
consistently absent. Unfortunately, it is difficult to test
among the competing hypotheses using pooled sequencing of
wild-collected flies or large cage cultures. This is because dif-
ferent flies in the pool may be infected with different viruses
or with viruses that have a different segment composition,
and because a more complex microbiome may be present.
However, we were able to find one dataset from an isofemale
line, GA10 collected in Athens, Georgia (USA) in 2009, that had
been maintained in the laboratory for at least five generations
prior to sequencing (ERR705977 from Bergman and Haddrill
2015). From this dataset we assembled eight of the twelve seg-
ments, including two segments encoding PolB-like proteins
and two encoding the DUF3472 protein. Mapping identified no
reads at all from segments S9 or S12. This most strongly sup-
ports a single virus with a variable segment composition be-
tween infections and/or re-assortment. Moreover, the low
species complexity of this laboratory dataset supports
D.melanogaster as the host, with over 98 per cent of reads
mapped, and with Drosophila, Wolbachia, and Lactobacillus plan-
tarum the only taxa present in appreciable amounts. Example
Vesanto virus sequences from these datasets are provided in
figshare repository 10.6084/m9.figshare.14161250 S6.

3.10 Genetic diversity varies among viruses and
populations

We examined genetic variation in three of the most common vi-
ruses; Drosophila Kallithea nudivirus, Drosophila Linvill Road
densovirus, and Drosophila Vesanto virus. After masking
regions containing indels, and using a 1 per cent MAF threshold
for inclusion, we identified 923 SNPs across the total global
Drosophila Kallithea nudivirus pool, and 15,132 distinct SNPs
summed across the forty-four population samples. Of these
SNPs, 13,291 were private to a single population, suggesting that
the vast majority of Drosophila Kallithea nudivirus SNPs are
globally and locally rare and limited to one or a few populations.
This is consistent with many of the variants being recent and/or
deleterious, but could also reflect a large proportion of sequenc-
ing errors—despite the analysis requiring a MAF of 1 per cent
and high base quality. Synonymous pairwise genetic diversity
in the global pool was very low, at pS ¼ 0.15 per cent, with p at
intergenic sites being almost identical (0.14%). Diversity did not
vary systematically around the virus genome (figshare reposi-
tory 10.6084/m9.figshare.14161250 S9). Consistent with the large
number of low-frequency private SNPs, average within

Figure 5. Geographic variation in estimated prevalence: Drosophila Kallithea nudivirus (A), Drosophila Linvill Road denosovirus (B), and the galbut virus EVE (C and D).

Sampling sites are marked as white dots, and the colour gradient illustrates predictions from the INLA model, but with scale transformed to the predicted individual-

level prevalence (%), assuming independence among individuals and population samples of size 40. Only Drosophila Kallithea nudivirus, Drosophila Linvill Road den-

sovirus, and the galbut virus EVE displayed a significant spatial component, and only the EVE differed between seasons.
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population-pool diversity was ten-fold lower still, at pS ¼ 0.04
per cent, corresponding to a very high FST of 0.71. In general, the
level of constraint on virus genes appeared low, with global pA/
pS 0.39 and local pA/pS ¼ 0.58. These patterns of diversity are
markedly different to those of the host, in which pS (at four-fold
degenerate sites) is on the order of 1 per cent with pA/pS (zero-
and four-fold) around 0.2, and differentiation approximately FST

¼ 0.03 (Kapun et al. 2020; Tristan, Aurelie, and Annabelle 2019).
Given that large dsDNA virus mutation rates can be ten- to 100-
fold higher than animal mutation rates (Duffy 2018), the overall
lower diversity in Drosophila Kallithea nudivirus is consistent
with bottlenecks during infection and the smaller population
size that corresponds to a 2.1 per cent prevalence. The very low
within-population diversity and high FST and pA/pS may be in-
dicative of local epidemics, or a small number of infected hosts
within each pool (expected to be 1.47 infected flies in an
infected pool, assuming independence) with relatively weak
constraint. Alternatively, high FST and pA/pS may indicate a high
proportion of sequencing errors.

