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Activation of innate antiviral responses in multicellular organisms
relies on the recognition of structural differences between viral
and cellular RNAs. Double-stranded (ds)RNA, produced during
viral replication, is a well-known activator of antiviral defenses
and triggers interferon production in vertebrates and RNAi in
invertebrates and plants. Previous work in mammalian cells indi-
cates that negative-strand RNA viruses do not appear to generate
dsRNA, and that activation of innate immunity is triggered by the
recognition of the uncapped 5’ ends of viral RNA. This finding raises
the question whether antiviral RNAI, which is triggered by the pres-
ence of dsRNA in insects, represents an effective host-defense mech-
anism against negative-strand RNA viruses. Here, we show that the
negative-strand RNA virus vesicular stomatitis virus (VSV) does not
produce easily detectable amounts of dsRNA in Drosophila cells.
Nevertheless, RNAi represents a potent response to VSV infection,
as illustrated by the high susceptibility of RNAi-defective mutant
flies to this virus. VSV-derived small RNAs produced in infected cells
or flies uniformly cover the viral genome, and equally map the ge-
nome and antigenome RNAs, indicating that they derive from
dsRNA. Our findings reveal that RNAIi is not restricted to the defense
against positive-strand or dsRNA viruses but can also be highly ef-
ficient against a negative-strand RNA virus. This result is of particu-
lar interest in view of the frequent transmission of medically
relevant negative-strand RNA viruses to humans by insect vectors.
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iral infection is a serious threat for all organisms. As a result,

host cells have evolved various strategies to sense and fight
viral infections. A central molecular pattern betraying the pres-
ence of viruses in cells is double-stranded (ds)RNA, present in the
viral genome, in viral replication complexes, or resulting from bi-
directional transcription in DNA viruses. This molecular pattern
triggers RNA interference in plants and invertebrates, and pro-
duction of interferons (IFNs) in vertebrates (1). In the fruit fly,
Drosophila melanogaster, antiviral RNAI relies on the recognition
of dsRNA in infected cells by the RNaselll enzyme Dicer-2 (Dcr-
2). Der-2 processes the dsRNA into 21-bp siRNA duplexes. The
siRNAs are transferred with the help of the dsRNA binding pro-
tein R2D2 to AGO2, a member of the Argonaute family. AGO2 is
the central component of the RNAI silencing complex, which
targets the viral RNA molecules for degradation (2). The impor-
tance of this pathway for the control of viral infections is illustrated
by the strong susceptibility of Dcr-2, AGO2, and R2D2 mutant flies
to infection by positive-strand and dsRNA viruses (3-6).

The negative-strand RNA viruses include some of the most
important human pathogens, such as the hemorrhagic fever
viruses Ebola and Lassa (up to 80% mortality), the Rabies virus
(100% mortality), and the influenza virus. Apart from these
viruses, which are transmitted between mammalian hosts, several
negative-strand RNA viruses are transmitted to humans by insect
vectors (arthropod-borne viruses or arboviruses). For example,
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Rift Valley Fever virus (RVF), a Bunyavirus that is transmitted by
Aedes and Culex mosquitoes, can cause encephalitis and hemor-
rhagic fever (7). Another member of the Bunyavirus family,
Crimean-Congo hemorrhagic fever virus, vectored by ticks and
causing severe disease in humans (30% mortality), is endemic in
many countries in Africa, Europe, and Asia. Therefore, it is of
great interest to study the interaction of negative-strand RNA
arboviruses with their insect host.

