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Wolbachia is an endosymbiotic bacterium that can block viral infections in
arthropods, generating interest in its potential to control the spread of mos-
quito-borne disease. Drosophila melanogaster is model organism for Wolbachia
infection, and the wMel strain of Wolbachia can improve host survival following
viral infection. However, it is unclear whether wMel induces anti-viral blocking
against the broader native virome of D. melanogaster, or whether the major effect
of Wolbachia is a reduction in viral abundance rather than viral clearance. We
examined the effect of Wolbachia on viral abundance by comparing the total
transcriptome of wMel-positive and wMel-negative D. melanogaster populations
sampled from six locations in Australia. In addition, we examined the impact
of wMel on individual flies by obtaining transcriptome data from 20 wMel-
positive and 20 wMel-negative D. melanogaster from the location (Melbourne)
with highest density of wMel. These data revealed high viral abundance
in both Wolbachia-positive and -negative populations and individuals. Notably,
none of the viral species identified, representing RNA viruses from at least nine
families /floating genera, showed evidence of protection by wMel. Although
the viral loads of picorna-like viruses are reduced by wMel under experi-
mental conditions, we observed no such effect here. These data show that
D. melanogaster can harbour abundant RNA viruses regardless of its Wolbachia
status and imply that the interaction between Wolbachia and viruses in nature is
more complex than simple blocking.

1. Introduction

Wolbachia is an endosymbiotic bacterium that can have a range of fitness effects on
its insect hosts including the blocking of viral infections. The propensity for virus
blocking underpins programmes aimed at using Wolbachia to reduce disease
transmission. Most notably, a Wolbachia strain initially identified in natural popu-
lations of Drosophila melanogaster flies [1], designated wMel, has been manually
transferred to Aedes aegypti mosquitoes where it blocks the replication of
dengue, Zika and other human viruses and greatly reduces their transmission
[2,3]. Other Wolbachia strains from Drosophila and mosquitoes that reduce viral
densities have also been identified [4,5]. Two Wolbachia strains, including wMel,
are currently being released in a variety of locations with the aim of replacing
existing A. aegypti populations with Wolbachia-infected mosquitoes and hence
reducing the burden of human disease [6].

wMel has been shown to block viral transmission in mosquitoes [7]. A similar
effect has been observed for wMel in its natural host, D. melanogaster, under
experimental conditions, where it reduced both viral load and mortality rates
associated with Drosophila C virus (DCV) infection when introduced into
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flies [8]. This appears to be a common phenomenon [9-11]
across several experimental Wolbachia infections in Drosophila
with an efficacy likely linked to Wolbachia density [11,12]. In
addition to DCV, wMel shows anti-viral protection against
Nora virus and Flock House virus (FHV) [8,11], although the
major effect of the latter is most likely a reduction in host mor-
tality rather than a reduction in viral load or viral clearance
[8,11]. As there is no evidence for the blocking of DNA viruses
[8,13], these effects appear to be specific to RNA viruses.

While the virus blocking attributed to Wolbachia has only
considered a limited number of viral species (DCV, FHV and
Nora virus), D. melanogaster harbours a much larger viral diver-
sity. Many of these viruses remain partially characterized, with
little information on key aspects of phenotype including viru-
lence. Two of the first D. melanogaster viruses to be isolated
were Sigma virus and Drosophila A virus [14], although their
interaction with Wolbachia is yet to be determined. Recently, a
major study using an RNA metagenomics approach [15] ident-
ified more than 20 species of previously undescribed RNA
viruses in D. melanogaster, representing more than 12 families
or floating genera, most of which were found in wild fly popu-
lations. Importantly, strong host structure and a global
distribution suggest that many of these viral species have
been associated with flies for extended periods [15,16].

