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Transposable elements (TEs) are genomic parasites that are found
in all genomes, some of which display sequence similarity to certain
viruses. In insects, TEs are controlled by the Piwi-interacting small
interfering RNA (piRNA) pathway in gonads, while the small inter-
fering RNA (siRNA) pathway is dedicated to TE somatic control and
defense against viruses. So far, these two small interfering RNA
pathways are considered to involve distinct molecular effectors
and are described as independent. Using Sindbis virus (SINV) in
Drosophila, here we show that viral infections affect TE transcript
amounts via modulations of the piRNA and siRNA repertoires, with
the clearest effects in somatic tissues. These results suggest that
viral acute or chronic infections may impact TE activity and, thus,
the tempo of genetic diversification. In addition, these results de-
serve further evolutionary considerations regarding potential ben-
efits to the host, the virus, or the TEs.
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The genomes of virtually all organisms contain genomic parasites
called transposable elements (TEs) (1–4). They are mainly ver-

tically transmitted and, along the branches of the tree of life, they
display variable amounts and activities. TEs constitute 15% of
Drosophila melanogaster’s genome (5), at least half ofHomo sapiens’s
(6), and up to 85% of maize’s (7). Among TEs, endogenous retro-
viruses (ERVs) share features with some viruses, like sequences and
life cycles (8). Most of the times, TE insertions are neutral or slightly
deleterious (9–12). Certain are known to be associated with diseases,
because they disrupt coding or regulatory sequences (13, 14). Nev-
ertheless, TE sequences are occasionally recruited in adaptive pro-
cesses (15). Different factors have been identified that trigger TE
mobilization. The most spectacular and best understood is hybrid
dsygenesis (16, 17). Environmental changes and abiotic stress are
also frequently evoked (18–21), while biotic factors are more scarcely
reported (22). Nevertheless, the list of TE mobilization stimuli is not
exhaustive, and the mechanisms are still poorly understood.
The potentially harmful activity of TEs is silenced at the tran-

scriptional and posttranscriptional levels by the Piwi-interacting
small interfering RNAs (piRNAs). In Drosophila, piRNAs are
23- to 30-nt-long single-stranded RNA molecules that recognize
TE transcripts by sequence complementarity and trigger their
slicing due to the RNase activity of the PIWI proteins they are
associated with. Some of these loaded piRNAs also translocate
into the nucleus and induce the heterochromatic silencing of the
corresponding TE sequences (23–25). The so-called secondary
piRNA pathway involves the Ago3 and Aub proteins and displays
the characteristic “ping-pong signature,” which corresponds to an
enrichment in 10-nt overlaps between sense and antisense piRNAs
(26). In Drosophila, piRNAs are restricted to gonads (27); how-
ever, somatic piRNAs are often described (28) (and even with
evidence of efficient ping-pong production; ref. 26), but are po-
tentially restricted to certain cell types or tissues (for instance,
somatic piRNAs are found in D. melanogaster heads, ref. 29; but
not in thorax; ref. 27). In somatic tissues, TEs are also controlled

by small interfering RNAs (siRNAs), a distinct class of small in-
terfering RNAs (30–34). siRNAs are 21-nt-long single-stranded
RNA molecules, which are processed by Dicer-2 from double-
stranded RNAs (dsRNAs). These siRNAs are then loaded onto
the Ago2 protein, which cleaves RNA fragments sharing sequence
complementarity to the siRNAs. Additionally, the siRNA pathway
is the first line of immune defense against viruses in insects
(35–37). Considering that they rely on distinct molecular effectors,
the piRNA and siRNA pathways are described as independent.
However, another connection between TE control and antiviral
immunity has recently been discovered: Upon viral infection, the
reverse transcriptase of certain TEs make DNA copies of RNA
viruses, which then boosts the production of antiviral siRNAs and
allows a stronger immune response (38, 39).
Here, we investigated the impacts of viral infections on TE

activity. We hypothesize that there is 1) either a trade-off be-
tween TE control and antiviral immunity, 2) or a synergistic in-
teraction between both. According to the trade-off scenario, a
given organism can either control the activity of its TEs or fight
against viruses but cannot do both well at the same time. This
first hypothesis is suggested by the previous observation that the
siRNA productor Dicer-2 may end up saturated (40). Accordingly,
there should exist cases in which the siRNA pathway cannot handle

Significance

Transposable elements (TEs) are genomic parasites that are
found in all genomes. Here, we show that viral infections impact
TE transcript amounts in Drosophila somatic tissues. This is of
major importance in the understanding of the tempo and mode
of genetic diversification, suggesting that viral infections act as a
significant factor determining TE activity. In addition, our results
also suggest that the amounts of the maternally transmitted
small RNAs that control TEs in the progeny may also be altered,
which could have long-term, evolutionary impacts.

Author contributions: M. Roy, F.A., M. Ratinier, and M.F. designed research; M. Roy, B.V.,
and E.S.-M. performed research; M. Roy, M. Ratinier, and M.F. analyzed data; and M. Roy,
M. Ratinier, and M.F. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

Data deposition: The original datasets are available via the National Center for Biotech-
nology Information’s Sequence Read Archive, https://www.ncbi.nlm.nih.gov/sra (accession
no. PRJNA540249).
1Present address: School of Veterinary Medicine, University College of Dublin, Belfield,
Dublin 4, Ireland.

