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Hosts are continually selected to evolve new defenses against an ever-changing array of
pathogens. To understand this process, we examined the genetic basis of resistance to the
DrosophilaA virus inDrosophila melanogaster. In a natural population, we identified a poly-
morphic transposable element (TE) insertion that was associated with an ∼19,000-fold
reduction in viral titers, allowing flies to largely escape the harmful effects of infection by
this virulent pathogen. The insertion occurs in the protein-coding sequence of the gene
Veneno, which encodes a Tudor domain protein. By mutating Veneno with CRISPR-Cas9
in flies and expressing it in cultured cells, we show that the ancestral allele of the gene has
no effect on viral replication. Instead, the TE insertion is a gain-of-function mutation that
creates a gene encoding a novel resistance factor. Viral titers remained reduced when we
deleted the TE sequence from the transcript, indicating that resistance results from the TE
truncating the Veneno protein. This is a novel mechanism of virus resistance and a new
way by which TEs can contribute to adaptation.
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Pathogen infection is an important determinant of fitness in natural populations, and
the nature of this selection pressure is continually changing as new pathogens appear or
existing pathogens evolve to escape host defenses. This can result in rapid evolutionary
change and continual innovation in the immune defenses of animals. Identifying these
new defenses can therefore provide insights into the genetic basis of adaptation and the
mechanisms by which hosts counter infection in nature.
Transposable elements (TEs) can be an important source of genetic variation that nat-

ural selection can act on to generate new adaptations. In many species, including
Drosophila melanogaster, TEs are highly dynamic within populations (1). Studies of both
mutation accumulation lines and the frequency of TEs in populations have provided
compelling evidence that TE insertions tend to be deleterious (2–4). However, TEs are
also an important source of beneficial mutations that give rise to adaptations (5). A com-
mon mechanism of this involves the TE inserting upstream of genes and altering their
expression. This is especially prevalent in the evolution of insecticide resistance, where
TEs can lead to the up-regulation of detoxification enzymes (6–8). In other cases, TEs
or retroviruses have been domesticated and play important roles in host biology (9). For
example, Syncytin genes, which play a role in nutrient transfer across the placenta, have
arisen through multiple independent domestication events across mammals and a species
of placental lizard (10, 11). In mammals, TEs and endogenous retroviruses have played
an important role in the evolution of the immune system, giving rise to enhancers regu-
lating the expression of genes in response to interferon, and the RAG proteins that cleave
DNA during V(D)J recombination (12, 13). In D. melanogaster TEs affect the expres-
sion of immunity genes (14), and we have reported a Doc element insertion that is asso-
ciated with resistance to the virus DMelSV (15, 16).
In insects and other invertebrates, the absence of an adaptive immune system means

infection must be controlled by innate immune defenses (17), with the RNA interfer-
ence (RNAi) pathway being a key defense against viruses (18). While these core immune
pathways evolve rapidly (19, 20), it is unclear what role they play in the evolution of
resistance. In humans, a key component of antiviral defenses is provided by a diverse col-
lection of proteins that can inhibit viral replication by targeting almost any step of the
viral replication cycle (21). Many of these are dominantly acting cell-autonomous mole-
cules known as restriction factors. Viruses have frequently evolved mechanisms to escape
restriction factors and the restriction factors are often under positive selection, suggesting
they are involved in an evolutionary arms race (21). Restriction factors have been little-
studied in insects, but we have described several polymorphic genes in Drosophila that
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have large effects on viral replication (15, 16, 22–24). It is likely
these play a critical role in host-virus evolution in insects, analo-
gous to restriction factors in mammals.
Despite approximately a third of flies in wild populations of

D. melanogaster being infected with one or more viruses (25),
many studies of antiviral immunity have used viruses that are
rare or absent in nature. For this reason, we investigated resis-
tance to DAV (Drosophila A virus), which typically infects
about 5% of flies in natural populations of D. melanogaster
(25, 26). DAV is a positive-sense single-stranded RNA virus
that is related to the Permutotetraviridae (25, 27). Little is
known about its interaction with Drosophila or its effects on
the health of infected insects. To understand the evolution of
virus resistance, we used a panel of inbred fly lines with pub-
licly available whole genome sequences (28) to investigate the
genetic factors that cause variation in susceptibility to DAV in
nature.