Webster et al. [15] also examined the viral infection
status within the context of presence or absence of Wolbachia, tar-
geting the natural viromes of wild fly populations, including
DCV and Nora virus against which wMel has repeatedly
demonstrated its protective effect under experimental condi-
tions [8,10,11]. However, no association was found between
the prevalence of Wolbachia and that of any virus, suggesting a
lack of effect in natural D. melanogaster populations [15]. Impor-
tantly, while the prevalence data reflect the presence of viruses
in a population, they do not indicate the level of viral abun-
dance within individual flies. Indeed, experiments suggest
that the blocking effect of Wolbachia occurs through a reduced
viral load rather than complete clearance [11]. Whether this is
also true of the natural virome of D. melanogaster is unknown.

In Australia, wMel is prevalent in D. melanogaster popu-
lations. Partial cytoplasmic incompatibility generated by
Wolbachia in D. melanogaster was first identified in crosses
between tropical and temperate populations from Australia
[1]. The wMel infection responsible increases in frequency clin-
ally from temperate to subtropical areas, and northern
populations all carry a high frequency of this infection [17],
while wMel-CS is absent or has a low frequency [18]. This geo-
graphical pattern has been stable over at least 20 years [19].
Although it is not clear why Wolbachia frequencies are lower
in colder areas, under field conditions the Wolbachia infection
is not transmitted with complete fidelity [17,19]. Wolbachia-
infected females from eastern Australia can also have a smaller
adult body size on occasion [17], as well as reduced fecundity
and egg viability after overwintering [19].

Our aim was to examine the effect of Wolbachia on both viral
load and diversity of the natural virome of D. melanogaster in
Australia. To achieve this, we used a meta-transcriptomics
approach to analyse Wolbachia-virus interactions in passaged
(mostly F1) flies derived from wild populations in eastern
Australia. We focused on passaged flies because the vertically
transmitted virome in these animals should maintain a longer
host relationship and contain fewer environmentally acquired
viromes. Accordingly, we first examined the total transcrip-
tomes of wMel-positive and wMel-negative D. melanogaster

populations from six sampling locations in Australia. To
increase the power of the analyses, we also compared the tran-
scriptomes of individual wMel-positive and wMel-negative
D. melanogaster from the sampled population with the highest
Wolbachia density.

2. Material and methods
(a) Study locations

Drosophila melanogaster flies were collected from the field in 2008
along a latitudinal climate gradient on the east coast of Australia
using nets from banana baits. This gradient extends from temper-
ate Tasmania to tropical Queensland (electronic supplementary
material, figure S1). Populations of D. melanogaster are genetically
differentiated along the gradient for various phenotypic traits
including thermal tolerance and life-history traits [20,21]. Fre-
quencies of the Wolbachia infection wMel (Wolbachia pipientis)
that causes weak cytoplasmic incompatibility vary stably along
this gradient from a low frequency of infection in Tasmania to
a high frequency in tropical Queensland [17,19], although
infected and uninfected flies are found along the entire gradient.
Offspring from individual field females were reared to the F1 or
F3 generation (depending on the sample) before testing for virus.
Field females were tested for Wolbachia and one offspring per
female was used to establish the Wolbachia-positive and -negative
pools. Samples were stored at —80°C.

(b) F1 fly rearing

Each F1 or F3 used to form the pooled sample was raised separately
under the same conditions without a priori knowledge of Wolbachia
status. All flies were cultured at a constant 19°C under 12L:12D
cycle in glass vials (50 mm height x 12 mm diameter) containing
laboratory medium composed of dextrose (7.5% w/v), cornmeal
(7.3% w/v), inactive yeast (3.5% w/v), soy flour (2% w/v), agar
(0.6% w/v), methyl 4-hydroxybenzoate (1.6%) and acid mix
(1.4%, 10 : 1 propionic acid : orthophosphoric acid).