2M. Ratinier and M.F. contributed equally to this work.
3To whom correspondence may be addressed. Email: maxime.ratinier@univ-lyon1.fr or
marie.fablet@univ-lyon1.fr.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2006106117/-/DCSupplemental.

First published May 20, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.2006106117 PNAS | June 2, 2020 | vol. 117 | no. 22 | 12249–12257

G
EN

ET
IC
S

https://orcid.org/0000-0003-2346-6332
https://orcid.org/0000-0001-6893-9848
https://orcid.org/0000-0003-2271-3549
https://orcid.org/0000-0002-7819-4541
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2006106117&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/nuccore/PRJNA540249
mailto:maxime.ratinier@univ-lyon1.fr
mailto:marie.fablet@univ-lyon1.fr
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006106117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006106117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2006106117


antiviral immunity and TE control at the same time, resulting in a
trade-off between both processes. On the contrary, according to the
synergistic scenario, an organism displaying strong TE control
would also display strong antiviral immunity, and inversely, an or-
ganism displaying weak TE control would also display weak antiviral
immunity. This second hypothesis is hinted at by results suggesting
that the siRNA pathway may cooperate with the piRNA pathway
for the control of TEs (41).
We used an experimental system made of Makindu, a Dro-

sophila simulans WT strain that we previously deeply charac-
terized for its TEs (42–44), which we infected with Sindbis virus
(SINV). SINV is an arbovirus of the Togaviridae family, which
naturally infects mosquitoes (45). It has a single-stranded RNA
genome of positive polarity. While it is not a natural pathogen of
Drosophila, SINV is frequently used for experimental infections

in flies and brings the advantage that the fly genome is totally
naive to it. Indeed, we do not expect SINV sequences to be in-
tegrated within the fly genome and, therefore, to be involved in
the production of endogenous small RNAs. While many viruses
are known to encode suppressors of RNA interference (RNAi)
(35, 36, 46), no such proteins were reported for SINV so far (47,
48). Here, we provide observation that TE transcript amounts
are modulated upon viral infection. This modulation is associ-
ated with changes in TE-derived small RNA repertoires and was
further investigated using D. melanogaster mutants. This work
identifies viral infections as a biotic factor, which TE activity is
sensitive to. It suggests that viral infections may affect TE mobili-
zation rates and, thus, the speed of somatic genetic diversification as
well as that of genome evolution. In addition, these results deserve
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Fig. 1. SINV replicates in D. simulans Makindu flies and triggers siRNA production. (A) Boxplots for viral titration assessed by TCID50 assays in ovaries (green)
and carcasses (brown). (B) SINV-derived small RNA production as assessed from small RNA-seq data (biological duplicates). As expected, upon SINV infection,
SINV-derived 21-nt-long small RNAs are detected in carcasses, and in ovaries to a lesser extent. (C and D) SINV tropism as revealed by an anti-capsid antibody
(green labeling, white arrows). (C) SINV is mainly detected in thorax. (D) SINV is not detected in ovaries.
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further evolutionary considerations regarding potential benefits to
the host, the virus, or the TEs.

Results
SINV Replicates and Triggers an siRNA Response in the D. simulans
Makindu Strain. We infected female adults with SINV by intra-
thoracic injections, and we assessed SINV replication in Makindu
through TCID50 assays. In carcasses (whole bodies without ova-
ries), SINV titers increased from 2.6 to 3.7 log10 (TCID50/mL)
between day 4 to day 10 post infection (dpi) (Fig. 1A). We did not
observe fly mortality induced by SINV infection (96% vs. 98%
mortality at 10 dpi). Importantly, we detected the production of
SINV-derived 21-nt RNAs, equally targeting the sense and anti-
sense viral strands, as expected (35) (Fig. 1B). Using an anti-SINV
capsid antibody, we could clearly detect SINV in thorax (Fig. 1C).
However, in ovaries, the tissue where the piRNA pathway is de-
scribed to control TEs in Drosophila, SINV barely replicated: We
found SINV infectious particles in the ovaries of only a few in-
fected flies (3 of 30 at 6 dpi; Fig. 1A), and we could not detect
SINV capsid protein in our immunofluorescent assays (Fig. 1D).
Nevertheless, we detected SINV-derived 21-nt RNAs in ovaries
(Fig. 1B), consistent with the systemic spread of the antiviral
RNAi response (49). However, we cannot completely rule out the
presence of somatic tissue from carcasses in the samples used for
sequencing.