A systematic analysis of dsSRNA production by different viruses
in mammalian cells revealed that, whereas significant amount of
dsRNA could be detected for viruses with dsRNA, positive-strand
RNA or DNA genomes, this was not the case for the negative-
strand RNA viruses tested (8). In these viruses, the nucleoprotein
immediately associates with neosynthesized genomic RNA, thus
preventing the formation of dsSRNA (9). Analysis of the innate
immune response against negative-strand RNA viruses in mam-
mals revealed that triphosphate groups at the 5’ ends of the
uncapped viral RNAs, rather than long dsRNAs, play a critical
role in the induction of IFN synthesis (10-13). One may therefore
wonder whether the Dcr-2-mediated antiviral response, which
is triggered by dsRNA, can provide immunity against a negative-
strand RNA virus in insect hosts. To address this question, we
used the well-characterized insect model Drosophila and, as a
prototype for negative-strand RNA arbovirus, the vesicular sto-
matitis virus (VSV), a member of the rhabdovirus family.

Here, we report that VSV does not produce readily detectable
amounts of dsSRNA in infected mammalian and Drosophila cells.
Nevertheless, we observed a dramatic increase in the VSV titer
in RNAi mutant flies, leading to the death of infected ani-
mals. Small RNA profiling of VSV infected flies identified viral
siRNAs (vsiRNAs) equally matching both strands of the whole
genome, consistent with their production from dsRNA. Our re-
sults extend the importance of RNAI as an antiviral host-defense
mechanism in insects to the epidemiologically relevant group of
negative-strand RNA viruses.

Results

VSV Does Not Produce Detectable Amounts of dsRNA in Mammalian
and Drosophila Cells. We first tested whether dsRNA can be
detected in VSV-infected cells. Mammalian Vero cells were
infected with VSV and immunostained with the anti-dSRNA
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monoclonal antibody J2. Double-stranded RNA was not detec-
ted, although cells were highly infected with VSV as visualized by
immunodetection of the VSV-G protein (Fig. S1). We next an-
alyzed the production of dsRNA in VSV-infected Drosophila
cells. Immunostaining with the J2 antibody was not possible in the
Drosophila cell lines tested because of a high background. As an
alternative, total RNA from infected cells was isolated and
dsRNA was immunoprecipitated using the J2 antibody or another
dsRNA-specific monoclonal antibody, K1 (14). Drosophila Kc167
cells were infected with VSV or with the positive-strand RNA
viruses flock house virus (FHV) and Drosophila C virus (DCV) as
controls. The dsRNA precipitation revealed the presence of viral
dsRNA in DCV- and FHV-infected cells (Fig. 14). Similar results
were obtained using the Drosophila S2 cell line (Fig. S24).
RT-PCR amplification of the immunoprecipitated RNAs and
sequencing of the amplicons confirmed their viral origin (Fig. S2
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Fig. 1. VSV does not produce detectable amounts of dsRNA in Drosophila
despite efficient replication. (A) Immunoprecipitation with dsRNA-specific
antibodies (J2, Center and K1, Right) of total RNA (Left) extracted from
Kc167 cells infected with DCV [multiplicity of infection (MOI) 10], FHV (MOI
0.1), or VSV (MOI 10) at 4 d postinfection (dpi) for FHV and VSV and 6 dpi for
DCV. Immunoprecipitates were subjected to agarose gel electrophoresis,
which revealed dsRNA replication intermediates for DCV and FHV but not
for VSV. MW, molecular weight marker; n.i., control. A representative ex-
periment out of three is shown. (B) DCV, FHV, and VSV titers measured from
supernatant of the infected Kc167 cells described in A before RNA extrac-
tion. The values represent the mean and SD of three independent experi-
ments. (C) In contrast to DCV and SINV, VSV titer did not increase sig-
nificantly in flies overexpressing B2 (hs-GAL4 > UAS-B2) compared with WT
(hs-GALA4/+) flies. Flies were infected with 500 TCIDs, DCV, 1,000 pfu SINV,
and 5,000 pfu VSV. Viral titers were assayed from whole fly extract at 3 dpi
(DCV, VSV) and 5 dpi (SINV, VSV). The values are the mean and SD of three
independent groups of five flies. P values were calculated using Student'’s
paired t test; **P < 0.01; ***P < 0.001; ns, not significant.
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B and C). In addition, the pulled-down RNAs were sensitive to
digestion with the dsSRNA-specific enzyme RNaselll, but not to
the single-stranded (ss) RNA specific RNasesA and T1 (Fig
S2D). Double-stranded RNA was also readily detectable in cells
infected with Cricket paralysis virus, a positive-strand RNA virus
that encodes a suppressor of RNAI that does not interact with
dsRNA (15) (Fig. S2E). In contrast, we did not detect dsRNA in
VSV infected cells (Fig. 14 and Fig. S24), even though the virus
grew to similar titers as DCV or FHV (Fig. 1B and Fig. S2F). We
further attempted to detect immunoprecipitated dsRNA in VSV-
infected cells by RT-PCR, without any success, although we could
detect the presence of both the genomic and the antigenomic
strands in infected cells (Fig. S2G).