(c) Wolbachia screening
Heads were removed from individual flies for the purpose of Wol-
bachia screening and to ensure sufficient tissue was available for
subsequent RNA viral work. DNA was extracted from fly heads
using the Chelex 100 Resin (Bio-Rad Laboratories, Hercules, CA,
USA) method of Endersby et al. [22] but with the following
alterations: tissue was ground in a Mixer Mill (Retsch MM300,
Hahn, Germany) (25 Hz; 2 min) with four 2 mm glass beads
(Lomb Scientifix, Taren Point, NSW, Australia; Cat. no. SIF1295/
2G) and incubated at an elevated temperature and time (60°C for
2 h). DNA was diluted 1:3 or 1:10 with water and screened for
Wolbachia infection using the RT/HRM assay (real-time PCR/
high-resolution melt assay) first developed by Lee et al. [23] to
detect wMel infection in A. aegypti. This assay was run on a
Roche LightCycler® 480 system (using a 384-well format). The
wMel target and wMel primers and the PCR reagent and cycling
conditions used here to detect wMel in D. melanogaster are the
same as those reported in Lee et al. [23]. However, we also devel-
oped primers for a Drosophila control gene for confirmation of
both the host genus and quality of the DNA extraction prior to
final typing of Wolbachia: Dros_RpL40_F (5'-CAA CTG CCG CAA
GAA GAA GTG-3') and Dros_RpL40_R (5'-CTA CTT CAA CTT
CTT CTT GGG-3) target the conserved RpL40 gene region in
Drosophila species/ detect the presence of Drosophila DNA and the
amplified product is 64 bp. The Dros_RpL40 target was amplified
with the same PCR reagent and cycling conditions as wMel.
Screened individuals were typed ‘wMel infected” when
robust amplification occurred for both primer pairs. A robust
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amplification was defined as a C,, or ’‘crossing-point’ value less
than 30 generated by the ‘Abs Quant/2nd Derivative Max” quanti-
fication analysis mode and a T,,, or ‘melting temperature” within
the acceptable range as determined by positive controls and pre-
vious light cycler results for D. melanogaster infected with wMel.
Individuals were typed as ‘wMel uninfected” when robust amplifi-
cation in multiple replicates was observed for the Dros_RpL40
primers, no amplification or amplification attributed to ‘back-
ground” only (blank C, or C, value of 35 and T, outside the
acceptable range) was observed for the wMel primers, and there
was no amplification in controls lacking DNA. Melting tempera-
tures for the two targeted gene regions (Dros_RpL40 and wMel)
showed distinct light cycler profiles with a separation of at least
6°C. Wolbachia density was estimated for each individual by
subtracting the C,, value of the Wolbachia gene from the C,, value
of the control gene (Dros_RpL40) to allow a comparison of density
in infected individuals from the different source populations.
Wolbachia densities were compared using a non-parametric
Kruskal-Wallis test.

(d) RNA extraction and sequencing

RNA sequencing was first performed on pooled flies. A total of 122
fly samples (entire individuals less head) were organized into 12
pools based on the wMel infection status and geographical
locations. Each pool was washed three times with 1 ml sterile,
RNA and DNA-free PBS solution (GIBCO). The samples were
then homogenized in 600 pl lysis buffer for 1 min using TissueRup-
tor (Qiagen). Total RNA was then extracted using an RNeasy Plus
Mini Kit (Qiagen) following the manufacturer’s instructions. The
quality of extracted RNA was checked using an Agilent 2100 Bioa-
nalyzer (Agilent Technologies). The libraries were constructed
using a TruSeq total RNA Library Preparation Kit (Illumina) with
rRNA removed using a Ribo-Zero-Gold (Human-Mouse-Rat) Kit
(Mumina). Paired-end (100 bp) sequencing of each RNA library
was performed on the Hiseq2500 platform (Illumina). Detailed
information of each library/pool is presented in electronic
supplementary material, table S1.

To further examine the role of wMel in protecting the hosts
against viruses, RNA sequencing was performed on individual
flies. This analysis considered an additional 20 wMel-positive
and 20 wMel-negative flies sampled from the Melbourne popu-
lation, using the same procedures for RNA extraction, library
preparation and sequencing as described above.