SINV Infection Modulates TE Transcript Amounts and TE-Derived
Small RNAs in the D. simulans Makindu Strain. In order to assess
TE transcriptional activity and control, we decided to perform
RNA-sequencing (seq) and small RNA-seq from samples extracted
at 6 dpi, which corresponds to the exponential phase of viral rep-
lication in carcasses (Fig. 1A). Samples were produced from
ovaries and carcasses. As previously reported (50), we used a small
RNA preparation protocol that ensures the isolation of small
RNAs involved in nucleoproteic complexes and, therefore, ex-
cludes mRNA degradation products. The strategy is based on the
adsorption and reversible binding of negatively charged biomole-
cules to a positively charged insoluble matrix. RISC (RNA in-
duced silencing complexes) can thus be recovered using mild salt
concentration elution, whereas contaminant RNAs (such as ri-
bosomal RNAs or degradation products) remain fixed to the
column (50). We confirmed that this protocol only provided us
with 20- to 31-nt-long RNA molecules (SI Appendix, Fig. S1),
which is the expected size for piRNAs, siRNAs, and micro RNAs
(miRNAs). The nucleotide composition of the reads displayed the
expected patterns (SI Appendix, Fig. S2). The very low proportions
of sequences mapping to protein coding genes among our small
RNA pools also discard the presence of mRNA degradation
products (SI Appendix, Table S3). We then separated reads cor-
responding to 23- to 30-nt-long RNAs and 21-nt-long RNAs and
considered them to be piRNAs and siRNAs, respectively. Small
RNA read counts were normalized relative to miRNA amounts
(Methods).
Here, the analysis of 237 annotated TE families and subfam-

ilies revealed a significant global reduction of TE transcript read
counts in carcasses upon infection compared to the control
samples (mock) (15% mean decrease, Fig. 2A). These results
were confirmed using RT-qPCR (Fig. 2D). All TE classes be-
haved in the same way (Kruskal–Wallis test; P = 0.57; SI Ap-
pendix, Fig. S4). This reduction may appear modest; however, it
is larger than the modulation observed for immune genes (SI
Appendix, Fig. S5). The global decrease in TE transcript amounts
was associated with a significant increase in TE-derived 23- to
30-nt (32% mean increase, Fig. 2B) and 21-nt-long RNAs (34%
mean increase, Fig. 2C). We could observe the 1U enrichment
expected for piRNAs when we analyzed the 23- to 30-nt small
RNAs that aligned against TEs (SI Appendix, Fig. S6), and, in-
terestingly, ping-pong signatures were found for TE-derived 23-

to 30-nt RNAs in carcasses (Fig. 2E and SI Appendix, Figs. S7
and S8). We statistically confirmed that the TE families that
display transcript amount decreases upon infection are signifi-
cantly enriched in TE families that also display small RNA
amount increases (Fisher exact tests; P = 0.001 and 0.030 for
21-nt and 23- to 30-nt small RNAs, respectively, SI Appendix,
Fig. S9).
On the contrary, in ovaries, no significant shift in TE transcript

amounts upon infection could be detected (8% mean decrease,
Fig. 2F). However, we found that TE-derived small RNAs were
largely modulated: TE-derived 23- to 30-nt small RNAs were less
abundant (74% mean decrease, Fig. 2G) while TE-derived 21-nt
small RNA amounts increased (53% mean increase; Fig. 2H).
This mirror-like response between the two siRNA classes may
explain the resulting absence of modulation of TE transcript
amounts.
Altogether, our results show that TE transcripts and TE-derived

small RNAs are modulated upon viral infection in Drosophila.
However, our RNA-seq analysis also revealed that the Makindu
strain was chronically infected by Nora virus (SI Appendix, Fig.
S10), which may interfere with SINV immune response. There-
fore, in order to control for chronic infections, and go deeper into
the mechanisms allowing such a modulation in TE transcript amounts
upon infection, we decided to switch to the D. melanogaster model,
which has available a wealth of mutants. We decided to bleach the
embryos from all D. melanogaster strains used thereafter to remove
viral particles resulting from chronic infections (51).

The dsRNA Uptake Pathway Is Involved in TE-Derived Small RNA
Modulation in Carcasses. We infected w1118 adult females with
SINV by intrathoracic injections and found results comparable
to those we observed using Makindu carcasses, although using a
smaller infectious viral dose (2,300 plaque-forming units [pfu]).
Similar to what we observed in Makindu, SINV replicated in
carcasses (2.83 log10 [TCID50/mL]) at 6 dpi, Fig. 3A) and trig-
gered the production of virus-derived 21-nt RNAs (Fig. 3B).
Genes of the siRNA pathway were not differentially transcribed
in w1118 upon infection (Fig. 3C), suggesting that this machinery
is constitutively produced and immediately efficient against the
virus. Similar to what was reported by Petit et al. (52), SINV-
derived 23- to 30-nt small RNAs were virtually absent in w1118

upon infection (Fig. 3B). TE transcript amounts decreased upon
infection (20% mean decrease, Fig. 3D, black dots), and this TE
modulation was associated with an increase in TE-derived 23- to
30-nt small RNAs (53% mean increase, Fig. 3E, black dots) and
21-nt small RNAs (52% mean increase, Fig. 3F, black dots).
It has been previously demonstrated that the viral response

through siRNAs depends on the systemic spread of dsRNA viral
intermediates, which triggers the production of siRNAs (49).
The systemic spread relies on the dsRNA uptake pathway, of
which CG4572 is an effector (49, 53). We used the CG4572c05963

mutation that was obtained from a w1118 genetic background
(49); therefore, our CG4572−/− strain harbors the same pool of
TE insertions as w1118. In this mutant strain, the SINV titers
obtained at 6 dpi are similar to what we observed in w1118 flies (3
log10 [TCID50/mL], Fig. 3A). The analysis revealed that the
modulation in TE-derived 23- to 30-nt and 21-nt small RNAs
upon infection virtually disappeared in the CG4572−/− mutant
carcasses, compared to w1118 (7% mean increase, and 16% mean
increase, respectively, Fig. 3 E and F, brown dots). This indicates
that the TE-derived small RNA modulation in carcasses relies on
the dsRNA uptake pathway.