FHYV expresses the viral suppressor of RNAi B2, which binds
dsRNA with high affinity and prevents recognition and processing
by Dcr-2 (16-18). Expression of B2 in transgenic flies decreases
their resistance to DCV infection (6, 19). In addition, B2 over-
expressing flies contained higher viral loads than control flies
upon infection with DCV and Sindbis virus (SINV), supporting
the evidence that dsSRNA produced by those viruses trigger im-
munity. In contrast, overexpression of B2 did not affect the viral
load of VSV at 3 d postinfection and only led to a mild and
not significant increase in viral titer at 5 d postinfection (Fig. 1C).
Taken together, our data suggest that VSV does not produce
readily detectable amounts of dsRNA in flies, raising the question
of the involvement of RNAI in the control of the infection.

RNAi Controls VSV Infection in Drosophila. To address the potential
role of RNAI in the control of VSV infection in vivo, we chal-
lenged wild-type (WT, yw and w1118) WT (yw and w'’’%), or Dcr-2
(Dcr-2R#19X | Dcr-218117% R2D2 (R2D2"), and AGO2 (AGO2*™)
mutant flies with VSV. Whereas WT flies were resistant to VSV
infection, mutant flies showed a severely compromised survival
and died within 12 d (Fig. 24 and Fig. S3). The lethality was
correlated with a 100- to 1,000-fold increase in viral titers, showing
the inability of RNAi mutant flies to control viral replication
(Fig. 2B). We conclude that RNAI plays a major role in the de-
fense against VSV infection.

RNAi Machinery Processes VSV dsRNA in Drosophila. We next won-
dered whether VSV-derived siRNAs are produced during the
course of infection, even though dsRNA could not be detected.
We thus deep-sequenced small RNA libraries from WT and
RNAI mutant flies. These experiments were performed indepen-
dently in our two laboratories and will be referred to as Datasets 1
and 2 in Table S1. Flies were infected with 5,000 pfu VSV. Sam-
ples were collected at the peak of viral replication, 5 d post-
infection (dpi) for Dataset 1 and 3 to 4 dpi for Dataset 2. Small
RNA from 18 to 28 nt for Dataset 1, and from 19 to 24 nt from
Dataset 2, were perfectly aligned against the Drosophila and the
VSV genomes (Fig.34). The total number of small RNA reads as
well as VSV-derived reads are summarized in Table S1.