(e) Total transcriptome annotation and virus discovery
To reduce the possibility of in silico cross-library contamination, all
sequence reads were de-multiplexed with 0 mismatches to the
index sequences and quality screened using Trimmomatic [24].
De novo assembly of the remaining reads was performed using
Trinity [25] with default parameters. The resulting contigs were
then compared against the non-redundant nucleotide (nt) and
non-redundant protein (nr) databases using the blastn and
diamond blastx program, respectively, with e-value cut-offs of
1 x 10 *and 1 x 107 5. For both blast searches, all hits to ‘Viruses’
(Taxonomy database) were retained. All virus contigs with unas-
sembled overlaps were merged using the SegMan program
implemented in Lasergene v. 7.1 (DNAstar). The assembled
virus genome sequences were then compared with reference gen-
omes from the same virus species to check for assembly errors. To
discover viruses at relatively low abundance, raw reads from each
library were mapped to a genome dataset that contained all the
Drosophila virus sequences documented to date [15,16].

(f) Sequence quantification
The abundance of viral genome or host/bacteria genes was
estimated as the percentage of non-TRNA reads mapped to the

corresponding sequences. The genome/gene sequences for map-
ping comprised: (i) all virus genomes detected in this study, (ii)
the gapdh, rpl32 and cox1 genes of D. melanogaster, (iii) selected
wMel protein coding genes, namely, cox1, recA and gyrB, and (iv)
the small unit ribosomal rRNA (16S) genes for all bacteria (includ-
ing wMel) identified in this study. For each library, we first
removed any reads associated with host ribosomal RNA. The
remaining reads were then mapped to these sequence sets using
Bowtie2 [26] and inspected using the Integrated Genomics
Viewer [27].

(g) Phylogenetic analysis

We used nucleotide sequences to determine the phylogenetic
relationship among the viruses discovered in different Australian
locations as well as those obtained from GenBank. For each viral
species, complete or partial genome sequences were aligned
using the E-INS-i algorithm implemented in MAFFT v. 7 [28].
Phylogenetic trees were inferred from these alignments using
the maximum-likelihood method implemented in PhyML v. 3.0
[29], using the GTR+I" substitution model and the Subtree Prun-
ing and Regrafting branch-swapping algorithm. Support for
individual nodes in the tree was assessed using an approximate
likelihood ratio test in PhyML.

(h) Statistical analysis

As the data were not normally distributed, the protective effect of
wMel on individual viral abundance was assessed using a
Mann-Whitney U-test. The effect on individual viral presence/
absence was tested using a Fisher exact test. A logistic regression
was used to test for an association between virus presence/
absence and wMel presence/absence after adjusting for virus
type. Analyses were carried out in R: a language and environment
for statistical computing, v. 3.4.2.

3. Results

(a) Diversity and distribution of RNA viruses in

Australian Drosophila melanogaster
We first examined a total of 122 F1 and F3 D. melanogaster indi-
viduals derived from a 2008 sample collection along the east
coast of Australia. The Wolbachia (wMel) infection status of
each individual fly was determined using a real-time PCR
assay prior to RNA extraction and sequencing. Based on the
assay results, the flies were subsequently divided into
12 pools, representing ‘wMel-positive” (wMel+) and ‘wMel-
negative’ (wMel—) groups from six sampling locations:
Innisfail, Maryborough, Coffs Harbour, Hunter Valley,
Melbourne and Tasmania (electronic supplementary material,
figure S1 and table S1). Each pool contained 10-12 individuals,
from which high-quality total RNA (RIN > 7.7) was extracted
and used to prepare ribosomal-rRNA depleted cDNA libraries.
Sequencing of these libraries was then performed on an Illu-
mina Hiseq2500 platform, with wMel+ and wMel— libraries
assigned to separate lanes.