In Drosophila Vesanto virus we identified 4,059 SNPs across all
segments and divergent segment haplotypes in the global pool,
with 5,491 distinct SNPs summed across all infected population
samples, of which 4,235 were private to a single population. This
corresponded to global and local diversity that was around seven-
fold higher than Drosophila Kallithea nudivirus (global pS ¼ 1.16%,
local pS ¼ 0.28%), and to intermediate levels of constraint on the
protein sequence (pA/pS¼ 0.20), but a similar level of differentiation
(FST ¼ 0.76). Although the prevalence of Drosophila Vesanto virus
appears to be slightly higher than Drosophila Kallithea nudivirus
(2.9% vs. 2.1%), much of the difference in diversity is probably at-
tributable to the higher mutation rates of ssDNA viruses (Duffy
2018). The apparent difference in the allele frequency distribution
between these two viruses is harder to explain (73% of SNPs detect-
able at a global MAF of 1%, vs. only 6% in Drosophila Kallithea
nudivirus), but could be the result of the very strong constraint on
protein coding sequences keeping non-synonymous variants be-
low the 1 per cent MAF threshold even within local populations. It
is worth noting that the difference between Drosophila Vesanto vi-
rus and Drosophila Kallithea nudivirus in pA/pS and the frequency
of rare alleles argues against their being purely a result of sequenc-
ing error in Drosophila Kallithea nudivirus, as the error rates would
be expected to be similar between the two viruses,

In Drosophila Linvill Road densovirus, which was only
present in thirteen populations and has the smallest genome,
we identified 178 SNPs across the global pool, and 253 distinct
SNPs summed across the infected populations, of which 209
were private to a single population. Although this virus appears
at least six-fold less prevalent than Drosophila Kallithea nudivi-
rus or Drosophila Vesanto virus, it displayed relatively high
levels of genetic diversity both globally and locally (global
pS ¼ 1.45%, local pS ¼ 0.21%, FST ¼ 0.86), and higher levels of con-
straint on the protein sequence (pA/pS ¼ 0.10). Given a mutation
rate that is likely to be similar to that of Drosophila Vesanto
virus, this is hard to reconcile with a prevalence that is six-fold
lower. However, one likely explanation is that Drosophila Linvill
Road densovirus is more prevalent in the sister species
D.simulans (above), and the diversity seen here represents rare
spillover and contamination of some samples with that species.

3.11 Structural variation and TEs in Drosophila Kallithea
Nudivirus

De novo assembly of Drosophila Kallithea nudivirus from each
sample resulted in fifty-two populations with complete single-

scaffold genomes that ranged in length from 151.7 to 155.9 kbp.
Alignment showed these population-consensus assemblies to
be co-linear with a few short duplications of 10–100 nt, but gen-
erally little large-scale duplication or rearrangement. Two
regions were an exception to this: that spanning positions
152,180–152,263 in the circular reference genome (between pu-
tative proteins AQN78547 and AQN78553; genome KX130344.1),
and that spanning 67,903 to 68,513 (within putative protein
AQN78615). The first region comprised multiple repeats of
around 100 nt and assembled with lengths ranging from 0.2 to
3.6 kbp, and the second comprised multiple repeats of around
140 nt and assembled with lengths between 0.5 and 2.4 kbp.
Together, these regions explained the majority of the length
variation among the Kallithea virus genome assemblies. We
also sought to catalogue small-scale indel variation in Kallithea
virus by analysing indels within reads. In total, after indel-re-
alignment using GATK, across all forty-four infected samples
we identified 2,289 indel positions in the Drosophila Kallithea
nudivirus genome that were supported by at least five reads.
However, only 195 of these indels were at high frequency (over
50% of samples). As would be expected, the majority (1,774)
were found in intergenic regions (figshare repository 10.6084/
m9.figshare.14161250 S9).

