains to be demonstrated in natural
populations. Likewise, in mushroom feeding D. innubila that lay eggs in clutches, MK
infections may be particularly likely to invade as a consequence of sib competition (Jaenike

et al. 2003).

The Wolbachia tree clearly indicates that the infections are different and not immediate
relatives. Across the genetic regions assayed, the Cl infection is identical to wRi, which
causes Cl in D. simulans (Turelli et al. 1995), and the MK infection of D. pandora groups
with the MK infection of D. innubila (Fig 2). However, the MK infection is also closely
related to wAu, which does not cause CI (Hoffmann et al. 1996), and to wMel, which only
causes CI in young males (Reynolds and Hoffmann 2002). These patterns suggest that the
MK and CI phenotypes are not particularly constrained phylogenetically, a finding consistent

with observations of other researchers. For instance, Jaenike et al (2007) previously noted a
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Cl infection from D. recens Wheeler that became an MK infection following transfer to the
related D. subquinaria Spencer, although it also acted as a Cl infection in some nuclear

backgrounds of D. subquinaria.

The infections described in this paper contrast with those in other Drosophila species where
within-population Wolbachia polymorphism typically involves infected and uninfected
individuals, as documented in detail in the wRi infection of D. simulans (Hoffmann et al.
1986; Turelli et al. 1995). In D. pandora, all studied individuals are naturally infected, and
the polymorphic status refers to the mixture of MK and Cl-causing Wolbachia strains within
host populations. It is not yet clear to what extent MK versus CI (or other) infections
predominate in Drosophila species (Hamm et al. 2014). While many instances of Wolbachia
infections have been detected in Drosophila species (Clark et al. 2005; Salzberg et al. 2005;
Miiller et al. 2013), relatively few infections have been characterized at the phenotypic level,
particularly in natural situations (Hoffmann et al. 1996; Dyer and Jaenike 2004; Hamm et al.
2014). The majority of Drosophila infections characterized do appear to show ClI rather than
MK (Bourtzis et al. 1996) but many remain to be tested. Many of the Drosophila lines that
have been tested come from fly stock centres that likely select against MK strains, none of
which are easily maintained in the lab, and detailed screenings of natural populations remain
rare. Studying the variety of Wolbachia that infect Drosophila in the wild has the potential to
reveal a wealth of information on the range of phenotypic effects exerted by Wolbachia on its

hosts and the evolutionary dynamics associated with Wolbachia infections.
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Tables

Table 1 Results of crosses between pl+ and pl- lines of D. pandora for crosses in a) Jan 2014

and b) April 2014.

Average % Hatch Range of Egg Numbers

Average %

Cross N +SD Scored Males + SD
a)

P-xd+ 15 0 22-67 no progeny
Q+xJ- 13 77.39+29.15 13-37 4157 +17.71
Q+x 3+ 14 81.14+23.65 12-33 50.18 + 14.73
Q-x J3- 15 77.16 +24.24 12-40 52.02 +£12.44
b)

O-xJd+ 9 242+401 10-53 19,18
Q+xJ- 10 78.24+31.37 12-30 46.15 + 18.92
Q+xd+ 9 86.99+19.98 11-26 53.72 +17.15
Q- x 3- 5 83.54+16.08 12-22 34.76 £ 21.77

N, the number of replicates after excluding those which did not mate, or which had fewer

than 10 eggs.
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Table 2 Results of crosses between infected (+) and uninfected (-) individuals of the C168+

and pl+ D. pandora lines for crosses conducted in March 2015.

Average % Range of Egg Average % Male

Cross N Hatch + SD Numbers Scored Progeny £ SD
C168-2 x pl+Jd 12 0 11-26 no progeny
C168+% x pl-& 16 44.60+1850  10-27 0

C168+Q x pl+d 13 4536+2256  11-42 0

C168-2 x pl-& 13 96.41+4.25 11-26 55.66 + 11.27
C168+Q x C168-3 15 48.40+ 13.56 10-33 2.56 £9.25
C168-Q x C168-3 12 89.00 + 14.47 10-34 49.82 + 14.63

N, the number of replicates after excluding those which did not mate, or which had fewer

than 10 eggs.

Table 3 Fecundity of D. pandora lines scored over four days.

Cross N Mean Eggs Laid = SD
C168+ Q x pl+ g 15 106.07 + 29.27
pl+ O+ x pl+ & 14 112.14 + 19.28
C168- Q- x C168-7 14 117.57 £ 26.18
pl- @ xpl- & 13 112.00 + 19.26
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Figure legends

Figure 1 Unrooted Wolbachia species tree highlighting the known supergroups and the
position of the newly described D. pandora non-female-biased (CI) and female-biased (MK)
infections. This is the maximum clade credibility (MCC) tree produced by combining five
independent Bayesian *BEAST runs that co-estimated a species tree with gene trees for each
MLST marker coxA, fpbA, ftsZ, gatB, hcpA and wsp. The MCC tree was estimated from
4204 species trees sampled over a total of 40M generations, after removing 20% burnin from
each run, using median branch heights (see Methods for details). Bayesian posterior
probability support values are shown for each clade, with values over 0.9 (strong support)
indicated with an asterisk. Supergroup assignment is highlighted with coloured bars. Scale

bar indicates branch length in substitutions per site.
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Figure 2 Results of population monitoring experiment showing percentage of females in
samples of one hundred generation five progeny from each replicate for; A) 10%, B) 25%, C)
50%, D) 75%, and E) 90% treatments; and percentage C168+ MK females for samples of

fifty females screened from each replicate for F) 10%, G) 50%, and H) 90% treatments.
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