In WT flies (Dataset 1: yw and Dataset 2: w’’/%) (Table S1), the
size distribution of total small RNA clearly shows enrichment at
20 to 23 nt (Fig. 3B and Fig. S44). The pronounced peak at 22 nt
is characteristic of miRNA that are processed by Dicer-1. In
contrast, the VSV-derived small RNAs (vsiRNAs; 0.1% and
0.08% of total reads for Table S1, Datasets 1 and 2, respectively)
are highly enriched in 21-nt long reads, which is the signature of
Decr-2 processing (Fig. 3 C and E and Fig. S4 B and D). The 21 nt
vsiRNA matched equally along the entire genome and anti-
genome with a moderate enrichment at both the 5’ end of the
genome and the 3’ end of the antigenome (Fig. 3 D and G and Fig.
S4 C and F). The ratio of vsiRNAs derived from the genomic and
antigenomic strands was close to 1 in WT flies (Fig. 3 D and F and
Fig. S4 C and E). Because the VSV genome is 5 to 10 times more
abundant than its antigenome in infected cells [(20); see also Fig.
S2G], and because VSV mRNAs are produced in different
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Fig. 2. RNAi controls VSV infection in vivo. (A) RNAi mutants display
a strong susceptibility to VSV challenge. Dcr-27479%, R2D27, and AGO2*'*
mutant flies infected with 5,000 pfu VSV died within 12 dpi in contrast to the
yw control flies. The values represent the mean and SD of at least three
independent groups of 10 flies each. (B) The increased susceptibility was
correlated with an increase in viral titer in all RNAi mutants compared with
yw controls at the peak of viral replication (5 dpi). The values represent
the mean and SD of three independent experiments. *P < 0.05; **P < 0.01;
***P < 0.001.

amounts (9), these data suggest that the vsiRNAs are generated
from dsRNA replication intermediates, rather than from in-
ternally transcribed mRNA or secondary structures.

Analysis of vs.iRNAs in Dcr-2 and AGO2 Mutant Flies. Because
Der-27'~ and AGO2~~ mutant flies display a strong susceptibility
to VSV infection, we next investigated the involvement of these
genes in the biogenesis and stability of VSV-derived vs.iRNAs.
Small RNA libraries from VSV-infected Dcr-27'~ (Dataset 1:
Der-2R*19%; Dataset 2: Der-22""%) and AGO27~(Table S1,
Datasets 1 and 2: AGO2*'%) mutant flies were sequenced. Re-
sults are summarized in Table S1.

In AGO2™~ mutants, the number of VSV-derived vsiRNA
reads was 100-fold higher than in wt flies (Figs. SSE and S6E). This
finding correlates with the strong increase of viral RNA levels in
AGO27~ mutant flies as compared with WT (600-fold in the
sample used for Dataset 1) (Table S1). Although small differences
could be observed between the vsiRNAs sequenced in the two
datasets, most likely reflecting the use of different 5’ and 3’
adapters to construct the libraries (21), the profiles were similar
overall. We did not observe any strand bias in the vsiRNAs pro-
duced in AGO2™~ mutants and the antigenome-to-genome ratio
was close to 1 (Fig. 3F for Dataset 1 and Fig. S4F for Dataset 2).
The distribution and density along the viral genome and anti-
genome of AGO2™'~ derived vsiRNAs were similar to those ob-
served in infected WT flies, although a strong increase of vsiRNA
reads mapping at the 5’ end of the genome (and the 3’ end of the
antigenome) was observed (Fig. 3G and Fig. S4F). This phenom-
enon was already detectable in WT flies but was strongly amplified
inAGO2~"~ mutant flies, suggesting a preferential cleavage of viral
dsRNA from the site of the initiation of replication.
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Unexpectedly, VSV-derived small RNA peaks were identified
in Der-2819% and Der-255""5X mutant flies (Figs. S5B and S6B),
indicating that some dicing (or random degradation) occurred
even in the absence of functional Dcr-2. However, the number of
VSV vsiRNA reads obtained in Dcr-27/~ flies was similar to that in
WT flies, despite the dramatic increase in viral RNA in the mu-
tant flies (350-fold in the sample used for Dataset 1) (Table S1).
This finding indicates that antiviral dicing is strongly reduced in
Der-27~ mutant flies. In addition, the vsiRNAs profile of Der-27/~
flies was substantially altered compared with the profile obtained
from WT or AGO2™"™ mutant flies. In WT flies and in S2 cells (see
below), at least 75% of vsiRNAs had a size of 21 bp; however, the
size distribution of the vsiRNAs in Dcr-2~'~ mutant flies was much
more heterogeneous, with fewer than 40% of vsiRNAs having a
size of 21 bp (Fig. 3E and Fig. S4D). Cluster analysis of the
vsiRNA reads also revealed clear differences between the profile
of Dcr-27~ flies versus those of WT or AGO2~'~ mutant flies and
S2 cells (Fig. S7). In addition, although 21-nt reads were distrib-
uted along both strands of the viral RNA, the antigenome/ge-
nome ratio was biased toward the antigenome (overall ratio
antigenome/genome = 1.2 in Dataset 1 and 2.9 in Dataset 2)
(Table S1), and more pronounced at the 5’ end of the antigenome
(Fig. 3F and Fig. S4F). This finding suggests that VSV-derived
vsiRNAs in Dcr-27'~ flies are derived from mRNA rather than
from dsRNA replication intermediates. Interestingly, whereas the
profiles of small RNAs produced in WT and AGO2™"~ mutant
flies were similar overall in the two datasets, this was not the case
for the Dcr-2~'~ mutant flies, and the bias for siRNAs matching
the 5’ end of the antigenome was much stronger in Dataset 2 than
in Dataset 1 (Table S1). This observation may reflect the fact that
two different Dcr-2 alleles were used, which may encode proteins
with some residual activity.

