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ABSTRACT

Insects are host to a diverse range of vertically transmitted micro-organisms, but while their bacterial
symbionts are well-studied, little is known about their vertically transmitted viruses. We have found that two
sigma viruses (Rhabdoviridae) recently discovered in Drosophila affinis and Drosophila obscura are both verti-
cally transmitted. As is the case for the sigma virus of Drosophila melanogaster, we find that both males and
females can transmit these viruses to their offspring. Males transmit lower viral titers through sperm than
females transmit through eggs, and a lower proportion of their offspring become infected. In natural
populations of D. obscura in the United Kingdom, we found that 39% of flies were infected and that the
viral population shows clear evidence of a recent expansion, with extremely low genetic diversity and a large
excess of rare polymorphisms. Using sequence data we estimate that the virus has swept across the United
Kingdom within the past ~11 years, during which time the viral population size doubled approximately
every 9 months. Using simulations based on our lab estimates of transmission rates, we show that the
biparental mode of transmission allows the virus to invade and rapidly spread through populations at rates
consistent with those measured in the field. Therefore, as predicted by our simulations, the virus has
undergone an extremely rapid and recent increase in population size. In light of this and earlier studies
of a related virus in D. melanogaster, we conclude that vertically transmitted rhabdoviruses may be common

in insects and that these host—parasite interactions can be highly dynamic.

NSECTS have a diverse range of vertically transmit-
ted symbionts (BUCHNER 1965). Of these the best
studied are bacteria, which are usually transmitted
exclusively by females and have evolved a range of strat-
egies to spread through host populations [such as dis-
torting the sex ratio toward females or providing
a metabolic benefit to their hosts (Doucras 1989;
HursT et al. 1993)]. Far less is known about vertically
transmitted viruses in insects. Some viruses are both
horizontally and vertically transmitted (Mmvs 1981;
BEZIER et al. 2009). Other species contain endogenous
retroviruses or polydnaviruses that have integrated into
the germline and are inherited with the host genome
(FLEMING and SUMMERS 1991; HEREDIA ¢ al. 2007; BEZIER
et al. 2009). However, very few free living and purely ver-
tically transmitted viruses have been described in insects.
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One such virus is the Drosophila melanogaster sigma virus
(DMelSV), which infects ~4% of wild flies (BRUN and
PLus 1980; CARPENTER ¢ al. 2007). DMelSV is a negative-
sense RNA virus in the family Rhabdoviridae that is found
in the cytoplasm of infected cells. Unlike bacterial sym-
bionts, this virus is transmitted vertically through both
sperm and eggs (FLEURIET 1988), so it is able to spread
through populations despite being costly to infected flies
(SEECcOF 1964; L’HERrITIER 1970; FLEURIET 1981). The
pattern of DMelSV transmission differs between the
sexes, with male flies transmitting at a lower rate than
females (BrRUN and Prus 1980). Additionally, the trans-
mission rate is reduced when the fly is infected by its
father rather than its mother—if a female is infected
by her father, her average transmission rate drops from
~100% to a much lower rate (BrRuN and Prus 1980), and
if a male is infected by his father, he does not transmit
the virus at all. Therefore, the virus cannot be transmit-
ted through males for two successive generations.

We have recently discovered two new sigma viruses in
Drosophila obscura and Drosophila affinis—DObsSV and
DAffSV (LoNGDON et al. 2010). Along with DMelSV,
these viruses form a deep-branching clade in the Rhab-
doviridae, which we have suggested be recognized as
a new genus. However, important questions about their
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biology remain unanswered, including whether these
new viruses are vertically transmitted. There is some
evidence that DAffSV is: WiLLIAMSON (1961) found that
COy sensitivity was vertically transmitted in some lines
of D. affinis in a way similar to that seen in DMelSV-
infected flies [COgy paralysis is a symptom of sigma
viruses on their hosts (LONGDON et al. 2010)]. We also
do not know anything about the prevalence, population
dynamics, or population genetics of these viruses. This
article aims to address these questions by examining
the transmission of these viruses in the lab and the
dynamics of DObsSV in natural populations.

MATERIALS AND METHODS

Vertical transmission of viruses: To test the mode of trans-
mission of these newly discovered viruses, we carried out crosses
between infected and uninfected virgin flies. The crosses used
infected isofemale lines of D. affinis and D. obscura that were
collected from Raleigh, North Carolina, and from Essex, United
Kingdom, respectively, as described in LONGDON et al. (2010).
The crosses began with infected flies that had both an infected
mother and an infected father (from a stock that was close to
100% infected). When both parents are infected, it has been
shown for DMelSV that the viral type in the offspring is that of
the mother (BrRun and Prus 1980). The uninfected D. affinis
isofemale lines were collected from the same location at the
same time as the infected lines, and the uninfected D. obscura
were isofemale lines collected during this study (see below).
D. affinis flies were reared on a banana-malt-based Drosophila
medium (see supporting information, Table S3), while D. obscura
were reared on a cornmeal medium (LEwis 1960) with a piece
of peeled mushroom (Agaricus bisporus) on the surface.