The Production of siRNAs Is Involved in the TE Modulation Observed
in Carcasses. We next investigated the consequences of the im-
pairment of siRNA production, using a mutant of dcr2, which is
responsible for siRNA formation. As expected, SINV replicated
more abundantly in this mutant, reaching 5.27 log10 (TCID50/mL)
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at 6 dpi (Fig. 3A). Notably, this abundant SINV replication was
associated with a high production of SINV-derived 23- to 30-nt
small RNAs (SI Appendix, Fig. S11), however only in the sense
orientation (Fig. 3B). These 23- to 30-nt small RNAs thus cannot
be involved in a ping-pong loop (SI Appendix, Fig. S12). In the
dcr2−/− genotype, SINV infection led to an increase in TE tran-
script amounts (261% mean increase, Fig. 3D, red dots), and a
decrease in TE-derived 23- to 30-nt RNAs (29% mean decrease,
Fig. 3E, red dots). This therefore indicates that the siRNA path-
way is involved in the observed pattern. We propose that the re-
duction in TE-derived 23- to 30-nt RNAs is due to the piRNA
machinery being saturated by the particularly abundant viral
RNAs. In addition, in the infection context, we observed that the
dcr2−/− mutant also displayed a significant repression of the piwi
gene (Fig. 3C; log2 fold change = –2.12; P = 0.001), associated
with a strong induction of dcr2 transcription (which, however, does

not lead tomore Dcr-2 function since the coding sequence is mutated)
compared to w1118 (Fig. 3C; log2 fold change = 2.80; P = 6.6e−34).
In addition, we note that while the general trend for 23- to 30-nt

small RNA is a strong decrease upon infection in the dcr2−/−

mutant (Fig. 3E), 11 TE families (over 237) display a positive log2
fold change. Consistently with observations by others (41, 54–56),
this suggests that the control of the different TE families depends
in a variable way on the different small RNA pathways.
In order to test further the involvement of siRNA production,

we retrieved an already published RNA-seq dataset, correspond-
ing to D. melanogaster flies infected with the Drosophila C virus
(DCV) (57). DCV belongs to the Dicistroviridae family; it is a
natural pathogen of D. melanogaster, and its genome is made of
single-stranded RNA of positive polarity. DCV encodes an RNAi
suppressor that blocks Dcr-2 (36). Merkling et al. produced RNA-
seq data in mock and infected conditions, from whole flies or only

A

B
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D

E

F

G

H

Fig. 2. SINV infection induces TE modulation in D. simulans Makindu flies. (A and F) TE transcript modulation upon SINV infection, expressed as log2 of the
ratio (counts in infected condition/counts in mock condition) for each annotated TE family, in carcasses and ovaries, respectively. TE-derived 23- to 30-nt small
RNA modulation upon SINV infection, in carcasses and ovaries, respectively (B and G), and TE-derived 21-nt small RNA modulation upon SINV infection, in
carcasses and ovaries, respectively (C and H). Small RNA amounts were normalized relative to miRNAs. (D) TE transcript levels, as assessed by RT-qPCR, are
expressed as fold changes relative to rp49 transcript levels. The majority of TE families show a reduction of transcript amounts upon infection. Error bars are
SDs. (E) Ping-pong signatures for 23- to 30-nt RNAs in Makindu carcasses. Significant enrichment in 10-nt overlaps (i.e., ping-pong signatures) could be
observed, as illustrated here by the 412 and doc families.
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fat bodies, and in a w1118 genetic background either or not mu-
tated for the gene encoding the G9a H3K9 methyltransferase (57).
We will not discuss further data from the mutant strain in the
present study. Similar to what we did above, focusing the analysis
on TE sequences only, we found that DCV infection leads to an
increase in TE transcript amounts in the w1118 background (SI
Appendix, Fig. S13). The largest effect is observed in fat bodies
(65% mean increase) compared to whole flies (21% mean in-
crease). Although there are significant differences in the experi-
mental setups (particularly since DCV may not fully suppress
RNAi), we found that these results using DCV in WT flies are
similar to those we obtained using dcr2−/− flies infected with SINV,
i.e., a strong increase in TE transcript amounts.

D. melanogaster Ovaries Are Protected Against TE Transcript Modulation.
In accordance with our observations in Makindu, SINV barely
replicated in w1118 and CG4572−/− ovaries (SI Appendix, Fig. S14).
However, viral particles were detected in dcr2−/− (SI Appendix, Fig.
S14A). Although viral particles did not enter ovaries (SI Appendix,
Fig. S15), it has to be noted that we could observe the production of
SINV-derived 21-nt RNAs in this tissue (SI Appendix, Fig. S14B).
Like carcasses, ovaries did not display differential transcription of
genes of the siRNA pathway nor the piRNA pathway (SI Appendix,
Fig. S14C). Like Makindu, w1118 ovaries barely displayed TE tran-
script modulation (6% mean decrease, SI Appendix, Fig. S14D,
black dots). However, w1118 was clearly different from Makindu
because TE-derived small RNA amounts were virtually not mod-
ulated upon infection (15% mean decrease for 23- to 30-nt small
RNAs, 8% mean decrease for 21-nt small RNAs, SI Appendix, Fig.