Results

Some Genotypes in a Natural Population Are Resistant to
DAV. We investigated genetic variation in susceptibility to
DAV, which is a common virus in natural populations of
D. melanogaster (25). We used 182 inbred lines of flies from
the Drosophila Genetic Reference Panel (DGRP) collection,
that were derived from flies collected from a natural population
in North Carolina (28). Across these fly lines, we infected a
total of 11,985 female flies, extracted RNA from groups of 15
flies 3 d postinfection (dpi), and estimated viral titers by qPCR.
We found that there was substantial genetic variation in sus-

ceptibility to DAV, with 50% of the variance in viral titer
being explained by genetic differences between the lines (Fig.
1A; 95% CI, 43 to 57%). Two lines were extremely resistant,

having a mean viral titer ∼19,000 times lower than the rest of
the lines (Fig. 1A). These lines explain the majority of the
genetic variance in DAV resistance, and if they are excluded
from the dataset only 20% of the variance in viral titer is
explained by genetic effects. Over a time-course the reduction
in viral titer was greatest shortly after infection, and by 28 dpi
the viral titer in the resistant flies was only slightly lower than
in the susceptible flies (Fig. 1B; ANOVA, days postinfection ×
resistance status: F = 14.7, df = 1,226, P = 0.0002).

We have previously measured the susceptibility of these lines
to three other viruses: the positive-strand RNA viruses DCV
(Dicistroviridae) and FHV (Nodaviridae) and the negative
strand virus DMelSV (Rhabdoviridae) (16). However, the two
lines that are highly resistant to DAV are not resistant to these
viruses (SI Appendix, Fig. S1A; DMelSV, linear model includ-
ing CHKov1 and ref(2)P genotype as cofactor: F = 1.13,
df = 1,185, P = 0.29; DCV: F = 0.70, df = 1,153, P = 0.41;
FHV: F = 0.002, df = 1,180, P = 0.96). Therefore, this mech-
anism of resistance is likely virus-specific.

Increased Fecundity of Resistant Genotypes Upon Infection.
As DAV is common in nature, we investigated how resistance
affects the fitness of infected flies. It is known that different
mechanisms protect flies against viral infection through differ-
ent routes (29). Therefore, we first mimicked natural infection
by feeding adults with live yeast paste that was contaminated
with the virus. In an attempt to obtain an ecologically realistic
dose, the virus was extracted from infected flies, mixed with
yeast and water, and added to the fly vials such that the virus
extracted from a single fly would be split between five vials.
Seven days postinfection, the median viral titer in the suscepti-
ble flies was ∼10,260 times greater than in the resistant flies

Fig. 1. Genetic variation in susceptibility to DAV in a natural population. (A) Viral titer in 182 inbred lines of D. melanogaster 3 dpi. (B) Viral titer over a time-
course. In (A) and (B), each point is from ∼15 female flies infected by intrathoracic inoculation. Titer was estimated using qPCR relative to mRNA from the
Drosophila gene EF1α100E. Points below the detection limit are jittered vertically. The box shows the median and interquartile range. (C) PCR genotyping for
the presence of the Doc insertion.
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(Fig. 2A; t = 17.04, df = 307, P < 10�16). Therefore, resis-
tance protects flies against oral infection with the virus.
Little is known about the effects of DAV on the fitness of

Drosophila, so we measured the effects of DAV infection on
fecundity. To avoid the effects of inbreeding depression, we
crossed the inbred lines to a standard susceptible laboratory line
and inoculated the F1 progeny with DAV or saline solution.
Four days postinfection, females from two susceptible lines laid
58 to 63% fewer eggs than uninfected controls. In contrast, there
was no reduction in the number of eggs laid by a resistant line
(Fig. 2B; Quasipoisson GLM, resistance status × infection status
interaction: χ2 = 25.3, df = 1, P = 5 × 10�7). The results were
similar 11 dpi (Fig. 2B; Quasipoisson GLM, resistance status ×
infection status interaction: χ2 = 12.2, df = 1, P = 0.0005).
To investigate the effects of infection through a natural

route, we examined the fecundity of flies after they had been
fed food contaminated with DAV. DAV infection caused a
28% reduction in the fecundity of the susceptible flies but no
reduction in the fecundity of the resistant genotypes (Fig. 2C;
Quasipoisson GLM, resistance status × infection status interac-
tion: χ2 = 3.8, df =1, P = 0.05).
To investigate the survival of flies we inoculated flies with

two different doses of the virus and followed their survival for
65 d. DAV substantially reduced lifespan, but regardless of the
dose mortality only increased from ∼30 dpi (SI Appendix, Fig.
S1). Despite this large effect on survival, there was no consis-
tent difference in the survival of resistant and susceptible flies

after infection at either dose (SI Appendix, Fig. S1). A possible
explanation is that at the time when infected flies start to die
there is little difference in the viral load of the resistant and sus-
ceptible flies (Fig. 1B and SI Appendix, Fig. S1).