To confirm the genetic background of wMel strain used in
this study, we mapped the RNA sequencing reads of each
library to an MLST gene set (i.e. 16S, aspC, atpD, ftsZ, sucB,
groEL and coxA) used in [11], all of which show 100% nucleo-
tide identity to the reference wMel strain (AE017196) at
regions with greater than 3x coverage. However, these genes
are too conserved to distinguish between different wMel
variants, such as the wMel prototype and wMel-CS strains
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that confer differing degrees of viral protection [10,11],
although wMel-CS was not identified in recent sampling of
D. melanogaster in eastern and southeastern Australia [19,30].
To distinguish between these different variants, we compared
the genome sequences of existing variants and identified 31
genes that contained one or more positions that differ between
the wMel prototype and wMel-CS. Among these, five genes (i.e.
rplF, rplB, rpoBC, fusA and rpsC) with an average of greater than
10X coverage were compared. The results suggested that the
wMel population examined here exhibited greater similarity
to the wMel prototype than to wMel-CS (electronic supplemen-
tary material, figure S2), with the exception of the Tasmanian
population that shared the same mutation with wMel-CS in
the fusA and rpsC genes (electronic supplementary material,
figure S2).

All sequencing reads were assembled de novo and com-
pared against the non-redundant nucleotide (nt) and protein
(nr) databases to determine the presence of RNA virus gen-
omes as well as a number of stably expressed marker genes
of D. melanogaster and wMel. In total, we discovered 11 RNA
virus species across all libraries and their genomes were all
sequenced to complete length. These viruses comprised nine
families/floating genera from the positive-sense (1 = 5), nega-
tive-sense (n = 1) and double-stranded RNA (1 = 5) groups of
RNA viruses (figure 1 and table 1). All these viruses have been
previously described in D. melanogaster or related hosts [15,16].
Among them, we confirmed that Galbut virus (two segments)
is in fact likely to comprise two additional segments of Droso-
phila-associated Partitiviridae-like virus 3 (one segment) [15],
based on their synchronized appearance and matching abun-
dance levels. We, therefore, used the name ‘Galbut virus’ to
refer to all three segments. Similarly, we updated the genome
of Torrey Pines virus from six to nine segments.

A further examination of the intra-species diversity of some
of these viruses revealed a close relationship between viruses cir-
culating in Australia and other geographical localities [15],
although in some cases, the Australian sequences comprised
separate lineages (figure 2). Importantly, these viruses are unli-
kely to represent endogenous viral elements because (i) none
appear in the D. melanogaster genome, (ii) none appear
in all libraries, and (iii) all are present as complete genomes
without interruption by nonsense mutations, frame-shifts.
The distribution of these viruses differed substantially among
D. melanogaster populations. For example, La Jolla virus and
Galbut virus had a wide distribution across different libraries,
whereas Torrey Pines virus and Nora virus were only found in
a single library (table 1). Generally, a single library contained
two to five virus species, although in the case of the wMel-
positive library from Tasmania, no viruses were detected with
the exception of Newfield virus at a very low frequency (table 1).

(b) Virus abundance in relation to wMel status

For each library, we estimated virus abundance as the percen-
tage of total RNA after the removal of fly rRNA (i.e. non-
ribosomal total RNA). Interestingly, these results revealed
that total viral abundance varied from 0% (wMel+, Tasmania)
to 61.8% (wMel—, Hunter Valley) (figure 1), with nine of the 12
libraries showing relatively high abundance (greater than 1%,
table 1). Hence, RNA viruses commonly comprise a substantial
part of the host non-rRNA transcriptome, as seems to be true of
invertebrates in general [31,32]. The great variation in viral
RNA concentration is unlikely to be an artefact of sample

processing or nucleic acid extraction because the examination [ 4 |

of stably expressed host genes (rpl32 and gapdh genes) and
the abundantly expressed host gene (cox1) revealed consistent
RNA levels across different libraries (figure 1). In addition, all
extracted RNA was at high concentration, with clear 18S and
28S rRNA peaks and RIN values greater than 7.7 (electronic
supplementary material, table S1), suggesting that the extrac-
tion is of high quality and should include both viral and
cellular RNA. Furthermore, we examined the expression of
the 16S, cox1, recA and gyrB genes of wMel: the presence/
absence of these genes was consistent with our experimental
settings and confirmed the Wolbachia status within each library
(figure 1 and table 1). In addition, the abundance levels of non-
rRNA Wolbachia genes, which were comparable across different
libraries, were much lower than those of either host genes or
RNA viruses (table 1).