To test whether flies were infected with sigma virus, we
exposed them to COy at 12° for 15 min and recorded flies dead
or paralyzed 30 min later as infected. To confirm that COq
sensitivity was linked to viral infection, we crossed infected
males to uninfected females, carried out the COy assay on their
offspring, and tested 15 paralyzed and 15 nonparalyzed/recov-
ered offspring for sigma virus infection by quantitative real-time
PCR (qRT-PCR) (40 cycles: 95° 15 sec, 60° 1 min) on an Ap-
plied Biosystems StepOnePlus system using a Power SYBR
Green PCR Master-Mix (Applied Biosystems). Three technical
replicates were carried out for each sample and primer pair,
and samples were run in a blocked design across plates. The
amount of virus was standardized to the housekeeping gene
RpL32 (Rp49) to account for RNA extraction and reverse tran-
scription efficiencies using the AA Cr (critical threshold)
method. Viral primers were designed to cross gene boundaries
so only viral genomes were quantified (rather than mRNA);
primer sequences are shown in Table S2. RpL32 endogenous
control primers also crossed an intron-exon boundary to avoid
amplifying genomic DNA contamination.

The following crosses were used to measure vertical trans-
mission (Figure 1A) and to determine whether horizontal
transmission occurred. In cross 1, infected females were
crossed to uninfected males. Cross 2 took the daughters from
cross 1 and crossed them to uninfected males. In cross 3,
infected males were crossed to uninfected females. Cross 4
mated the daughters from cross 3 with uninfected males.
Cross 5 mated the sons from cross 3 to uninfected females.
Uninfected partners were assayed for infection to determine
whether horizontal transmission had occurred.

For D. affinis, multiple flies were placed in each vial, as the
flies appear more likely to lay eggs when maintained at a higher

stocking density. In cross 1, one to three females were placed in
a vial with two to three males and allowed to lay eggs. For cross
3, two or three infected males were placed in a vial with one to
three uninfected females. For crosses 4 and 5, the cross 3 off-
spring were placed individually in a vial with one or two un-
infected flies of the opposite sex. Once eggs or larvae were
visible, the adults were exposed to COy to confirm their infec-
tion status. In all crosses, uninfected partners were assayed for
infection to test whether horizontal transmission had occurred.

For D. obscura, all crosses were carried out with a single pair
of flies in each vial. Once eggs or larvae were visible,
the parents were tested for DObsSV using a PCR assay on
reverse-transcribed RNA (LoNGDON et al. 2010) (RT-PCR).
PCR primers that amplify the RpL32 gene were used to check
whether extractions were successful, and products were run
on an ethidium bromide-stained 1% agarose gel. In crosses 1
and 3, the uninfected partners were also assayed for DObsSV
to test whether horizontal transmission occurs. The emerging
offspring were collected as virgins, aged, and mated as above
to the appropriate uninfected lines. A mean of 25 replicates
were set up for each cross, and a mean of three offspring were
assayed by RT-PCR from each replicate. To examine whether
males and females differ in their chances of being infected, we
used a binomial test to examine whether the proportion of
replicates where the majority of infected flies were female was
significantly different from 50%.

To investigate the viral titers transmitted through eggs and
sperm, the viral titer in early stage embryos was examined
by qRT-PCR. Virgin females and males (with either the female
or the male being infected) were placed together and allowed to
lay eggs in bottles with a small amount of yeast paste on the
surface of apple or grape juice agar. Embryos were collected
twice daily and homogenized in Trizol (Invitrogen), using a
microscope to ensure that the embryo was successfully crushed.
Thirty embryos were collected for each cross. RNA was extracted
and reverse-transcribed (see above), and qRT-PCR was used to
measure the viral titer relative to an endogenous control
(RpL32) using the delta delta Ct method. If one or two of the
technical replicates failed to amplify virus, these were given Cr
values of 40 for the statistical analysis. Any samples in which all
three technical replicates failed to amplify using the viral PCR
primers were classed as uninfected and excluded from the sta-
tistical analysis (i.e., the viral titers of infected embryos were
compared). These samples are still present in Figure 2 and
Figure 3. Two data points were removed from the DAfISV cross
where the cDNA was of poor quality (RpL32 Cr values >30).
This did not affect the outcome of the analysis.

Population samples of DObsSV: D. obscura were collected
from six woodland locations around the United Kingdom,
with one to three sites at each location (longitude, latitude:
Falmouth A 50.149411, —5.106007; Falmouth B 50.170063,
—5.122495; Bristol A 51.455615, —2.639748; Bristol B
51.446629, —2.641035; Bristol C 51.340004, —2.782853; Essex
51.881352, 0.502710; Sussex 51.028827, —0.028390; Kent
51.099703, 0.164456 and 51.096517, 0.173151; and Derbyshire
A 52.978411, —1.439769; Derbyshire B 52.883423, —1.398956).
Flies were collected in the morning and evening from fruit
baits. Males and females were separated, and females were
placed in vials to establish isofemale lines. Flies from Kent were
collected over two sites, using both bait traps and ground baits,
and then combined. Flies at all other locations were collected
using hanging bait traps. To examine whether the prevalence
of the virus varied between sites, we used Fisher’s exact test
and obtained P values by Monte Carlo simulation conditional
on the row and column totals (10,000 replicates).

The wild-collected males and any females that did not lay
eggs were tested for DObsSV infection by exposing them to
COy as described above. The females that produced fertile
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eggs were not directly tested, but their infection status was
inferred from whether their offspring were infected.