Increased resistance to infection is sometimes genetically corre-
lated with reduced fitness in uninfected animals (30). As a mea-
sure of reproductive success, we measured the number of adult
offspring produced by homozygous resistant and susceptible flies
(data obtained by allowing the eggs laid over 20 h by 72 unin-
fected females in Fig. 2C to develop into adults). We found there
was no significant difference between the reproductive success of
resistant and susceptible flies (Poisson GLM: χ2 = 1.63, df = 1,
P = 0.20). In a separate experiment we measured survival from
first instar larvae to adulthood in a subset of these lines, and again
there was no difference between resistant and susceptible geno-
types (N = 185 larvae, Quasibinomial GLM: χ2 = 0.001, df = 1,
P = 0.97). Furthermore, we found that there were no significant cor-
relations between DAV titer (Fig. 1A) and published measurements
of lifespan and fecundity made on these inbred lines (DGRP panel;
SI Appendix, Table S1).

Resistance Is Caused by a Single Dominant Major-Effect
Locus. Our next goal was to characterize the genetic basis of resis-
tance to DAV. We found that resistance is genetically dominant,
with the F1 progeny of a cross having the phenotype of the resistant
parent (Fig. 3A; Tukey honest significant difference (HSD) test,
susceptible vs. heterozygote: P < 0.00001, resistant vs. heterozygote:

Fig. 2. The effect of resistance on host fitness after infection. (A) Viral titer relative to EF1α100E mRNA 7 d after oral infection. (B and C) The effect of DAV
infection on the number of eggs laid by single females over 20 h following infection by intrathoracic inoculation (B) or oral infection (C). In (A and C), the
resistant and susceptible genotypes are recombinants between resistant and susceptible DGRP lines (see Fig. 4 for details). In (B), the three Drosophila lines
are the F1 progeny of a cross between a line from the DGRP panel and an isogenic w1118 line.
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P = 0.59). To identify which chromosomes affect susceptibility, we
generated flies which carry a single chromosome from a resistant
line and two chromosomes from a susceptible line (Fig. 3B). When
these flies were infected, viral titers were strongly reduced in lines
where chromosome 3 came from the resistant parent (Fig. 3B;
Tukey HSD test, chromosome 2 vs. 3: P < 0.00001, chromosome
X vs. 3: P = 0.00001). There was also a small effect of the X chro-
mosome (Fig. 3B; Tukey HSD test, chromosome 2 vs. X: P
= 0.04).
To map the region of chromosome 3 that controls resistance,

we crossed two pairs of resistant and susceptible lines and created
two panels of lines carrying recombinant third chromosomes.

We genotyped molecular markers across the chromosome, and
inferred genotype probabilities between these markers (31). In
both crosses we identified a single quantitative trait locus (QTL)
associated with resistance, and in both cases this mapped to the
same region (Fig. 3C; line 239 cross: 47 to 49 cM; line 362
cross: 46 to 50 cM).

The genetic mapping results suggest that the same allele might
be responsible for DAV resistance in the two different lines. We
therefore searched the genome sequences of the 182 inbred lines
that we used in our infection experiments (Fig. 1A) for consis-
tent single nucleotide polymorphism (SNP) differences between
resistant and susceptible lines. We found 26 such polymorphisms,

Fig. 3. Genetic mapping of DAV resistance. (A) Dominance in resistant flies (DGRP 239 and 362), susceptible flies (DGRP 48 and 91), and F1 progeny. Pairs
of lines were combined as they did not differ significantly. Each point is 20 females. (B) Resistance was mapped to chromosome by substituting chromo-
somes between lines. (C) The resistance QTL was mapped by crossing DGRP 239 × 373 and 362 × 306, to generate 84 and 72 recombinant lines, respectively.
DAV titer was measured in a single female from each line. Ten molecular markers were genotyped across chromosome 3, and genotypes between markers
inferred (31). The dashed line is a significance threshold obtained by permutation. The horizontal bars are 95% bootstrap intervals on the QTL location. In
(A–C) flies were infected by inoculation. Viral titer was estimated 3 dpi relative to EF1α100E mRNA. (D) The genomic location of SNPs for which the two resis-
tant lines one allele and the 180 susceptible lines had a different allele.
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12 of which were on chromosome 3 (Fig. 3D). All of these fell
within the QTL we identified in our genetic mapping experiments
(Fig. 3 C and D). Together these results demonstrate that a single
major-effect polymorphism on chromosome 3 controls susceptibil-
ity to DAV.

High-Resolution Genetic Mapping Identifies the Region
Controlling Resistance. The QTL controlling resistance con-
tained many genes, and the recombination rate in this region of
the genome made it impractical to continue using simple genetic
crosses to identify the causative gene. To overcome this, we
devised a genetic cross to identify recombinants within the QTL
based on eye color (Fig. 4A). In this cross, nonrecombinant flies
either had white eyes, or died as a result of a homozygous reces-
sive lethal allele or the expression of a lethal gene controlled by a

heat shock promoter. Using this approach, we generated 643
lines that were recombinant within the QTL.