S14 E and F, black dots), which contrasted with Makindu patterns
(Fig. 2 G and H). CG4572−/− and w1118 log2 fold change patterns
largely overlapped (SI Appendix, Fig. S14 E and F), suggesting that
the dsRNA uptake pathway is not involved in TE-derived small
RNA patterns in ovaries. On the contrary, TE-derived 23- to 30-nt
RNA amounts increased in the dcr2−/− mutant (19% mean in-
crease, SI Appendix, Fig. S13E, red dots).

Discussion
Viral Infection Impacts TE-Derived Small RNA Amounts in D. simulans
Ovaries. In both D. melanogaster and D. simulans ovaries, we could
not detect variation in TE transcript amounts upon infection. This
suggests that there are strong selective pressures to maintain TE
transcriptome homeostasis in the ovaries. Indeed, this is where the
genetic material for the next generation lies.
Nevertheless, what is very interesting from an evolutionary

perspective and deserves future investigation is that while TE tran-
script amounts were virtually stable in ovaries upon infection in both
Makindu and w1118, TE-derived small RNAs showed completely
different patterns: strong mirror-like pattern in Makindu versus
virtually no change in w1118. This suggests that the observed main-
tenance of TE transcriptome stability in ovaries is achieved by dis-
tinct mechanisms in D. simulans and D. melanogaster. However, we
cannot exclude the possibility that there is considerable within-
species variation between different strains. In addition, future in-
vestigations are needed to explore the impacts of the strong decrease
in ovarian piRNA amounts, which are transmitted to the next gen-
eration in D. simulans (e.g., Akkouche et al.; ref. 43). Indeed, the
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assessed from small RNA-seq data (biological duplicates). (C) Modulation of transcript levels for a subset of genes involved in the piRNA, siRNA, and dsRNA
uptake pathways, as assessed by DESeq2. Significant shifts (adjusted P < 0.05) are indicated by asterisks. (D) TE transcript modulation upon infection expressed
as log2 of the ratio (counts in infected condition/counts in mock condition) for each annotated TE family. (E) TE-derived 23- to 30-nt small RNA modulation
upon infection. (F) TE-derived 21-nt small RNA modulation upon infection. Small RNA amounts were normalized relative to miRNAs.
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large reduction in TE-derived piRNAs in the ovaries of infected
Makindu flies may lead to a reactivation of TEs in the zygote and,
therefore, be responsible for an increase in transposition rates. If this
were confirmed, it would suggest that viral infections have an impact
on genome evolution through the enhancement of zygotic trans-
position. However, as long as resolution is not cell-scaled, we cannot
exclude the possibility that the observed effects do not occur in the
oocytes but in the adjacent cells.

Viral Infection Impacts TE Transcript Amounts in Carcasses. On the
contrary, in D. simulans and D. melanogaster carcasses, we found
that TE transcript amounts decrease upon SINV infection. This
decrease is associated with an increase in TE-derived small RNA
production, which is abolished in the dsRNA uptake mutant
(CG4572−/−). Therefore, we propose that the dsRNA uptake
pathway allows the opportunistic systemic spread of TE dsRNA
intermediates as a by-product of viral dsRNA intermediates
systemic spread. The spread of viral dsRNAs allows a systemic
production of virus-derived siRNAs. Similarly, the spread of TE
RNAs leads to a boosted production of TE-derived small RNAs,
both by the piRNA and the siRNA pathways (Fig. 4). This idea is
strengthened by the strong positive correlations that we observe
between TE-derived siRNA and piRNA amounts (SI Appendix,
Fig. S16). Indeed, it was previously shown that TEs produce
sense and antisense transcripts (allowing the formation of
dsRNAs) and that mixed ping-pong pairs of piRNAs and siR-
NAs exist (58, 59).
Upon SINV infection, in the dcr2−/− mutant, we observe a

strong signal for viral sense piRNAs, a decrease in TE-derived
23- to 30-nt small RNAs, and an increase in TE transcript
amounts. Therefore, when the siRNA pathway is impaired, we
propose that the piRNA pathway is saturated with viral RNAs
(and viral RNAs are even more abundant when the siRNA
pathway is impaired). Saturation and competition between RNAi-
related gene silencing pathways are well documented in mammals
(60, 61), and competition for Dcr-2 loading was demonstrated in

Drosophila (40). However, further experimental validation will be
needed to rule out alternative scenarios, such as the role of the
cellular stress induced by viral infection (20, 62). Considering that
SINV-derived 23- to 30-nt RNAs are only found in the sense
orientation, they are not expected to play any antiviral role. The
presumably saturated piRNA machinery is less available for the
production of TE-derived piRNAs, resulting in TE transcript amount
increase. In the case of DCV, which encodes a Dcr-2 inhibitor,
we also observed a clear increase in TE transcript amounts
(unfortunately, no small RNA-seq data are available to confirm
this scenario in this study). These results mean that either a
mutation in the coding sequence of dcr2, or an RNAi suppressor
targeting Dcr-2, both lead to an increase in TE transcript amounts,
strengthening our model (Fig. 4).
Therefore, our results show that viral infections do impact TE