Fly identification: D. obscura can be difficult to distinguish
morphologically from Drosophila subobscura, and both species
are common in the United Kingdom (BASDEN 1954; SHORROCKS
1975). Therefore, all obscura group flies were collected and a
diagnostic PCR assay was used to distinguish the species. RNA
was extracted from flies paralyzed by the COy assay
using Trizol reagent (Invitrogen, San Diego) in a chloroform—
isopropanol extraction. RNA was then reverse-transcribed
with M-MLV reverse transcriptase (Invitrogen) using random
hexamer primers. DNA was extracted from flies that did not

display COs sensitivity using chelex DNA extractions (HURST
et al. 2001). To confirm that nucleic acid extractions were
successful, we amplified RpL32 from all samples. To identify
the species, two sets of diagnostic PCR primers that amplify
the mitochondrial cytochrome b (Cyt-b) gene and the nuclear
alcohol dehydrogenase (Adh) gene (Table S2), were used. In
both cases, a conserved forward primer was used. Two species-
specific reverse primers were designed for Cytb and Adh by
placing the 3’ end of the primer on a species-specific single
nucleotide difference and on the penultimate 3’ base mis-
matching all of the available species sequences. Under suitably
stringent PCR conditions (Table S1), these primers anneal to D.


http://www.genetics.org/cgi/data/genetics.111.127696/DC1/4
http://www.genetics.org/cgi/data/genetics.111.127696/DC1/3

144

Drosophila affinis

B. Longdon et al.

Drosophila obscura

150

o 4 paralyzed 7| & paralyzed
« 7| ® recovered ® recovered
F1GUre 2.—Viral titers in
o 21 3 } flies that were paralyzed or
£ - recovered after exposure to
& { } } }{ COs. Titers were measured
2 ol } by quantitative RT-PCR on
= It genomic viral RNA and are
2 I{ g 1 expressed relative to the
} copy number of the house-
s } keeping gene RpL32. Error
= bars show the standard devi-
ation of technical replicates.
O- esssssssssse s O- sssessssssse™
T T T T T T T T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Flies ordered by viral titer

obscura or D. subobscura in different positions, resulting in differ-
entsized products for the two species (Cyt-b and Adh give bands
of 230 and 359 bp, respectively, for D. obscura and 575 and
194 bp for D. subobscura). The primers were designed such that
they should not anneal to other common obscura group Drosophila
found in the United Kingdom, and an agreement between as-
says was required for firm identification. To confirm reliabil-
ity, we sequenced Cyt-b and/or COI from 28 wild flies (a
mixture of D. obscura and other UK obscura group species),
and in all cases the PCR test correctly identified the species.

Viral sequencing and sequence analysis: To investigate the
genetic diversity of DObsSV, we sequenced two regions of the
virus, located in the N and L gene-coding sequence, of 634
and 648 bp, respectively. These genes were selected as they
reside at opposite ends of the genome, so in the unlikely case
of a recombination event (CHARE el al. 2003), we would have
more power to detect it. For the L gene, we used a variable
region outside of the conserved motifs. These regions were
amplified by PCR, and the PCR products were treated with
exonuclease 1 and shrimp alkaline phosphatase to remove
unused PCR primers and dNTPs and then sequenced directly
using BigDye reagents (ABI, Carlsbad, CA) on an ABI 3730
capillary sequencer (provided by the Gene Pool Sequencing
Facility, University of Edinburgh) in both directions. Sequen-
ces were edited in Sequencher (version 4.8; Gene Codes), and
any polymorphisms were manually checked by eye. Direct

Drosophila affinis

sequencing of PCR products is expected to reduce the error
rate to a negligible level (as compared to cloned sequences),
and we confirmed this by repeating reverse transcription,
PCR, and resequencing for 22 of the 67 SNPs (no errors were
found). Any heterozygous sites (suggesting more than one
viral infection in the host) were randomly assigned one of
the possible base pairs (6/103 sequences contained a single
ambiguity). Only one sequence contained more than one het-
erozygous site, and this was removed from the analysis as the
phase of the haplotypes was unknown. If the heterozygous
sites are removed from the Bayesian coalescent genealogy
sampler (BEAST) or Tajima’s D analyses, this makes no differ-
ence to the conclusions (data not shown). The N and L gene
sequences were concatenated, and median joining networks
were created using the program Network (BANDELT ef al.
1999). To assess whether Tajima’s D statistic (Tajima 1989)
was significantly different from that expected under the stan-
dard neutral model, we produced a null distribution by recal-
culating the statistic from 1000 coalescent simulations
conditional on the number of segregating sites observed in
our data. We tested for recombination with a four-gamete test
(Hupson and KaprrLan 1985). To assess whether there was
genetic differentiation between populations, we used the sta-
tistic Kgr [an analog of Fsr (HUDSON et al. 1992)]. The statis-
tical significance of Kgr was calculated by permuting the
sequences across the populations and recalculating the

Drosophila obscura
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statistic 10,000 times to produce a null distribution. These
analyses were performed in DNA SP v5.0 (LiBrRADO and Rozas
2009).