We scored five molecular markers across the QTL, which
allowed us to identify six genotypes with different recombination
breakpoints (Fig. 4B). We retained 219 lines for phenotyping
and found that they varied considerably in susceptibility to infec-
tion (Fig. 4C; ANOVA: F = 129, df = 5,258, P < 0.00001).
Within genotype B there was a mixture of resistant and suscepti-
ble flies (Fig. 4C), indicating that the gene was within the
recombinant region of these lines (between the dotted lines in
Fig. 4B).

To identify the region affecting DAV resistance more precisely
we carried out additional phenotyping and genotyping of lines
that had recombined in this region. First, we genotyped a high
density of molecular markers to precisely define recombination

Fig. 4. High resolution genetic mapping of DAV resistance. (A) The genetic cross used to select recombinants within the QTL controlling susceptibility to DAV.
(B) The recombinant genotypes generated in the first phase of mapping with the location of five molecular markers used to genotype the recombinants. The
dashed lines mark the region controlling susceptibility inferred from (C). (C) The viral titer of the genotypes in (B). Each point is an independent recombinant
line (mean, 16.6 flies/line). (D) Recombinants between the dotted lines in (B) with the location of 12 markers. Dashed lines mark the region controlling suscepti-
bility inferred in (E). (E) The viral titer of the genotypes shown in (D). The points are replicates of the infection assay (5 to 20 flies), and some lines are repre-
sented by multiple replicates. Flies were infected by inoculation; titer was estimated 3 dpi relative to EF1α100E. Titer measurements in (E) are a subset of (C).
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breakpoints in the lines (Fig. 4D; all recombinants in this region
were retained from our panel of 643 lines). Second, we performed
additional infection experiments to ensure we had accurate esti-
mates of DAV susceptibility in recombinant lines whose break-
points defined the location of the gene (Fig. 4E). Combining these
two datasets, we found that the polymorphism controlling DAV
susceptibility was in a region of 33,847 bp encompassing 11 genes
(Fig. 4D; 3R:4163320.4197167 in genome v5).

A Transposable Element Insertion in Veneno Is Associated
with Resistance. To test which of these genes underlies virus
resistance, we knocked down the expression of the allele of these
genes found in resistant flies by RNAi. Of the nine genes where
this was successful, eight remained resistant to DAV (Fig. 5A).
However, when we knocked down the expression of the gene
CG9684, which we named Veneno (Ven) after its ortholog in
Aedes aegypti (32), there was an ∼2,000-fold increase in viral titer
compared to the resistant control, resulting in similar viral titers
to susceptible flies (Fig. 5A; Welch’s t test, susceptible vs. Ven
knock-down: t = 0.77, df = 11.0, P = 0.46, resistant vs. Ven
knock-down: t = 7.88, df = 28.2, P = 10�8). Alongside this
experiment we measured the transcription of the candidate genes
in adult females. Again, Veneno was the only gene where there
was a substantial difference in expression between the resistant
and susceptible lines (SI Appendix, Fig. S2A; Welch’s t test: t =
12.51, df = 5.81, P = 0.00002). In line with this, using pub-
lished microarray expression data from the DGRP panel (33),
we found that Ven expression had a higher correlation with

DAV resistance than any other gene in females, but showed no
relationship in males (Pearson’s r = 0.5, false discovery rate
(FDR) = 7.5 × 10�12 in females and r = 0.04, FDR = 0.99 in
males, SI Appendix, Fig. S2B and Datasets S1 and S2).

The published genome sequences of the resistant and suscepti-
ble lines were generated with short read sequencing (28) and
therefore may not include structural variants such as insertions.
We therefore amplified Veneno from genomic DNA by PCR.
While the susceptible line yielded PCR products of the expected
size, the resistant allele contained a large insertion. Through a
series of PCR reactions, we amplified and Sanger-sequenced a
4,685 bp insertion in the protein-coding sequence of exon 3 of
Veneno (Fig. 5B; GenBank Accession: MZ047782). Using Basic
Local Alignment Search Tool (BLAST), we identified the inser-
tion as a Doc element, which is a non-LTR (long tandem repeat)
retrotransposon. Compared to the published full-length Doc ele-
ment sequence (34), our sequence has a 37 bp deletion at the 50
end, three single nucleotide mismatches, and a single nucleotide
deletion (DGRP-362 sequence; Dataset S3). We named the
allele of Veneno carrying the Doc element VenDoc and the allele
without the insertion Ven+.