Pooled assemblies can identify structural variants that differ
in frequency among populations, but they are unlikely to iden-
tify rare variants within populations, such as those caused by
TE insertions. TEs are commonly inserted into large DNA vi-
ruses, and these viruses have been proposed as a vector for in-
terspecies transmission of TEs (Gilbert et al. 2016; Gilbert and
Cordaux 2017). In total, we identified 5,169 read pairs (across
sixteen datasets with >300-fold coverage of Drosophila
Kallithea nudivirus) that aligned to both D.melanogaster TEs and
Drosophila Kallithea nudivirus. However, the vast majority of
these (5,124 out of 5,169) aligned internally to TEs, more than
5 bp away from the start or end position of the TE, which is in-
consistent with insertion (Gilbert et al. 2016; Loiseau et al. 2020).
Instead, this pattern suggests PCR-mediated recombination,
and assuming that all chimaeras we found were artefactual,
their proportion among all reads mapping to the Kallithea virus
(0.01%) falls in the lower range of that found in other studies
(Peccoud et al. 2018). We therefore believe there is no evidence
supporting bona fide transposition of D.melanogaster TEs into
genomes of the Drosophila Kallithea nudivirus in these natural
virus isolates. This is in striking contrast to what was found in
the Autographa californica multiple nucleopolyhedrovirus
(Loiseau et al. 2020) and could perhaps reflect the tropism of
Drosophila Kallithea nudivirus (Palmer et al. 2018) to tissues
that experience low levels of transposition.

3.12 A genomic insertion of galbut virus is segregating
in D.melanogaster

The only RNA virus we identified among the DNA reads from
DrosEU collections was galbut virus, a segmented and bi-paren-
tally vertically transmitted dsRNA partitivirus that is extremely
common in D.melanogaster and D.simulans (Webster et al. 2015;
Cross et al. 2020). Based on a detection threshold of 0.1 per cent
of fly genome copy number, galbut virus reads were present in
forty-three out of 167 samples. There are two likely sources of
such DNA reads from an RNA virus in Drosophila. First, reads
might derive from somatic circular DNA copies that are reported
to occur as a part of the immune response (Mondotte et al. 2018;
Poirier et al. 2018). Second, reads might derive from a germline
genomic integration that is segregating in wild populations (i.e.
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an EVE; Katzourakis and Gifford 2010; Tassetto et al. 2019). We
sought to distinguish between these possibilities by de novo as-
sembly of the galbut sequences from high copy-number DrosEU
samples and public D.melanogaster DNA datasets.

We assembled the galbut virus sequence from the three
DrosEU samples in which it occurred at high read-depth:
BY_Bre_15_13 (Brest, Belarus), PO_Gda_16_16 (Gdansk, Poland),
and PO_Brz_16_17 (Brzezina, Poland). We were also able to as-
semble the sequence from four publicly available sequencing
runs: three (SRR088715, SRR098913, and SRR1663569) that we be-
lieve are derived from global diversity line N14 (Grenier et al.
2015) collected in The Netherlands in 2002 (Bochdanovits and
de Jong 2003), and SRR5762793, which was collected in Italy in
2011 (Mateo, Rech, and González 2018). In every case, the as-
sembled sequence was an identical 1.68 kb, near full-length,
copy of galbut virus segment S03, including the whole of the
coding sequence for the viral RNA-dependent RNA polymerase.
Also, in every case, this sequence was inserted into the same

location in a 297 Gypsy-like LTR retrotransposon (i.e. identical
breakpoints), around 400 bp from the 50 end. This strongly sug-
gests that these galbut sequences represent a unique germline
insertion: Even if the insertion site used in the immune re-
sponse were constant, the inserted virus sequence would be
highly variable across Europe over 14 years. The sequence falls
among extant galbut virus sequences (Fig. 6B), and is 5 per cent
divergent (18.5% synonymous divergence) from the closest one
available in public data. The sequences are provided in figshare
repository 10.6084/m9.figshare.14161250 S10

Interestingly, populations with a substantial number of
galbut virus reads (a maximum of 13.8% or 11 chromosomes of
80) appeared geographically limited, appearing more commonly
in higher latitudes, and with a different spatial distribution in
the early and late collecting seasons (DDIC ¼ 26.92; Figs 5C and
6A). Given the absence of this sequence from Dros-RTEC
(Machado et al. 2019), Drosophila Genetic Reference Panel
(Mackay et al. 2012), and the other Drosophila Genome Nexus