To reconstruct past changes in the size of the viral
population, we used BEAST (DrumMOND and RAMBAUT
2007). The substitution rate between viral sequences was as-
sumed to be the same as in DMelSV (9.9 x 107> substitu-
tions/site/year), which has been recently estimated from
laboratory strains (L. WILFERT, unpublished data) and is similar
to previous rate estimates for DMelSV (Carpenter et al. 2007),
and other related viruses (FUrlo et al. 2005; SANJUAN et al. 2010).
CARPENTER et al. (2007) have previously shown that the lab-
derived substitution rate in DMelSV does not differ significantly
from that observed in the field. To account for uncertainty in
this substitution rate estimate, we approximated its distribution
with a truncated normal distribution (mean = 9.9 x 1075, stan-
dard deviation = 3.6 x 107%, lower limit = 1 x 1071°, upper
limit = 1 substitutions/site/year), and this distribution was used
as a fully informative prior. The model assumed a strict molec-
ular clock model and an HKY85 substitution model (HASEGAWA
et al. 1985), which was selected after comparing Bayes factors
with the more complex General Time Reversible model. Bayes
factors were calculated from the marginal likelihoods by impor-
tance sampling, as implemented in Tracer (vl1.4.1) (RaMBAUT
and DRUMMOND 2007), using the method of SUCHARD et al.
(2001). Sites were partitioned into two categories by codon
position (1+2, 3), and separate substitution rates were esti-
mated for each category. Such codon partition models have
been shown to be equivalent to more complex non codon-
partitioned models (SHAPIRO et al. 2006). We first fitted a model
of an exponentially expanding population (parameterized in
terms of growth rate, rather than doubling time). This allowed
us to exclude a constant population size, as the growth-rate
parameter was significantly greater than zero (on the basis of
the 95% highest posterior density interval). The population
doubling time was calculated from the growth rate as n(2)/
growth rate. We also fitted a model that allows population size
to vary freely over time (Bayesian skyline plot). Two runs of
500 million MCMC generations with sampling every 50,000 gen-
erations were run for each model, and a 10% burn-in was used
for all parameter estimates. The two runs were combined and
examined for convergence using Tracer (vl.4.1) (RAMBAUT
and DrRuMMOND 2007). Posterior distributions were also exam-
ined using Tracer (v1.4.1) (RaMBAUT and DRUMMOND 2007) to
ensure an adequate number of independent samples. The 95%
credible interval (C.I) was taken as the region with the 95%
highest posterior density. The two population size models were
then compared by calculating Bayes factors as described above.
Our analyses are based on both the combined sequences of
two genes, but when each gene was analyzed independently,
the results were very similar (data not shown).

RESULTS

COg, paralysis and infection: To examine whether
DObsSV and DAffSV cause paralysis and death when
infected flies are exposed to COg, we crossed infected
male flies to uninfected female flies and measured both
viral titers and the effects of COq in the offspring. We
found that in both species permanent paralysis is seen
only in infected flies (Figure 2). Almost all flies con-
tained some detectable virus, but flies that recovered
after COy exposure had extremely low viral titers. In
D. affinis, paralyzed flies had on average an 80.7 times
greater viral titer (exact Wilcoxon rank sum test: W =

225, P < 0.0001), although 13 of 15 of flies that recov-
ered after COs exposure also contained detectable
amounts of virus. In D. obscura, the viral titer was on
average 9.4 times greater in paralyzed flies (exact Wil-
coxon rank sum test: W= 219, P < 0.0001), although all
the flies contained detectable amounts of virus. Two of
the flies that recovered after COy exposure had similar
viral titers to the paralyzed flies.

Vertical transmission: We found that DAffSV is trans-
mitted in a similar way to DMelSV. In D. affinis, male flies
transmit DAfSV to their offspring at a lower rate than
females (Figure 1, cross 1 and cross 3; exact Wilcoxon rank
sum test: W= 147.5, P < 0.001). Infected females trans-
mitted the virus to 98% of their offspring over two succes-
sive generations (Figure 1, crosses 1 and 2), while males
transmitted the virus to only 45% of their offspring (Figure
1, cross 3). The rate at which a fly transmits the virus to its
offspring is also affected by whether the fly itself was
infected by its mother or its father. If a female was infected
by her father rather than her mother, then the average
rate of transmission drops from 98% to 20% (cross 2 vs.
cross 4, exact Wilcoxon rank sum test: W= 31, P=0.01).If
a male was infected by his father alone rather than his
mother (and father), then the average rate of transmission
drops from 45% to 0% (cross 3 vs. cross 5, exact Wilcoxon
rank sum test: W= 208, P < 0.001). Therefore, the virus
cannot be transmitted through males for two successive
generations. None of the uninfected parental flies in the
crosses were paralyzed by COy, suggesting that horizontal
transmission is either rare or absent.