transcript amounts in somatic tissues. This is of fundamental
importance and highlights that viral infections have to be con-
sidered as a biotic factor involved in the modulation of TE ac-
tivity. The results that we gather here using different viruses and
different genetic backgrounds suggest that the outcome of the
viral infection from the TE side—either increase or decrease of
TE transcript amounts—depends on the immune pathways that
are triggered upon infection and whether or not the siRNA pathway
is a major player of the immune response. Indeed, it is known that
triggered immune response pathways vary a lot according to the
viruses (63). In addition, it is known that genes of the siRNA pathway
and dcr2, in particular, display a high rate of sequence evolution
between and within species (64, 65). Therefore, we may predict that
Dcr-2 efficiency displays natural variability, so that the effects of viral
infections on TEs may also vary depending on the genetic background
of the host.
Somatic TE activity has recently been the focus of many

studies (29, 66, 67). Its functional relevance is still a matter of
debate; however, it is suggested to be associated with neuronal
functions and aging (29, 66, 67). Therefore, if the modulation of
TE transcript amounts leads to a modulation of TE transposition

A

B

C

Fig. 4. Model for viral infection effects on TEs in carcasses. (A) In uninfected conditions, TEs are controlled by piRNAs and siRNAs. (B) Upon infection, the
dsRNA uptake pathway allows the systemic spread of viral RNAs, and this machinery also opportunistically carries TE dsRNA intermediates and allows for their
spread. This triggers the systemic production of virus-derived siRNAs as well as TE-derived siRNAs, which subsequently leads to the reduction of TE transcript
amounts in carcasses. The uptaken TE RNAs are also substrates for piRNA synthesis, which strengthen TE posttranscriptional silencing. (C) In case the siRNA
pathway is impaired (e.g., dcr2−/− mutant, or viral RNAi suppressor targeting Dcr-2), viral replication increases, and we propose that viral RNAs saturate the
piRNA pathway, which is no longer available for TEs. This results in an increase in TE transcript amounts.
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rates, we suggest that these TE-associated physiological pro-
cesses may be affected as well.

Evolutionary Perspective: The Tripartite Interaction Host/Virus/TEs.
We cannot exclude that the phenomenon we observe here is
simply a by-product of the immune response through small RNA
pathways. However, we may wonder whether it could be bene-
ficial to any one of the three partners and, thus, be subject to
natural selection. For instance, we may envision that some
chronic infections may be beneficial to the host because they
participate in reinforcing the inhibition of TEs. Otherwise, we
may also propose that it is at the virus’s benefits that TE ex-
pression is reduced because it may be associated with a reduction
of reverse transcriptase activity, thus a reduction in the pro-
duction of the DNA copies of RNA viruses, and therefore a
weaker antiviral response. Similarly, considering the involvement
of TE reverse transcriptases in the production of viral DNA
copies (38, 39), we may propose that there is a balance to reach
for the host: Allowing TE transcription leads to the production
of these beneficial viral DNA copies, but at the same time, it is a
threat for genome stability because it may be associated with
transposition. Testing these scenarios will require the investigation
of a larger set of viruses and host genetic backgrounds.

Conclusion
Here, we demonstrate that viral infection affects TE transcript
amounts in the soma via a modulation of TE-derived small RNA
amounts. Regarding our starting expectations, our results in
carcasses seem to support the synergistic scenario: Indeed, the
antiviral response is accompanied by a strengthened TE control.
On the contrary, when Dcr-2 function is impaired, both the
control of viral replication and the control of TEs are less effi-
cient. We propose that this synergistic scenario relies on the fact
that the siRNA and piRNA pathways may share the same RNA
substrates, at least in part.
The next step is clearly to investigate whether transposition

rates are affected by these variations in TE transcript amounts.
In particular, it would be interesting also to test the effects of
viruses that are able to replicate in ovaries, such as the D. mel-
anogaster Sigma virus (68). These results are of fundamental
importance because they indicate that viral infections may affect
mutation frequencies through the modulation of TE activity and,
therefore, the rate of genetic diversification.

Methods
Fly Strains and Husbandry. Flies were reared on a standard corn medium at
25 °C. We first treated flies with tetracycline to get rid of the Wolbachia
endosymbiont, which is known to interfere with viral replication (69, 70).
Wolbachia infections were eliminated after two generations on standard
agarose medium, 0.25 mg/mL tetracycline hydrochloride. The absence of
Wolbachia was validated using Wolbachia 16S primers (5′ TTG TAG CCT GCT
ATG GTA TAA CT 3′ and 5′ GAA TAG GTA TGA TTT TCA TGT 3′), and Wol-
bachia wsp primers (5′ TGG TCC AAT AAG TGA TGA AGA AAC 3′ and 5′ AAA
AAT TAA ACG CTA CTC CA 3′), as described previously (71). D. melanogaster
chronic infections were eliminated following egg dechorionation, as de-
scribed previously (51): 3- to 6-h-old eggs were collected, treated with 50%
(vol/vol) household bleach solution (2.6% active chlorine) for 10 min, washed
with water, and transferred to fresh medium for adults to hatch. One
generation was treated. The analyses of viral contents in small RNA reads are
provided SI Appendix, Fig. S17 and Table S18. The absence of viruses was
confirmed using RT-PCR (see below) and primers already described (51)
(DAV: 5′ AGG AGT TGG TGA GGA CAG CCC A 3′ and 5′ AGA CCT CAG TTG
GCA GTT CGC C 3′; DCV: 5′ AAA ATT TCG TTT TAG CCC AGA A 3′ and 5′ TTG
GTT GTA CGT CAA AAT CTG AG 3′; NV: 5′ ATG GCG CCA GTT AGT GCA GAC
CT 3′ and 5′ CCT GTT GTT CCA GTT GGG TTC GA 3′; act42A: 5′ ATG GCG CCA
GTT AGT GCA GAC CT 3′ and 5′ CTT CTC CAT GTC GTC CCA GT 3′; rp49: 5′
CGG ATC GAT ATG CTA AGC TGT 3′ and 5′ GCG CTT GTT CGA TCC GTA 3′) (SI
Appendix, Fig. S19).