-1000 -750 -500 -250 0

SRR7619602

SRR7620017

SRR3123291

SRR1543593

SRR7102779

SRR1543637

SRR7619943

SRR7102777

SRR7620024

SRR1543278

SRR7619445

SRR7620072

SRR7619533

SRR3478186

SRR7102782

SRR2155507

SRR7619829

SRR7620028

SRR7619781

SRR7619212

SRR7102779

SRR6055412

SRR7619792

SRR7619596

SRR7619248

SRR3001846

SRR7619448

SRR7619250

SRR1543281

SRR7620041

SRR7619826

SRR7619418

SRR7619504

SRR1543807

SRR3478196

SRR7619845

SRR7619827

SRR7620040

SRR7620091
SRR7619794

SRR7620048

SRR7102781

SRR7619729

SRR7620039

SRR7619231
SRR7619980

SRR2155499
SRR2155504

SRR2155506

SRR7619498

SRR7102766

SRR7619584

SRR5817537

SRR7102788

SRR6055381

SRR7619804

SRR7102763

Insert SRR1663569

SRR1543863

Years before present

20
14

Early

●

●

●
●

●●

●

●
●●●●●
●●●●

●

●
●

●●●

● ●
●

●

Late

●

●

●
●●
● ●

●●●●
● ●

●●

●
●●●●●

20
15

●●●●●

●● ●

●●
●●

●

●●
●
●
●●
●●●●

●●●●

●
●
●

●●
●
●●●●●
●

●

●

●

●
●●
●
●●●●

●

●

●●

●
●

● ●●
●●

20
16

●

●●
●●●

●
● ●●● ●●

●●
●●●

●●●●●
●●

●
●●●●●

●
●●
●●●●●●● ●●●●
●
●

●

●
●

● ●

●
●●

●

●

●

0
2
3.9
5.9
7.9
9.8
11.8
13.8

A B
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datasets (Lack et al. 2015; Lange et al. 2016), it seems likely that
this insertion is of a recent, likely northern or central European,
origin. We used a strict-clock phylogenetic analysis of viral
sequences to estimate that the insertion occurred within the
last 300 years (posterior mean 138 years ago, 95% highest poste-
rior density interval 20–287 years ago; Fig. 6B) that is, after
D.melanogaster was spreading within Europe. Unfortunately, the
insertion site in a high copy-number TE means that we were
unable to locate it in the genome. This also means that it was
not possible to detect whether the insertion falls within a piwi-
interacting RNA (piRNA)-generating locus, which is seen for sev-
eral EVEs in mosquitoes (Palatini et al. 2017) and could perhaps
provide resistance to the vertically transmitted virus.
Surprisingly, DNA reads from galbut virus were more likely to
be detected at sites with a higher percentage of reads mapping
to Wolbachia (95% credible interval for the effect [0.074, 0.41];
DDIC ¼ �5.52). Given that no correlation between galbut virus
and Wolbachia has been detected in the wild (Shi et al. 2018b;
Webster et al. 2015), we think this most likely reflects a chance
association between the geographic origin of the insertion and
the spatial distribution of Wolbachia loads (Kapun et al. 2020).

4. Discussion

Although metagenomic studies are routinely used to identify
viruses and virus-like sequences (e.g. Shi, Zhang, and Holmes
2018a; Zhang, Shi, and Holmes 2018), simple bulk sequencing
can only show the presence of viral sequences; it cannot show
that the virus is replicating or transmissible, nor can it unequiv-
ocally identify the host (reviewed in Obbard 2018). This behoves
metagenomic studies to carefully consider any additional evi-
dence that might add to, or detract from, the claim that an ‘as-
sociated virus-like sequence’ is indeed a virus. A couple of the
DNA viruses described here undoubtedly infect Drosophila.
Drosophila Kallithea nudivirus has been isolated and studied
experimentally (Palmer et al. 2018), and Drosophila Tomelloso
nudivirus is detectable in some long-term laboratory cultures
(e.g. Liu and Secombe 2015; Fang et al. 2017; Siudeja et al. 2015;
Riddiford et al. 2020). Others, such as Drosophila Viltain denso-
virus, Drosophila Linvill Road densovirus, and Drosophila
Vesanto virus, are present at such high copy numbers, and
sometimes in laboratory cultures, that any host other than
Drosophila seems very unlikely. Some, appearing at reasonable
copy number but in a single sample, could be infections of
contaminating Drosophila species (Drosophila Mauternbach
nudivirus, the adintoviruses), or spillover from infections of
parasitoid wasps (Drosophila Yalta entomopoxvirus, the fila-
mentous virus). A few, having appeared at low copy number in
a single sample, could be contaminants—although we excluded
virus-like sequences that appeared strongly associated with
contaminating taxa (figshare repository 10.6084/m9.figshare.
14161250 S4).