We found that DObsSV in D. obscura is also vertically
transmitted, but there are some important differences
from DAffSV. As D. obscura can occasionally have a high
viral titer yet recover from COy exposure (see above),
we used RT-PCR rather than the COy assay to test flies
for infection. Sex was not found to affect the likelihood
of infection (binomial test: P = 0.35), so both sexes
were analyzed together. Unlike in D. affinis, male flies
transmit the virus to their offspring at a similar rate to
females: infected females transmitted the virus to 92%
of their offspring, while males transmitted the virus to
88% of their offspring (Figure 1, cross 1 and cross 3;
exact Wilcoxon rank sum test: W = 357, P = 0.259).
Furthermore, the rate at which a female transmits the
virus to her offspring was not affected by whether she
received the infection from her mother or her father
(Figure 1, cross 2 and cross 4; exact Wilcoxon rank sum
test: W= 3125.5, P = 0.435), with females infected by
their mothers or fathers having transmission of 63%
and 61%, respectively. Note that female transmission
also declined from cross 1 to cross 2 (Figure 1, cross 1
and cross 2; exact Wilcoxon rank sum test: W= 3876, P=
0.022) from 92% to 61%. If a male was infected by his
father rather than his mother (and father), then the
average rate of transmission dropped from 88% to 0%
(Figure 1, cross 3 vs. cross 5; exact Wilcoxon rank sum
test: W= 765, P < 0.001). Therefore, this virus cannot
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be transmitted through males for two successive gener-
ations. To check for any horizontal transmission, we
also tested the uninfected parents in crosses 2 and 3.
We found that horizontal transmission was rare or ab-
sent, as only one female had a very faint viral band, and
this could be due to the presence of infected sperm.

Viral titers transmitted in eggs and sperm: The
different rates that males and females transmit to their
offspring may be because eggs and sperm contain
different numbers of virions. To investigate this hypoth-
esis, we measured the viral titers of early stage embryos
that had either an infected mother or an infected
father. Considering only the embryos where there were
detectable amounts of virus, in both species the embry-
onic viral titer was less when the virus was paternally
transmitted than when it was maternally transmitted
(Figure 3; DAffSV exact Wilcoxon rank sum test: W=
61, P < 0.0001; DObsSV exact Wilcoxon rank sum test:
W= 17, P < 0.0001). In addition, more embryos con-
tained no detectable virus after paternal transmission
(47% of DObsSV and 4% of DAffSV paternally infected
eggs and 3% of DObsSV and 0% of DAffSV maternally
infected eggs had no detectable virus).

Population dynamics of DObsSV: To examine
whether the biparental pattern of vertical transmission
that we have observed can explain the invasion and
maintenance of the virus in populations, we simulated
the spread of DObsSV on the basis of the transmission
rates seen in our experiments. P; is the prevalence in
the adult population in generation i. We can calculate
the prevalence among adults in generation ¢ + 1 (P )
from the proportion of infected and uninfected sperm
(Is and Ug) and the proportion of infected and unin-
fected eggs (lo and Up) produced in the previous gen-
eration. The frequency of infected and uninfected
gametes can be calculated from the rate of vertical
transmission and any change in the fertility of infected
flies relative to uninfected flies (Table 1). Because male
D. obscura that inherit the virus from their father do not
transmit the virus to the next generation, we split the
infected population into a fraction s; that inherited the
virus from their mother and a fraction (1 — s;) that
inherited the virus solely from their father.

Pi+1 :IQ +IGUQ (1)
1
Si+1 —m (2)

Using the transmission rates estimated in generation
1 (15 = 0.88, to = 0.92), we found that the virus can
rapidly invade a population and reach a high preva-
lence (Figure 4). YAMPOLSKY et al. (1999) estimated that
DMelSV reduces the fitness of D. melanogaster in the wild
by ~20-30%. If DObsSV causes a similar reduction in the
fertility of infected flies, our simulations suggest that the

TABLE 1

Proportions of infected and uninfected eggs and sperm

Gametes Equation

Infected eggs P;Cto
Ih=—""+

wo

Uninfected _(1=P)+PC(1—1o)

eggs Up = wo

Infected _ PisiCls

sperm Is = Wy

Uninfected (1—=P)+P(1—s;)C+ Pis;C(1 — g)
sperm g~

Wg

P;is the proportion of adults infected in generation 7, which
we assume to be equal for males and females. The virus is
transmitted from mother to offspring at a rate fo and from
father to offspring at rate /{5 We assume that both female and
male fertility are changed by a factor C in infected flies
relative to uninfected flies. We split the infected population
in generation ¢ into a fraction s; that inherited the virus from
their mother and a fraction (1 — s;) that inherited the virus
from their father. Male D. obscura that inherit the virus from
their father do not transmit it to the next generation (i.e., they
produce uninfected sperm). To obtain proportions, we divide
by we, the sum of the numerators of /o and U, and wg, the
sum of the numerators of Iy and Ug.

virus can still rapidly invade a population (Figure 4). We
repeated this analysis using the lower female transmis-
sion rate measured in the second generation (cross 2).
This causes the virus to spread much more slowly, and it
can invade only if the virus reduces the fertility of
infected flies by <10% (data not shown).

Prevalence of DObsSV: We tested 267 D. obscura col-
lected from sites across the United Kingdom for infec-
tion with DObsSV using the COy assay and found that
103 (39%) were infected. The prevalence of DObsSV
varied widely between sites (Table 2 and Figure SI;
Fisher’s exact test, P = 0.0001). This is primarily caused
by a low prevalence in Kent, but even if this location is
excluded from the analysis, there is still significant var-
iation between sites (Fisher’s exact test: p = 0.04). Be-
cause the results from the qRT-PCR linking COs
paralysis and infection (see above) found that not all
infected flies are COq sensitive, these values may be an
underestimate of prevalence.