All experiments were performed using 3- to 6-d-old females. The
CG4572−/− and dcr2−/−mutants have a w1118 genetic background.

Virus Production and Titration. SINV stocks were produced by reverse genetics.
Viral RNAwas in vitro transcribed usingmMessagemMachine SP6 kit (Thermo
Fisher Scientific), and 10 μg of RNA were electroporated in BHK-21 cells. Viral
titrations were determined in pfu/mL by a plaque assay on Vero E6 cell line.

Fly Infections and Viral Titration. Flies were individually intrathoracically in-
jected (Nanoject II, Drummond Scientific) with either 32.2 nL containing 2,300
SINV infectious particles (pfu) (D. melanogaster), or 207 nL containing 14,900
SINV pfu (Makindu), in the BHK-21 cell culture medium (Dulbecco’s Modified
Eagle Medium [DMEM]).

For viral titration, tissues were crushed in DMEM, 4% fetal calf serum, 2.5
μg/mL B amphotericin, 100 U/mL nystatin, 50 g/mL gentamicin, 50 g/mL
penicillin/streptomycin. Viral titers in flies were determined by end-point
dilution analysis on individual flies (n = 10) on Vero E6 cell line using the
Reed and Muench’s method (72). SINV injection experiments were per-
formed independently, in triplicates, and using three different stocks
of SINV.

RT-qPCR. Total RNAs of 30 pairs of ovaries or carcasses (biological duplicates)
were extracted at 6 dpi by TRIzol (Thermo Fisher Scientific) coupled with the
RNeasy Mini Kit method (Qiagen). Purified RNAs were treated using Turbo
DNase (Ambion DNAfree kit). Reverse transcription was performed from
200 ng (carcasses) or 500 ng (ovaries) of total RNAs using SuperScript IV VILO
Master Mix (Thermo Fisher Scientific). qPCR was performed using the
LightCycler 480 SYBR Green I Master. rp49 and adh were used for normali-
zation purposes (rp49: 5′ CGG ATC GAT ATG CTA AGC TGT 3′ and 5′ GCG CTT
GTT CGA TCC GTA 3′; adh: 5′ CCG TGG TCA ACT TCA CCA GCT C 3′ and 5′ TCC
AAC CAG GAG TTG AAC TTG TGC 3′). We quantified transcript levels for a set
of TE families (accord, gypsy, 412, tirant, Doc6, Doc, F element), using the
following primers: accord: 5′ TTC ACC CGT CGA AAG ACT TC 3′ and 5′ GCC
GTG AAA GAG TTC GAA AG 3′; gypsy: 5′ GGC TCA TTG CCG TTA AAC AT 3′
and 5′ TCT TCC TTC TTT CGC TGA GG 3′; 412: 5′ TTG ATG GGC AAA AGA TCC
AT 3′ and 5′ TTG CTG GAA TTG TCG TTT CA 3′; tirant: 5′ ACA CGT TCC CTG
AAC AGA CG 3′ and 5′ GAA CGT TAC CAA TCC GAG CA 3′; Doc6: 5′ ACA TCA
TGT GCC CAT TGT GC 3′ and 5′ AAA TTC GGC ATG GGC ATG TC 3′; Doc: 5′
GCA CCT GGT TTC GAA GTG AT 3′ and 5′ GTA GCC AGG CGA TTT TCT TG 3′;
F-element: 5′ ACG TCG CTT ACG CAG AGA AT 3′ and 5′ GTT TTG TGC CTG
TTG GTG TG 3′.

Immunostaining Experiments. Immunostaining experiments were performed
at 6 dpi. Ovary pairs were fixed for 4 h in 4% paraformaldehyde and per-
meabilized using phosphate-buffered saline (PBS), 0.5% Triton X-100 for 1 h.
Whole flies were fixed for 4 h in 2% paraformaldehyde, then incubated for 16 h
in 12% sucrose at 4 °C and arranged in OCT blocs. Fourteen-micrometer-thick
slices were made using a cryostat. A second PFA fixation (0.5%, 20 min) and
permeabilization (PBS, 0.3% Triton X-100, 30 min) for slices were performed
using a SINV anti-capsid (73) and a secondary A488 goat anti-mouse (A-11029,
Invitrogen).