To test whether the Doc insertion is associated with DAV
resistance, we checked for the presence of the insertion in 162
DGRP lines. We genotyped these lines using two primers on
either side of the Doc element insertion and one within, which
results in different sized PCR products when amplifying VenDoc

and Ven+ (Fig. 1C). We found that the Doc element insertion
is perfectly associated with the DAV resistance (Fig. 1A; Fish-
er’s exact test: P = 0.00008). By sequencing both breakpoints
between the Doc element and Veneno, we confirmed that the
insertion was in the identical location in the two resistant lines.
Therefore, in this experiment VenDoc is associated with an
∼19,000-fold reduction in DAV titer.

Truncation of Veneno Created a Novel Resistance Factor.
Many TE insertions associated with adaptive traits result from
the insertion altering gene expression. In the experiments above
we found that Ven expression is correlated with DAV titer in
females. This correlation is entirely caused by the VenDoc allele
having reduced expression (SI Appendix, Fig. S2A), as when these
lines are removed there is no correlation between Ven+ expression
and DAV titer (Pearson’s correlation in females: r = 0.06,
P = 0.43). Furthermore, using qPCR we found that VenDoc

expression was only reduced in in female abdomens; in males and
the female thorax the two alleles were expressed at similar levels,
or the resistant allele had slightly higher expression (SI Appendix,
Fig. S2C). The epigenetic silencing of TE insertions in the
Drosophila genome can reduce the expression of nearby genes in
the female germline (35), which may explain the reduced expres-
sion of VenDoc in female abdomens. Regardless of its causes,
because VenDoc confers DAV resistance in both males and females
(SI Appendix, Fig. S2D), it is unlikely that resistance results from
the Doc element insertion altering gene expression.

This is the second Doc element insertion that is associated with
virus resistance in Drosophila. We previously reported a Doc inser-
tion that is associated with resistance to the rhabdovirus DMelSV
(15, 16). This led us to hypothesize that Doc elements may have
intrinsic antiviral activity. To test this hypothesis, we created trans-
genic flies expressing RNAi constructs targeting two different regions
of Doc. However, despite successfully knocking down Doc expres-
sion, this did not affect DAV titers (SI Appendix, Fig. S3).

To investigate the effect of Ven+ and VenDoc on susceptibility
to DAV, we mutated the sequence upstream and downstream of
the Doc insertion using CRISPR/Cas9. We created flies that

Fig. 5. Veneno is associated with susceptibility to DAV. (A) The effect on DAV
titer of knocking down the expression of nine genes in the region associated
with DAV resistance. Viral titer was estimated 3 dpi using qPCR relative to
EF1α100E. (B) The structure of Veneno in resistant and susceptible lines.
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express Cas9 and either Ven+ or VenDoc. Alongside this, we gener-
ated two transgenic fly lines which expressed a CRISPR/Cas9
guide RNA molecule targeting either a Veneno exon before the
Doc insertion or after the insertion. Again, each of these trans-
genes was crossed into a line carrying either Ven+ or VenDoc. We
crossed these lines, producing F1 progeny that express Cas9 and
guide RNAs throughout somatic cells, with the aim of producing
somatic mutations. By amplifying the Cas9 cutting sites by PCR
and Illumina sequencing the products, we estimated that this
strategy mutated 82.3 to 99.7% of the chromosomes (Fig. 6A
and Dataset S4). These flies were then infected by DAV. Muta-
tion of VenDoc upstream of the insertion resulted in an
∼200,000-fold higher viral titer than control VenDoc flies (Fig.
6B, Tukey’s HSD test: P < 10�7). Mutation of the same region
of Ven+ had no effect on viral titer, indicating that the Doc ele-
ment insertion is a gain-of-function mutation (Fig. 6B, Tukey’s
HSD test: P = 0.95). In contrast, when either allele of Veneno
was mutated downstream of the insertion there was no effect on
viral titers (Fig. 6B; Tukey’s HSD tests: P > 0.95).
These results suggest that VenDoc encodes a recently evolved anti-

viral molecule. As the Doc element is found in locations throughout
the genome, we were unable to reconstruct transcripts encoded by
VenDoc from short sequence reads. We therefore used the long-read
Oxford Nanopore Technologies platform to sequence the tran-
scriptome of a line carrying VenDoc. This allows us to sequence the
full-length transcripts in a single read, and we mapped 8.8 million
reads (NCBI SRA: SRR15541957) to a genome sequence which

we had modified to include the Doc insertion in Ven. We identi-
fied three polyadenylated transcripts: transcript 1 (4 reads), tran-
script 2 (39 reads), and transcript 3 (4 reads) (Fig. 6C). We orien-
tated the reads using the poly-A tail sequence, and all the reads
were transcribed from the sense strand of the gene. Only transcript
1 contained regions which were targeted by the Veneno RNAi
knock-down that eliminated the resistant phenotype (Figs. 5A and
6C). Furthermore, this was the only transcript containing an open
reading frame ending with a stop codon, and with the same
intron structure as Ven+ (Fig. 6C). VenDoc transcript 1 con-
tains the Veneno sequence upstream of the Doc element, and
the first 137 bp of the Doc element, including a stop codon
18 bp downstream from the site of insertion (Fig. 6C).