We confirmed that the COy assay accurately identifies
infected flies by qRT-PCR, and of 105 lines that were
paralyzed by COs, 103 were infected. In all these samples,
we sequenced two regions of the viral genome covering
634 bp of the N gene at the 3’ end of the viral genome
and 648 bp of the L gene toward the 5" end of the ge-
nome, and all the sequences were clearly DObsSV.
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FiGure 4.—Simulations of DObsSV spreading through
a population based on lab estimates of transmission rates
and a range of possible fertility reductions. Colors represent
the different fertilities of infected flies relative to uninfected
flies (C), with blue, black, red, and yellow representing C =1,
0.9, 0.8, and 0.75, respectively. The virus failed to invade if
fertility is reduced by >25% (C < 0.75). The dashed horizon-
tal line represents the mean prevalence of the virus in our
samples. The transmission rates were Iz = 0.88 and lo=
0.92, and the starting frequency of infected flies was 107°.
In the United Kingdom, there are approximately three to four
generations of D. obscura each year (BEGON 1976).

Viral sequence analysis: The genetic diversity of
DODbsSV is very low. There were only 67 segregating
sites over 1282 bp of sequence from all 103 viral isolates
(30 in 634 bases of the N gene and 37 in 648 bases of
the L gene with no obvious clustering of the SNPs
within the sequences), and the average number of
pairwise differences per site () was 0.002 across all sites
and 0.006 at synonymous sites. We verified a third of
our SNPs by repeating reverse transcription, PCR, and
sequencing reactions and found no errors.

The phylogenetic network of the sequences is a star
shape (Figure 5), suggesting a recent selective sweep or
population expansion. This is caused by a large excess
of rare variants in the data set—of the 67 segregating
sites, b1 are singletons. For this reason, estimates of Oy,
[which are derived from the number of segregating
sites and are insensitive to their frequency (WATTERSON
1975)] are greater than 7w (6y = 0.011 for all sites and
0w = 0.036 for synonymous sites, compared to 0.002
and 0.006). This excess of rare polymorphisms is signif-
icantly greater than expected under the neutral model
(Tajima’s D = —2.75; P < 0.001).

An excess of rare polymorphisms could result either
from a recent sweep of the virus through the host
population or from purifying selection on the SNPs in
our data set. If the latter hypothesis were true, then we
would expect the frequency of different functional
classes of polymorphisms to be different as they are

TABLE 2

Percentage of flies infected and number of flies collected
at each field site

Site Prevalence (%) N

Bristol A 33 33
Bristol B 62 21
Bristol C 50 2
Derbyshire A 48 66
Derbyshire B 73 11
Kent 22 83
Sussex 48 42
Essex 0 3
Falmouth A 0 5
Falmouth B 0 1

likely to have different effects on fitness. However, when
analyzed independently, the N and L genes each had
a significant excess of rare polymorphisms relative to
the neutral expectation (Tajima’s D = —2.54, —2.68,
respectively; P < 0.001 for each). Additionally, Tajima’s
D differed very little between synonymous sites (—2.47,
—2.55 for N and L, respectively; P << 0.001 for each) and
nonsynonymous sites (—1.77 and —2.35, P < 0.001 for
each) and was not more negative at nonsynonymous
sites. It therefore seems unlikely that the departure
from neutrality is driven by purifying selection.

There is very little genetic differentiation between viral
sequences from different geographic locations (Figure
5). This is reflected in a low Kgt value of 0.015 (as men-
tioned above, Ksr is an analog of Fgr that measures the
proportion of the genetic variation contained in subpo-
pulations relative to the population as a whole). Despite
the very low value of Kgr, it was significantly greater than
zero (permutation test: P = 0.0013).

To check whether there might have been any re-
combination between our sequences, we used the four-
gamete test. There was only a single pair of sites where
all four gametes exist, suggesting that recombination is
either very rare or absent. Given the apparent lack of
recombination in negative-sense RNA viruses (CHARE
et al. 2003), this is most likely to result from homoplasy
rather than recombination.

We reconstructed past changes in the size of the
population using the coalescent sampler BEAST. A
comparison of the Bayes factors indicates that the
model of an exponentially expanding population was
preferred over the skyline model in which the popula-
tion size is free to vary through time (log;, Bayes factors
averaged over two runs for each model was 54 in favor
of exponential growth over the skyline coalescent
model). Using the exponential model, we were able
to reject a constant population size as the posterior
distribution of the growth rate parameter does not in-
clude zero (P < 0.0001). We estimated that the effective
population size of the virus has doubled approximately
every 9 months (mean doubling time = 0.76 years; 95%
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Ficure 5.—Phylogenetic network of DObsSV sequences.
Nodes are color coded on the basis of location, and their size
is proportional to the frequency of viral sequences. Branches
are approximately sized to the number of mutations.

C.I:0.24-1.51 years), and all the genotypes in our sam-
ple shared a common ancestor 11 years ago (95% C.1.:
4-19 years). When analyzed independently, the N and L
genes gave similar estimates to each other and the com-
bined analysis (data not shown).