We next examined the influence of the presence/absence of
wMel on the total abundance of viruses, particularly whether
the presence of wMel is associated with a reduction in viral
load. Generally, high viral titres (greater than 1% of non-ribo-
somal total RNA) were observed in both wMel-positive and
wMel-negative groups, suggesting an overall lack of effect on
viral abundance. A similar pattern was observed for individual
viral species. With the exception of Nora virus and Torrey Pines
virus, which only appeared once in the dataset, all other
viruses appeared in both wMel-positive and wMel-negative
libraries (table 1). In the case of Dansoman virus, Craigies
Hill virus, Motts Mill virus and Galbut virus, there was no evi-
dence for protection against high viral loads as relatively high
abundance levels (greater than 1% or greater than 0.1% of total
non-ribosomal RNA) were observed in both wMel-negative
and wMel-positive libraries (figure 1). However, there was a
trend suggesting that wMel may have protected against a
high titre of La Jolla virus, a member of Iflaviridae family
from the order Picornavirales. Specifically, among the 12
libraries, only wMel-negative libraries had ‘high’ titres of La
Jolla virus: 5.9%, 46.5% and 29.7% for Coffs Harbour, Hunter
Valley and Melbourne negative subpopulations, respectively.
In comparison, their wMel-positive counter-parts from the
matching geographical regions all possessed lower titres of
La Jolla virus, with those from Innisfail at least two orders of
magnitude lower (figure 1 and table 1).

(c) Transcriptome analysis of individual Drosophila
melanogaster

As samples from each wMel group were pooled at each geo-
graphical location, there was insufficient statistical power to
understand the effect of wMel on viral titre for each virus
with sufficient precision. To increase analytical power, we per-
formed a second round of RNA sequencing on un-pooled
samples of individual D. melanogaster from the Melbourne
population, which has the highest average wMel density and
in theory the strongest virus blocking. The samples analysed
comprised 20 wMel+ and 20 wMel- flies, which were
subsequently sequenced with wMel+ and wMel- groups
assigned to separate runs.

In general, these results demonstrated that individual
D. melanogaster can experience multiple infections of up to
five virus species simultaneously, and that they can contain
extremely high viral loads (up to 82.65% of total non-ribosomal
RNA) under natural conditions and regardless of wMel infec-
tion status (figure 3; electronic supplementary material, table
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Figure 1. Comparison of the natural RNA viromes in wMel+ and wMel— D. melanogaster populations from six Australian locations. The first three rows show the
abundance of all viruses, the wMel 765 gene and the Drosophila rpl32 gene in Wolbachia-positive and -negative libraries, with viral abundance (i.e. percentage of
total reads in the library) shown on the y-axis on a normal numeric scale. The 4th—10th rows show the abundance of individual virus species, with abundance on a
logarithmic scale on the y-axis. For clarity, only seven higher abundance are presented. In all cases, we used one set of colour panels to represent different viral
species (11 colours), the host gene (grey) and the Wolbachia gene (black). All Wolbachia-positive columns have a grey-shaded background.

S2). Indeed, high overall viral loads (greater than 1% of total
non-ribosomal RNA) were observed in 11 wMel— individuals
and 10 wMel+ individuals, respectively (figure 3). Similarly, at
the level of viral species, both wMel+ and wMel- individuals
experienced high viral titres of La Jolla virus (one wMel—
versus two wMel+ individuals), Craigies Hill virus (six
versus four), Motts Mill virus (three versus three) and Galbut
virus (two versus six) (figure 3). Notably, for several other
virus species, only wMel+ individuals experienced high viral
titre, including Drosophila A virus (n=1) and Chaq virus

(n = 2), although the numbers were small (figure 3). It is also
noteworthy that Chaq virus always co-occurs with Galbut
virus, although in some of the libraries, only Galbut virus
was found (figure 3). This suggests that Chaq virus might be
a satellite virus of Galbut virus.