These caveats aside, along with Drosophila innubila
nudivirus (Unckless 2011) and IIV31 in D.obscura and
D.immigrans (Webster et al. 2016), our study increases the total
number of published DNA viruses associated with Drosophila to
sixteen. Although a small sample, these viruses hint at some
interesting natural history. First, it is striking that more than a
third of the reported DNA viruses are nudiviruses (six of the
sixteen published, plus a seventh from Phortica variegata; Fig. 2).
This suggests that members of the Nudiviridae are common
pathogens of Drosophila, and may indicate long-term host

lineage fidelity with short-term switching among species. Such
switching is consistent with the apparent lack of congruence
between host and virus phylogenies, and the fact that both
Drosophila innubila nudivirus and Drosophila Kallithea nudivi-
rus infect multiple Drosophila species (Fig. 2). Second, the major-
ity of DNA viruses seem to be rare. Seven of the twelve viruses
confidently ascribable to D.melanogaster or D.simulans were
detected in just one of the 167 population samples, and likely
only one of 6,668 flies, consistent with a European prevalence
<0.07 per cent. Only Drosophila Vesanto virus and Drosophila
Kallithea nudivirus seem relatively common—being detected in
more than half of populations and having estimated prevalen-
ces of 2.9 and 2.1 per cent, respectively. It is unclear why DNA
viruses should have such a low prevalence, on average, as com-
pared with RNA viruses (Webster et al. 2015). In simple ‘suscep-
tible-infected-susceptible’ compartment models, low pathogen
prevalence can result from high lethality, low transmission
rates, or high recovery rates (relative to baseline mortality
rates). It is therefore possible that DNA virus infections are less
persistent than RNA virus infections or that they have lower
transmission rates. Alternatively, this may reflect sampling
bias, such that DNA viruses increase morbidity to the extent
that infected flies are less likely to be sampled than uninfected
flies. Greater virulence may also explain why DNA viruses rarely
persist through multiple generations in laboratory fly lines.
Alternatively, it may be that the rare viruses represent dead-
end spillover from other taxa that can only be seen here be-
cause of the large sample size. Third, although some viruses
showed broad geographic patterns in prevalence, a lack of re-
peatability associated with sampling location, and the very high
FST values, hint that transient local epidemics may be the norm,
with viruses frequently appearing and then disappearing from
local fly populations.

Finally, Drosophila do indeed seem to harbour fewer DNA vi-
ruses than RNA viruses, supporting an observation that was
made before any had been described (Brun and Plus 1980;
Huszart and Imler 2008). This cannot simply be an artefact of re-
duced sampling effort, as almost all Drosophila-associated vi-
ruses have been reported from undirected metagenomic
studies, and metagenomic studies of RNA are as capable of
detecting expression from DNA viruses as they are of detecting
RNA viruses (e.g. Webster et al. 2015). Instead, it suggests that
the imbalance must reflect some aspect of host or virus biology.
For example, it may be a consequence of differences in preva-
lence. If RNA viruses have higher prevalence in general, or spe-
cifically in those adult flies attracted to baits, and/or RNA
viruses persist more easily in fly or cell cultures, then this may
explain their more frequent detection.

Taken together, our analyses of the distribution and diver-
sity of DNA viruses associated with D.melanogaster at the pan-
European scale provide an ecological and evolutionary context
for studies of host-virus interaction in Drosophila. However, we
currently lack almost any data on the natural host range or fi-
delity of Drosophila viruses, and we have no knowledge of their
real-world fitness consequences for the host. In the future, such
information will be vital if we are to capitalise on Drosophila
models to understand the co-evolutionary process.

Supplementary data

Supplementary data are available at Virus Evolution online.
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