VSV vsiRNAs Can Mediate Target Repression. We next addressed the
functional relevance of the VSV-derived vsiRNAs in the control
of VSV infection in S2 cells. We first validated the RNAi-medi-
ated control of VSV infection in this cell line by deep-sequencing
small RNAs from S2 cells infected with VSV (MOI 10). The
distribution and density of VSV-derived vsiRNAs along the viral
genome was similar to those observed in WT infected flies (Fig.
44 and Fig. S8 A4 and B). To test the role of these vsiRNAs, we
designed luciferase sensors containing 300-bp sense or antisense
segments of several regions of VSV (Fig. 44). These segments
correspond to nt 736 to 1,027 (N), nt 3,478 to 3,783 (G), and nt
6,582 t0 6,872 (L). As a control sensor, we used a 300-bp fragment
of DCV (nt 6,207-6,507). The VSV and control sensor constructs
were transfected into S2 cells and luciferase expression was
monitored in the presence and absence of VSV infection.

Although VSV infection did not affect the luciferase expression
levels in the DCV sensor, the VSV constructs were specifically
silenced by at least 40% (Fig. 4B). Silencing was observed for both
orientations of the VSV fragments, indicating that vsiRNAs can
silence VSV by targeting both the genome and the antigenome.
The strongest silencing was observed for the VSV-L sense con-
struct (69%). The antisense L sensor construct was also silenced,
but the effect was weaker and was not statistically significant in
the format of our assay (Fig. 4B). To ensure that the observed
silencing of the sensor construct was the result of RNAI, we in-
vestigated the dependence of the silencing on AGO2. We trans-
fected AGO2 dsRNA in S2 cells to knock-down AGO?2 expres-
sion, and observed a significant reversion of the silencing of the
VSV-L sensor upon VSV infection (Fig. S8C). We conclude that
the vsiRNAs produced in VSV infected cells can play an active
role in the control of VSV RNA level.