These estimates are compatible with the very rapid
invasion of the virus that is predicted by our simulations
(Figure 4). Assuming that the host undergoes three to
four generations per year in the United Kingdom
(BEGON 1976), the virus could reach its current preva-
lence of 39% within 12-16 years, even if infected hosts
suffer a fertility reduction of 10% compared to unin-
fected individuals. The simulations also suggest that
DObsSV may still be spreading in the United Kingdom,
as the equilibrium prevalence in the simulations is
higher than we have observed in the wild (Figure 4).

DISCUSSION

Vertical transmission: We have found that two recently
discovered rhabdoviruses from D. affinis and D. obscura are
both vertically transmitted, and horizontal transmission is
rare or absent over experimental timescales. To our
knowledge, aside from viruses that are integrated into in-
sect genomes, the only other obligately vertically transmit-
ted virus that has been reported in animals is DMelSV
from D. melanogaster. Our results suggest that sigma viruses
may be common vertically transmitted insect symbionts.

If a vertically transmitted symbiont is transmitted
solely by females, then anything less than perfect
transmission is expected to lead to a decline in preva-

lence and ultimately extinction (L’HERITIER 1970). Ver-
tically transmitted bacteria use various different
strategies to avoid this, including distorting the sex ratio
toward females, spitefully reducing the fitness of unin-
fected individuals by causing cytoplasmic incompatibility
(HursT et al. 1993), or providing a fitness benefit to the
host such as nutrients (DoucrLas 1989) or protection
from pathogens (HEDGES et al. 2008; TEIXEIRA et al.
2008; BROWNLIE and JoHNSON 2009; JAENIKE el al.
2010). An alternative strategy to spread through host
populations is to be transmitted through both sperm
and eggs. This is rarely seen in bacterial symbionts, prob-
ably because sperm contain little cytoplasm and hence
few bacteria (HursT 1990). However, although sigma
viruses infect the cytoplasm of host cells, they have
evolved biparental vertical transmission (L’HERITIER
1970); the sigma viruses may not be unique in this mode
of transmission. Rhabdoviruses have been found in he-
mipteran sperm cells (AFzELIUS ef al. 1989), and in Culex
mosquitoes, COy sensitivity (a common phenotype of
rhabdovirus infection that causes infected insects to be-
come paralyzed after COs exposure) is inherited extra-
chromosomally in a biparental manner (SHROYER and
RoseN 1983). Furthermore, other virus-like particles have
been found in the sperm of a range of different insects
(TANDLER 1972; ScHRANKEL and ScHwALM 1975;
DEGRUGILLIER ¢f al. 1991; Bao et al. 1996; FERBER
et al. 1997; WoLr 1997; LoNGpON and JiGGINs 2010).
Together these results suggest that viruses may be trans-
mitted vertically by both males and females much more
often than is the case for bacterial symbionts.

The mode of transmission of the viruses that we studied
is similar to that of DMelSV. In D. affinis, males transmit
the virus at a lower rate than females, and the rate of
transmission is reduced in flies that have inherited the
virus from their father rather than from their mother
(females have a reduced transmission rate and males
do not transmit the virus at all). In D. obscura, males have
comparable transmission rates to females, but males
infected by their fathers do not transmit the virus. Curi-
ously, we also found a reduction in transmission after two
successive female generations, which may be due to the
first generation of females being infected by both parents,
or the uninfected flies being partially resistant. Although
this high level of paternal transmission could potentially
act to aid the spread of the virus, the reduced transmis-
sion by maternally infected daughters means that, over
all, the virus is transmitted at a similar rate to DAffSV.

We found that DODbsSV and DAffSV embryos that
were infected by their fathers have a lower viral titer
than those infected by their mother. It seems likely that
the small size of the sperm and the fact that the cells
that form one egg divide to form 64 sperm cells
(WiLLiamsoN and LEHMAN 1996) limits the amount of
virus transmitted to offspring. This pattern has previ-
ously been observed in DMelSV (Brun and PLus
1980) and probably explains why paternal transmission
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is less efficient than maternal transmission in DMelSV
and DAftSV. DODbsSV has comparable paternal and ma-
ternal transmission rates (Figure 1, crosses 1 and 3) even
though paternally infected embryos have much lower
viral titers. We hypothesize that, although the low viral
titer may not be limiting for one generation, over two
generations this twofold dilution effect means that sons
infected by their fathers do not transmit the virus. In
DMelSV, the viral titers in paternally infected flies have
recovered to normal levels, and yet flies infected from
their father still transmit the virus at lower rates (BRUN
and PLus 1980). It has therefore been suggested that it is
critical for the virus to infect the germline cells early in
development if it is to be transmitted efficiently (FLEUR-
IET 1988). This may also explain why DAffSV and
DODbsSV are transmitted less efficiently by flies that were
infected by their father rather than by their mother.

Population dynamics: Parasitic bacterial symbionts
often have highly dynamic associations with their hosts,
with new strains frequently spreading through host
populations. Comparisons of insect and bacterial phy-
logenies have shown that symbionts rarely co-speciate
with their hosts, but instead frequently switch between
different host species (WERREN et al. 1995; WEINERT
et al. 2009). These bacteria can spread very rapidly
through populations. For example, Wolbachia spread
at a rate of >100 km/year through uninfected popula-
tions in Drosophila simulans on the West Coast of the
United States (TurerLLl and HorrManN 1991). After
a symbiont has invaded a population, co-evolution with
the host can cause the turnover of strains within the
population. For example, after Wolbachia had invaded
U. S. populations of D. simulans, it evolved from a para-
sitic relationship toward a mutualistic one (WEEKS et al.
2007). There can be similarly rapid evolution of the
host population, where genes that make the host resis-
tant to the pathogenic effects of symbionts can rapidly
spread (HORNETT et al. 2006).