We next examined the ability of wMel to reduce the abun-
dance of RNA viruses in individual flies. As very low virus
abundance may be a product of index swapping in the sequen-
cing runs, we tested the association between wMel and virus
abundance and virus presence/absence at thresholds of 1, 0.1
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Figure 2. Evolutionary relationships and intra-species genetic diversity of the RNA viruses identified in this study and those from previous studies. Virus sequences
from wMel-positive samples are indicated by red solid circles, while those from wMel-negative samples are shown by red hollow circles. The virus sequence names
contain information on the strain name and sampling location, while the colours of sequence names indicate their geographical locations, including Australia (red),
Africa (black), Europe (green), North America (blue), Asia (brown) or unknown (grey). All horizontal branch lengths are scaled to the number of nucleotide sub-

stitutions per site and trees are mid-point rooted.

and 0.01% of the total non-ribosomal RNA. This revealed no
evidence of wMel protection against viral load for all viruses
combined (p = 0.88, odds ratio (OR) = 1.05, 95% CI = 0.57—
1.95) or for individual viruses including La Jolla virus
(table 2). Collectively, these results suggest wMel is unlikely
to release D. melanogaster from the intensive replication and
transcription of viral nucleic acid, although it remains unclear
if high viral RNA loads impose large fitness costs on their
hosts [33,34].

(d) Impact of Wolbachia density
It is possible that the effects of wMel on virus abundance differ
because of variation in Wolbachia density, with the expectation

that higher Wolbachia density increases viral blocking [10,35].
We, therefore, estimated average Wolbachia density in pooled
wMel+ flies from the different locations as well as from indi-
vidual flies. Density differences among sites in the pooled
data were non-significant for host (Kruskal-Wallis test, X =
9.35, d.f. = 4, p = 0.053) but significant for wMel (X2 = 20.580,
d.f. =5, p=0.001) as well as for the C, differences between
host and wMel (y*=14.494, d.f.=5, p=0.013), which
suggests there is a variation of wMel density between different
sites. However, it is evident from our results that higher aver-
age Wolbachia density was not necessarily associated with
lower viral abundance for the six locations studied here (Pear-
son’s r= —0.528, CI: —0.938-0.496, p=0.2815, figure 2;
electronic supplementary material, tables S3 and S4). In
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genomes, the Drosophila marker genes (gapdh, rp/32 and cox7) and the wMel 76S gene in wMel+ and wMel— individuals.

Table 2. The effect of the presence/absence of wMel on the presence/abundance of viruses at different levels of virus abundance. n.a. indicates cases in which

there were insufficient samples to perform the calculation.

virus abundance p-value

threshold 0.01 0.1 1 0.01
ladolavies 019 057 057 027
Craigies Hill virus 0.34 0.34 0.49

Motts Mil vius 081 098 079
Drosophila A virus 0.57 0.34 0.34
Gabutvis 050 05 017 1
Chag virus 0.18 0.09 0.16

Melbourne .ﬂ.y namaviris 1 034 na.  na

Torrey Pines virus 0.16 0.16 n.a. 0.49
o w0 0

addition, there was no significant association based on the indi-
vidual fly samples from Melbourne (Pearson’s r = 0.087, CI:
—0.370-0.510, p = 0.7157, figure 3; electronic supplementary
material, table S5), where flies with high viral abundance
exhibited relatively high Wolbachia densities. Hence, these
results suggest that Wolbachia density does not impact the
abundance of the natural D. melanogaster virome in the
populations studied here.