Discussion

Most studies on antiviral RNAI in plants and invertebrates so far
have focused on positive-strand RNA viruses (3, 5, 6, 22-31). We
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Fig. 3. Virus-derived siRNAs in VSV infected flies. (A) Structure and organization of the VSV genome. The 11-kb long negative-strand RNA is the template for
synthesis of five monocistronic mRNAs that encode the viral proteins N, P, M, G, and L. During replication, the negative-strand is the template for the synthesis
of the full-length positive-strand RNA (antigenome), which will in turn serve as a template for the production of the genomic RNA. The N protein is tightly
associated with the genome and antigenome RNA (gray circles). (B) Size distribution of total small RNAs in VSV-infected yw flies. (C) Size distribution of small
RNAs aligned against the viral genome in VSV-infected yw flies. (D) Profile of 21 nt VSV-derived reads along the VSV genome. To comply with the orientation
of the VSV reference sequence (NC_001560) used for all of the analyses, the genome is represented under its antigenomic polarity. Each VSV-derived small
RNAs (vsiRNA) is represented by the position of its first nucleotide. The vsiRNAs matching the antigenome and the genome are shown in blue and red,
respectively. The horizontal axis represents the antigenome coordinates. (E) Relative abundance of VSV-derived small RNAs of 20, 21, 22 nt and other sizes
(19, 23-28 nt) in yw, Dcr-274"%%, and AGO2*'“ flies. (F) Relative strand representation of the 21 nt reads expressed as the ratio between the number of reads
matching the antigenome over the number of reads matching the genome using 1,000 bp contiguous windows (1-11). (G) Representation of VSV-derived
vsiRNAs from yw (blue) and AGO2#'* (green) flies expressed as the sum of the reads over 1,000-bp contiguous windows covering the whole genome. The
vsiRNAs matching the antigenome and genome are showed as solid and dotted lines, respectively. The sum of the reads corresponding to each window is

represented in the vertical axis.

show here that RNAI is also a major antiviral response in vivo
against the negative-strand RNA virus VSV in the model insect
Drosophila. Indeed, flies mutant for the genes encoding the core
components of the RNAi pathway Dcr-2, R2D2, and AGO2 are
no longer able to control VSV replication and display a more
than two-log increase in viral titer compared to WT. The recently
described component of the RNAI pathway Ars2 is also required
to control VSV replication in Drosophila cells (32). These data
are in line with previous studies in the nematode Caenorhabditis
elegans, which reported a 4-fold to 10-fold increase of viral titer
in VSV-infected embryonic primary cell cultures derived from
RNAIi mutants compared with WT (33, 34). We further show
that as a consequence of the uncontrolled viral replication, sur-
vival of RNAi mutant flies is severely compromised. Taken to-
gether, these data indicate that RNAI in flies controls infection
by a negative-strand RNA virus and, more generally, represents
a major host-defense pathway against RNA viruses, irrespective
of their genome. Whether RNAI also participates in the control
of DNA virus infections in invertebrates, as previously reported
in plants, remains to be investigated (35, 36).

A key question in innate immunity is that of the microbial
molecule or pattern triggering the host-response. In the case
of RNAI, Dicer enzymes recognize dsRNA either as extended
secondary structures on viral RNA molecules, or dsSRNA gener-
ated during the course of viral replication (i.e., replicative inter-
mediates). In plants, where studies have focused on positive
ssRNA viruses, there is some evidence for the first scenario. For
example, infection by the Tombusvirus CymRSV generates ~80%
to 90% of viral small RNAs of sense polarity, which may reflect
the excess of genome versus antigenome RNA present in infected
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cells (24, 27, 30). However, the profiles of vsiRNAs produced in
response to several other plant viruses are consistent with pro-
cessing of a dsSRNA precursor: these profiles are characterized by
an approximately equal number of vsiRNAs matching the positive
or the negative strand of the viral RNA, and covering the whole
length of the viral genome (24, 26, 29). In invertebrates, small
RNA profiling in cells or animals (Drosophila, Aedes mosquitoes,
and C. elegans) infected with positive sSRNA or dsRNA viruses
supports the idea that vs.iRNAs are generated from viral dsSRNA
intermediates of replication (22, 23, 28, 31, 37). In particular,
vsiRNAs generated in cells infected by SINV, Drosophila A virus
(DAV), Drosophila X virus (DXV), Drosophila totivirus (DTV),
or Drosophila birnavirus (DBV) evenly cover both strands of the
whole genome. In contrast, in the case of FHV, the number of
reads mapping to the 5’ and 3’ ends of the viral RNAs are in-
creased, suggesting that the extremities of the genome, where
replication starts, are preferentially diced (22). Interestingly, the
ends of negative-strand RNA virus genome and antigenome RNA
can base pair to form a panhandle structure (38), which plays
a critical role in induction of IFN in mammalian cells, and may
trigger RNAi (39-41). However, the profiles obtained in VSV-
infected WT cells or flies do not support this hypothesis, and we
did not observe any increase in the number of vsiRNAs matching
the ends of the VSV RNAs. Overall, the profiles we observed are
remarkably similar to that of SINV, DAV, DXV, DTV, or DBV.
This result leads us to propose that the VSV vsiRNAs are gen-
erated from dsRNA, rather than from secondary structures on
genome or messenger RNAs, and that the VSV RNA features
recognized by the mammalian and insect innate immune systems
are different. This conclusion is based on data from the highly
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Fig. 4. VSV-derived vsiRNAs silence VSV sensors in S2 cells through RNAI. (A)
Profile of 21 nt VSV-derived reads obtained from VSV-infected S2 cells as
depicted in Fig. 3D. The three 300-nt regions of VSV selected in the N, G, and
L genes to generate firefly luciferase sensors are shown in solid black lines.
(B) Silencing of VSV reporters in VSV-infected cells. Each bar represents the
ratio of luciferase expression measured between infected and noninfected
cells normalized to the values obtained for the DCV control sensor (set at 1).
The values represented are the mean and SD of three independent experi-
ments. P values were calculated using Student’s paired t test; *P < 0.05;
**P < 0.01; ns, not significant.