RNA-seq. Female flies were carefully, manually dissected: Pairs of ovaries were
separated from the rest of the bodies, which will further be called “car-
casses.” Ovaries had to remain intact for the samples to be kept. Principal
component analysis of RNA-seq data further confirmed that ovary and car-
cass samples were clearly different (SI Appendix, Fig. S20), which allows us to
feel confident about the absence of tissue contamination associated with
our dissection protocol. Total RNAs from 30 pairs of ovaries or 30 carcasses
were extracted at 6 dpi using TRIzol (Thermo Fisher Scientific) and RNeasy
Mini Kit (Qiagen). Purified RNAs (10 μg) were treated using DNase Tur-
boDNase (Ambion DNAfree kit). Library preparation was done using the
TruSeq RNA Sample Prep Kit v2, after polyadenylated RNA selection, and
paired-end sequencing was performed (Hiseq 4000; Illumina). Sequencing
adapters were removed using UrQt (74) and trim Galore (https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were
aligned on reference genes retrieved from FlyBase (ftp://ftp.flybase.net/
releases/FB2019_01/dsim_r2.02/fasta/dsim-all-gene-r2.02.fasta.gz and ftp://
ftp.flybase.net/releases/FB2019_01/dmel_r6.26/fasta/dmel-all-gene-r6.26.fasta.
gz) using TopHat2 (75). Gene count tables were generated using eXpress
(76). TE count tables were generated using the TEcount module of TEtools
(77), and the list of TE sequences available at ftp://pbil.univ-lyon1.fr/pub/
datasets/Roy2019/. Gene and TE count tables were concatenated to make the
complete count table, which was further analyzed using the DESeq2 R
package (version 1.18) (78) (SI Appendix, Table S21).

Data retrieved from Merkling et al. (57) corresponded to accession no.
GSE56013 (NCBI Gene Expression Omnibus) and were treated the same way.
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Small RNA-seq. Female flies were carefully, manually dissected: pairs of
ovaries were separated from the rest of the bodies, which will further be
called “carcasses.” Ovaries had to remain intact for the samples to be kept.
Small RNAs were isolated at 6 dpi from 50 pairs of ovaries or 50 carcasses as
previously described (50). Briefly, this strategy is based on the adsorption
and reversible binding of negatively charged biomolecules to a positively
charged insoluble matrix. RISC can thus be recovered using mild salt con-
centration elution, whereas contaminant RNAs (such as ribosomal RNAs or
degradation products) remain fixed to the column (50). Size selection of
small RNAs (18–50 bp) was performed on gel at the GenomEast sequencing
platform. Purified small RNAs were used for library preparation (SQ00/SIL-
04-SR) and sequenced on a Hiseq 4000 apparatus (Illumina). Adapter se-
quences were removed using cutadatp (79) -a TGGAATTCTCGGGTGCCAAGG
AACTCCAGTCACTTA. Per base nucleotide composition plots were then built
using FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Read count numbers were normalized to miRNA read count numbers
(miRNA sequences retrieved from FlyBase: dsim-all-miRNA-r2.02.fasta.gz for
Makindu, and dmel-all-miRNA-r6.25.fasta.gz for D. melanogaster samples).
Alternatively, in the w1118 and CG4572−/− samples, read count numbers were
normalized to endogenous, Ago2-bound siRNA read count numbers (54),
which provided similar results (SI Appendix, Fig. S22). We could not use these
endogenous siRNAs as normalizators for D. simulans samples because these
loci were not annotated in this species. Similarly, we could not use siRNA
normalizators for dcr2−/− samples because of the impairment of the siRNA
pathway.

Using PRINSEQ lite version 0.20.4 (80), we filtered reads of size 23–30 nt
and considered these as piRNAs, and reads of size 21 nt were considered as
siRNAs. Using a modified version of the TEcount module of TEtools (44), we
mapped the reads against the above list either in the sense or antisense
directions. We then computed the sums of sense and antisense counts. To
calculate the proportion of reads mapping to protein-coding genes, we used
the same reference sequences as above (RNA-seq), which we previously
masked using RepeatMasker (81). Right after the adapter trimming step, we
mapped small RNA reads using bowtie --best (82), and the numbers of
alignments were calculated using SAMtools (83), samtools view -F 4 -c. To
estimate the proportion of reads corresponding to viral sequences, we kept
20- to 35-nt reads. We aligned reads against SINV sequence (accession no.
GM893992) using bowtie --best (82). For Drosophila natural viruses, we used
the reference sequences from Obbard laboratory (http://obbard.bio.ed.ac.
uk/data/Updated_Drosophila_Viruses.fas.gz, downloaded in 2017) and ran
the TEcount module of TEtools (77).

We looked for ping-pong signatures using signature.py with the options
min_size = 23 and max_size = 30 (84). Alignments were performed using
bowtie --best (82) on doc (accession no. X17551), 412 (chrU:15,457,641–15,461,149
from WUGSC mosaic 1.0/droSim1), and SINV (accession no. GM893992). We
analyzed base composition at each position using SAMStat (85) on the output
alignments obtained from TEcount.

Statistical Analyses. We tested whether the modulations of TE counts upon
infection were different from zero using Wilcoxon paired test comparing TE
normalized counts in the infected versus mock conditions, for the considered
237 TE families. The null hypothesis corresponds to an equal number of dots
above and below the 0 horizontal line.

Differential expression of genes was tested using the DESeq2 R package
(version 1.18) (78) and adjusted P values were considered.

Data Availability. RNA-seq and small RNA-seq data were deposited under the
accession no. PRJNA540249.
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