(e) Impact of phylogenetic diversity

Finally, we examined whether the presence of the wMel
shapes patterns and levels of intra-specific virus genetic vari-
ation, comparing the virus genome sequences from wMel+
flies with those from wMel— flies. Based on the sequence
alignment, we found no consistent nucleotide substitutions
corresponding to either the presence or absence of wMel.
This was also apparent from the phylogenetic analyses,
where there was no evidence of clustering according to

027 (034, 0.05—1.84)
048 (2.1, 042-12.15)
C1(132,023-804)

1(048, 0.01-10.02)
1(078,015-389)
045 (0.42, 0.06-2.41)
S

0.69 (1.86, 0.3—14.05)

presence/absence p-value (OR, 95% Cl)

0.1 1
1(048,001-1000 1
048 (2.1, 0.42-12.15)
1(1,016-64)
1(0, 0-39)
©1(078,0.15-3.89)
0.24 (0.27, 0.02-18)
R
0.49 n.a.

075 (15, 0.36-6.57)

1(0.48, 0.01-10.02)
072 (1.69, 0.32-9.94)

1(1.4,02-11.13)
1 (0, 0-39)

041 (0.34, 0.03-2.47)
049 (0, 0-5.28)

1(1.22,03-5.04)

wMel status, with the virus sequences obtained from
both positive and negative populations showing mixed
distributions on the trees (figure 2).

4. Discussion

The anti-viral properties of Wolbachia have been tested against a
wide range of viruses under experimental conditions, and it is
clear that there is substantial variation according to both Wolba-
chia strain and host background [6,10,11]. Although the wMel
strain does not have the strongest blocking phenotype, it has
been repeatedly demonstrated that in the case of D. melanogaster
it is associated with an increased survival rate, although not
necessarily a significant reduction in viral load [8,11]. Interest-
ingly, those viruses in which the reduction in virus load
associated with wMel is greatest—DCV and Nora virus—are
both picorna-like viruses, although Nora virus is currently
classified as a floating genus [36]. Two picorna-like viruses
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were also present in our dataset—Nora virus and La Jolla virus.
While the Nora virus dataset is uninformative because it only
appeared in one wMel- library and with low virus titre
(figure 1), La Jolla virus appeared in the majority of the libraries,
and it is important to note that Wolbachia presence was associ-
ated with neither a reduction in prevalence nor load of this
virus. Hence, not all picorna-like viruses may be affected by
Wolbachia in the same way. This again suggests that there is
no universal protective effect against a broad range of viruses
and further narrows the diversity of those viruses whose
abundance is significantly reduced by the presence of wMel.

Alternatively, it is possible the lack of virus blocking by
wMel observed here is due to differences in the response to
the natural Drosophila virome, or with virus strains established
in the field compared to those introduced only recently or
under experimental settings. Under natural conditions, the
lack of reduction in viral load may reflect a complex intra-host
interaction shaped by co-adaptation of host, virus and bacterial
symbionts over long time periods [37]. Indeed, the antiviral
effect of Wolbachia often appears to be strongest following
their transinfection into new host species [38—-40], whereas
weaker effects have been observed in the case of longer evol-
utionary associations between arthropods and Wolbachia
[12,41,42]. Over time, viruses may evolve resistance to Wolbachia
blocking, although we cannot exclude the possibility that those
viruses that are most susceptible to Wolbachia infection have
already been cleared from the population and hence were not
detected in this study. As such, our study may have impli-
cations for the long-term effect of Wolbachia release
programmes on viral eradication, even though the presence of
wMel following introduction into A. aegypti [2] mosquitoes so
far appears stable following field release [7].

Although Wolbachia density is reported to be negatively
correlated with virus density [11,12], we did not observe
such an effect in our data. However, even under experimental
conditions, Wolbachia density alone may not explain the
blocking against all virus strains [11]. Indeed, when compar-
ing different Wolbachia strains, wAu results in a more
significant reduction in viral titre compared to wMel,
although the two strains are close in density values [11]. Fur-
thermore, wAu induces a reduction in viral titre in the case of
FHYV, whereas wMel failed to deliver the same effect. It will,
therefore, be interesting to determine how a more potent
strain, such as wAu or wMel-CS, impacts virome prevalence
and abundance under natural conditions.

Our study also shows that individual D. melanogaster are
characterized by an exceptionally high prevalence rate and
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