To test whether this transcript encodes an antiviral molecule,
we expressed VenDoc transcript 1 in cultured Drosophila cells.
DAV readily infects and replicates in DL2 cells (SI Appendix, Fig.
S4A). We therefore stably transfected this cell line with a construct
expressing V5-tagged VenDoc transcript 1 under the control of an
inducible promoter. To ensure all the cells expressed the construct,
we then established a clonal cell line from the transfected cells.
When these cells were infected, expressing VenDoc transcript 1 led
to an approximately sevenfold reduction in DAV titer 3 dpi (Fig.
6D, VenDoc vs. untransfected; Tukey’s HSD test: P = 0.00003).
Similar results were obtained using nonclonal cells expressing Ven-
Doc transcript 1 without the tag (SI Appendix, Fig. S4B). Both a
Western blot and flow cytometry confirmed that these cells were
expressing the truncated protein (SI Appendix, Fig. S4 C–E).

Fig. 6. The Doc element insertion in Veneno creates a novel transcription factor. (A and B) Exons of Veneno were mutated by expressing gRNAs and Cas9 in
somatic cells, targeting sequences upstream and downstream of the Doc insertion. (A) The gRNA targets were Illumina sequenced to estimate the proportion
mutated chromosomes. (B) DAV titer estimated 3 dpi relative to RpL32. (C) Oxford Nanopore Technologies transcriptome sequencing identified three polya-
denylated transcripts of VenDoc. (D) Clonal stably transfected cell lines expressing V5-tagged Transcript 1 of VenDoc, or the equivalent construct where
sequence from the Doc element has been deleted (VenTruncated). Viral titers relative to RpL32 were estimated 3 dpi.
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The antiviral effects of VenDoc could either result from the
Doc insertion truncating the Veneno protein, or from a new
function that requires a chimeric Veneno-Doc protein. To dis-
tinguish these possibilities, we established a clonal cell line that
was stably transfected with a construct expressing VenDoc tran-
script 1 from which we had deleted the sequence derived from
the Doc element. When we induced expression of this trans-
gene, these cells were resistant to DAV (Fig. 6D, Ventruncated vs.
untransfected; Tukey’s HSD test: P = 0.0003). Therefore, the
Doc insertion has created a new antiviral molecule by truncat-
ing Veneno, and resistance does not require a chimeric
Veneno-Doc protein.

Resistance Does Not Require the RNAi Pathway or the Tudor
or MYND Domains in Veneno. The Doc element insertion alters
the domain structure of Veneno. The susceptible allele of
Veneno (Ven+) encodes a protein with two Tudor domains,
which are predicted to bind methylated arginine or lysine resi-
dues (Fig. 7A) (36). There is also an MYND (myeloid, Nervy,
and DEAF-1) zinc finger domain, which is another domain nor-
mally involved in protein-protein interactions (37). These
domains are also present in the ortholog of this gene in the
mosquito Aedes aegypti, and here the protein acts as an adaptor
protein that interacts with proteins in the antiviral piRNA
pathway found in this species (32). The resistant allele (VenDoc)
encodes a molecule that has lost the Tudor domain at the
carboxyl-terminal end of the protein (Fig. 7A).
One hypothesis is that Veneno has an adaptor function which

facilitates the formation of a protein complex, and resistance

results from changes to this complex. We tested whether the
Tudor or MYND zinc finger domains were necessary for DAV
resistance. We used site directed mutagenesis to target residues
essential for the function of these domains in the constructs used
to transfect cells. In the MYND zinc finger domain we mutated
the histidine at residue 51 in the protein to an alanine (His51Ala).
This histidine is required to chelate zinc and is therefore required
for the correct functioning and folding of this domain (38). In the
Tudor domain we mutated the tyrosine at position 198 to alanine
(Tyr198Ala). The tyrosine is involved in forming the binding
pocket for the symmetric demethylation of arginine, which allows
protein-protein interactions (32, 39). We then stably transfected
cells with these plasmids and generated clonal cell lines to ensure
all cells were transfected. Neither the Tudor nor MYND zinc fin-
ger domains are necessary for resistance, as cell lines expressing
both VenDoc, His51Ala and VenDoc, Tyr198Ala had substantially
reduced DAV titers (Fig. 7B; Tukey’s HSD tests, P < 10�7).