Similar processes have occurred in D. melanogaster
and its sigma virus DMelSV. A naturally occurring poly-
morphism in the Drosophila gene 7ef(2)P blocks the
transmission of the virus through females, and natural
selection has caused the resistant allele of this gene to
spread through natural populations (WAYNE et al. 1996;
BANGHAM et al. 2008). In response, from the early 1980s
to the early 1990s, DMelSV genotypes that are able to
overcome this resistance were observed to sweep through
two different European populations (FLEURIET e al. 1990;
FLEurIiET and SperLICH 1992). More recent molecular
data confirm that the DMelSV type currently found in
Europe has recently spread through the host population,
with all the viral isolates in Europe sharing a common
ancestor ~200 years ago (CARPENTER e/ al. 2007), which
was either due to a selective sweep or due to D. melanogaster
acquiring the virus from another species. This raises the
question as to how common such sweeps of vertically trans-
mitted parasites are in nature.

We found that DObsSV has very recently swept
though British populations of D. obscura. This sweep
has occurred in the past ~11 years, with the frequency
of this strain doubling every 9 months. Our model
shows that the biparental transmission of the virus can
explain these rapid changes in prevalence by creating
a considerable drive through the host population. Fur-
thermore, the virus can still rapidly spread even when it
reduces fertility by up to 25% (although a reduction of
~10% most closely matches the timescale of the sweep
estimated using the sequence data).

As the virus does not recombine, we cannot tell whether
the spread of the virus was caused by a selective sweep of
an advantageous mutation through an existing viral
population or by the spread of a new virus from a different
species or population through an uninfected population.
If this was a selective sweep, the new strain must have had
a large selective advantage over existing viruses to spread
so rapidly and must have almost totally replaced those
viruses as there were no more divergent genotypes in our
sample. To separate these hypotheses, we would need to
discover either closely related viruses in other species or
populations or remnants of a more diverse viral popula-
tion that existed before a selective sweep.

In conclusion, our results suggest that vertically
transmitted viruses may prove to be common in insect
populations. Our simulations based on estimates of the
transmission rates predict that this mode of transmis-
sion can drive very rapid changes in prevalence. In
natural populations, we have found this to be the case,
with DObsSV sweeping rapidly through populations
over the past decade.
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FIGURE S1.—Locations of field sites and proportion of infected flies at those sites. The first letter is of the abbreviation is the
location, the second the field site (B=Bristol, D=Derbyshire, E=Essex, F=Falmouth, K=Kent and S=Sussex). Full details are
given in table 1.
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TABLE S1
PCR cycles
Cyt-b Adh RpL32
94°C 2min 94°C 2mi 94°C 2min
94°C 30sec 94°C 30sec 94°C 30sec
51.5°C 1min | 34x 59°C 30sec [34x 62°C 30sec (-1°C/cycle)| 10x
72°C 1min 72°C 1mi 72°C 1min
72°C 5min 72°C 5min

94°C 30sec
52°C 30sec (-1°Cleycle)| 25x
72°C 1min

PCR were carried out using thermopol PCR reagents (New England Biolabs). A final concentration of

0.2mM MgSOjand of 0.2mM for each dNTP was used.
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TABLE S2

Primers used for species identification and qRT-PCR

Primer Name

Sequence 5°- 3

Cyt-b F

Cyt-b obscura R

Cyt-b subobscura R
Adh ¥

Adh obscura R

Adh subobscura R
RpL32 + F
RpL32 + R

DObs RpL32 qPCR F
DObs RpL32 qPCR R
DA RpL32 qPCR F
DA RpL32 qPCR R
DODbsSV qPCR F
DObsSV qPCR R x
DAfISV qPCR F
DAfISV qPCR

TTATGGTTGATTATTACGAA
CTAGGTAAGGAACTGCTGATCG

CATTCAGGTTGAATATGTGCAGTA

CGTTTACTCTGGCAGCAAGG
AGTGTGCCCAAATCCAGC
GTCTTGGTGATGCCCGGATGC
GTCGGATCGTTATGCCAAGT
GGCGATCTCACCGCAGTA
CTTAGTTGTCGCACAAATGG
TGCGCTTGTTGGAACCGTAAC
CCAAGTTGTCGCACAAATGG
TGCGCTTGTTGGAGCCATAAC
TGGTTTCGATGGGTTAGTGG
TGGTTTCGATGGGTTAGTGG
GCAGATGTATTAGTCTGTCCACG
TGTGAGTCCAAACGAAAGGA
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TABLE S3

Banana-malt Food

58I

Ingredients Amount
Water 1.881
Agar 15g
Malt powder 65.5g
Yeast 57.5¢g
Golden syrup 47.5ml
Bananas (blended) 4
Tergosept 15ml
Proprionic acid 9ml

The first five ingredients were mixed together, brought to the boil, and simmered for 10 mins while stirring continuously. The

mixture was allowed to cool to <70°C, then the tergosept and proprionic acid were added. PH was then neutralised using NaOH.
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