The main antiviral defense of insects is RNAi, and Tudor
domain proteins frequently function as adaptor proteins in small
RNA pathways. Furthermore, Veneno physically interacts with
Hen1, which methylates siRNAs (40), and R2D2 (41), which loads
small interfering RNAs (siRNAs) into the RNA-induced silenc-
ing complex to guide the enzymatic shearing of viral RNA. We
therefore tested the hypothesis that resistance requires the RNAi
pathway by combining mutations in RNAi pathway genes Dicer-2
(Dcr-2R416X) and Hen1 (Hen1f00810) with the two alleles of Veneno.
We found that VenDoc still made flies resistant to DAV when com-
bined with these mutations, indicating that resistance caused by
Veneno does not require the siRNA pathway (Fig. 7 C and D). We

Fig. 7. DAV resistance is independent of the RNAi pathway, and Tudor and MYND domains in Veneno. (A) Protein domains encoded by Ven+ and Vendoc

Transcript 1. (B) Clonal stably transfected cell lines expressing V5-tagged Transcript 1 of VenDoc with the mutations His51Ala and Tyr198Ala that disrupt the
MYND and Tudor domains respectively. Two susceptible controls (blue) are combined (untransfected cells and cells transfected with GFP; same data as in
Fig. 6D). (C and D) In flies, Dcr-2 and Hen1 mutants were combined with Ven+ and Vendoc. Viral titer was estimated 3 dpi using qPCR relative RpL32.
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also found that knocking out the RNAi pathway did not increase
the viral titer, which was unexpected as this pathway is thought to
protect flies against a broad spectrum of viruses (Fig. 7 C and D).
We confirmed this by infecting three further RNAi pathway
mutant lines (Dcr-2L811fsx, Ago251B and Ago2414), again finding no
increase in viral titer (SI Appendix, Fig. S5A). Together these results
demonstrate that RNAi is not an important defense against DAV,
and the antiviral effects of VenDoc do not rely on this pathway.
In Aedes aegypti, Veneno acts as an adaptor protein that assem-

bles a protein complex involved in the production of piRNAs
from viral RNA (32). To test whether the mechanism of VenDoc

resistance depends on the piRNA pathway, we knocked down
Ago3, vret and vas expression by RNAi in flies carrying both the
resistant and susceptible allele of Veneno. In all three cases there
was no effect on DAV titers (SI Appendix, Fig. S5B). This is con-
sistent with previous results showing that in Drosophila the piRNA
pathway is restricted to the germline and plays no role in antiviral
immunity (42, 43). Together our results demonstrate that neither
small RNA pathways nor the domains involved in protein-protein
interactions are necessary for resistance to DAV.

Discussion

As new pathogens appear in populations and existing pathogens
evolve to escape immunity, there is continual natural selection
favoring novel host defenses. We have found that a TE insertion
into the protein-coding sequence of the Tudor domain protein
Veneno has resulted in the gene gaining an antiviral function.
The resistant allele of the gene encodes a truncated protein that
acts as a potent resistance factor that massively reduces titers of
DAV, while the ancestral susceptible form of the protein has no
effect on the virus. As DAV is common in nature (25) and
causes large reductions in the fecundity of susceptible flies, this
allele protects flies against a virulent pathogen. This adds to a
growing body of evidence from multiple species of animals that
much of the genetic variation in susceptibility to naturally occur-
ring pathogens is explained by a small number of major-effect
polymorphisms (16, 44–46). This contrasts with most quantita-
tive traits which tend to be controlled by many variants with
small phenotypic effects (45, 46). The simple genetic architecture
likely results from the evolutionary arms race between hosts and
their pathogens driving major-effect alleles up in frequency (45).
The study of viral immunity in invertebrates has been domi-

nated by investigations of broad-spectrum and conserved antiviral
defenses such as RNAi and autophagy. However, our discovery of
VenDoc adds to the list of major-effect polymorphisms which cause
virus resistance in Drosophila, such as CHKov1, ref(2)P, pastrel, and
Ge-1 (15, 16, 22–24). The mechanism by which these genes pro-
tect flies against viral infection is unclear, but they may encode
restriction factors, analogous to those that play a critical role in
defending mammals against viruses. Regardless of mechanism,
these genes are central to the defenses of Drosophila against viruses
as they can have large effects on susceptibility. They differ from
conserved antiviral pathways such as RNAi in two ways. First,
they mostly protect their hosts against a narrow range of viral
taxa. Therefore, despite their central importance to antiviral
defense, they may be missed by studies using a single virus that
may have been isolated from a different species. Second, they are
mostly recent evolutionary innovations and are polymorphic in
populations. These antiviral factors therefore arise because natural
selection is continually generating new defenses against the viruses
encountered in nature.
TEs frequently underlie adaptations novel selection pressures

(8, 47, 48). In many cases these adaptive TE insertions alter

gene expression, often by inserting upstream of the gene. For
example, insecticide resistance has repeatedly evolved when TE
insertions up-regulate the expression of detoxification enzymes
(8, 48, 49). TE insertions can also generate new adaptations
when the element itself is recruited to a host function, a process
known as domestication. This can involve the element fusing to
another gene in the genome. For example, the gene SETMAR in
primates is a chimera of the gene SET and the transposon
Hsmar1, which retains functions of both a TE domain and the
original gene (50–52). In a striking parallel with VenDoc, we
have previously reported how a Doc element insertion into the
Drosophila gene CHKov1 is associated with resistance to a rhab-
dovirus (15, 16). This raised the possibility that Doc element
sequences may be recruited to a new antiviral function in these
gene-TE chimeras. However, we did not find support for the
gene-TE chimera hypothesis, nor for resistance resulting from a
change in gene expression.

Resistance is instead caused by the TE-dependent truncation
of Veneno, resulting from the TE insertion shortening the tran-
script and prematurely terminating translation. To our knowl-
edge, this is the first demonstration of such a mechanism giving
rise to a protein with a novel function. Other cases of TEs
introducing stop codons into the coding sequence of genes are
thought to be simple loss-of-function mutations. For example,
a Hel-1 LTR retrotransposon insertion into the HevCalP gene
in the moth Heliothis virescens introduces a stop codon (53).
This allele is resistant to Bacillus thuringiensis (Bt) toxins used
in pest control, but resistance is recessive as the truncation
results in a loss of function of the host protein (53). In contrast,
DAV resistance is a gain of function mutation.

The mechanism of resistance may rely on Veneno playing a
role in RNA biology. Ortholog of Veneno of Veneno (32) plays
a role in piRNA biogenesis, while Veneno physically interacts
with components of the siRNA pathway (41). However, VenDoc

resistance did not require a functional siRNA or piRNA path-
way. Veneno also has three domains involved in protein-
protein interactions, but when we mutated residues that are
essential for the function of these domains, VenDoc still con-
ferred virus resistance. The molecular mechanism by which
Veneno protects Drosophila against viral infection therefore
remains uncertain. However, the observation that Veneno
interacts with proteins involved in RNA biology suggests that
some currently unknown function of the protein has been
recruited to a novel antiviral function.

Despite effectively protecting flies against a virulent pathogen,
the resistant allele of Veneno is found at a frequency of just over
1%, so only about 1 in 50 flies in this population will be resis-
tant. This could result from resistance having arisen recently, so
there is insufficient time for the allele to reach a high frequency.
Alternatively, the benefits of resistance may be balanced by costs.
In Drosophila, the Tudor domain proteins Qin, Krimper, and
Tudor-SN are all expressed in the germline where they play a
role in the piRNA pathway (36, 54), and the high expression of
the susceptible allele of Veneno in ovaries suggests it may have a
related function. As the resistant allele has greatly reduced
expression in ovaries and has lost a Tudor domain, it is likely its
original function will have been changed. While our data sug-
gests that in infected flies the benefits of resistance likely out-
weigh the costs, we lack the statistical power to detect more
modest costs of VenDoc. If these exist, they could result in the
resistant allele being under balancing selection, either due to het-
erozygote advantage or negative frequency dependent selection.

The strong and rapidly changing selection pressures that
pathogens impose on host populations provide a model to
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study the genetics of adaptation. Our work demonstrates a
mechanism by which TEs can generate these adaptations. The
role of TEs in adaptation to DAV infection mirrors studies of
how populations have adapted to the selection pressures that
humans impose populations when they use pesticides or alter
the environment (8, 47–49). The importance of TEs in evolu-
tion likely stems not simply from them being a major cause of
mutation, but also because of features of these mutations such
as the magnitude of the change in DNA sequence and biases in
where the elements insert. It is clear that alongside the harm
they cause their hosts, TEs can allow populations to evolve to
overcome a diverse range of challenges.

Materials and Methods

Resistant and susceptible lines were identified by infecting the DGRP lines
with DAV and measuring viral loads by qPCR. We then mapped resistance
by using balancer chromosomes to create chromosome substitution lines,
followed by the generation of recombinant inbred lines, and finally using

the cross in Fig. 4A. Genes within the QTL were knocked down using trans-
genic RNAi constructs, and Ven was mutated by expressing cas9 and
gRNAs in transgenic flies. To identify protein domains involved in resis-
tance we transfected Drosophila cells with plasmids that express modified
alleles of Ven. Detailed methods are in SI Appendix.

Data Availability. The raw data from experiments and scripts to reproduce the
figures and statistical analyses have been deposited in the Cambridge Data
Repository (https://doi.org/10.17863/CAM.84829) (55). The Oxford Nanopore
RNA sequence reads are available in the National Center for Biotechnology Infor-
mation (NCBI) Sequence Read Archive (SRR15541957) (56). DNA Sequence data
have been deposited in the NCBI GenBank (MZ047782) (57).
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