sensitive technique of deep-sequencing of small RNAs, and we
infer that our inability to detect dSRNA using standard methods
(8) reflects the fact that the amount of dsRNA produced in VSV-
infected cells is below either the detection limit of the antibodies
used or the FHV B2 protein binding capacity. An alternative yet
intriguing possibility is that Dcr-2, of which little is known in the
cellular context, could displace the viral nucleoprotein to gain
access to dsRNA. Such a function may involve the helicase ac-
tivity of Dcr-2, the role of which in RNAi remains poorly un-
derstood (42).

Of central interest to us in this study was the comparative
analysis of the small RNA profiles in WT and RNAi mutant flies,
a question which to the best of our knowledge has not been
addressed earlier. The profile of vsiRNAs observed in AGO27/~
mutant flies strongly resembles the one obtained in WT infected
flies, although the number of reads is 100-fold higher. Despite
this intense dicing activity, AGO2~'~ mutant flies are as suscep-
tible to VSV infection as Dcr-2~~ mutant flies, indicating that
dicing viral dsSRNA per se does not represent an efficient defense
against viral infections. The similarities observed in WT and
AGO27"~ profiles strongly suggest that the absence of AGO2
does not affect Dcr-2 activity, precluding a coordinate action of
both antiviral players.

Our analysis also revealed unexpected VSV-derived small
RNAs in the Dcr-27'~ mutant flies, although their number was
strongly reduced compared with WT after normalization by viral
titers in both conditions. These small RNAs are enriched in the
sizes 19 to 23 nt, and therefore are not likely to represent solely
random degradation products of viral RNAs. Importantly, the
two Dcr-2 alleles used contain premature stop codons upstream of
the RNaselll domains, and are considered as genetic nulls. In
addition, the number, size distribution and coverage along the
VSV genome of these small RNAs clearly differ from those ob-
served in WT or AGO2~~ mutant flies. More specifically, we
observed a strong bias of small RNAs towards the positive strand
in Dcr-27~ mutant flies and a 5’ to 3’ gradient of small RNAs
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along the viral antigenome. These data correlate with the relative
amount of viral transcripts and suggest that in the absence of Dcr-
2, small vsiRNAs are generated from viral mRNAs rather than
from viral intermediates of replication. Furthermore, we also
observed an enrichment of reads matching the extremities of both
the genome and the antigenome, which contain short structured
regions involved in the regulation of viral RNA synthesis (43).
Residual Dcr-2 activity may contribute to the generation of small
RNAs in mutant flies, as suggested by the differences observed
between the profiles obtained for the two Dcr-2 alleles used.
Taken together, our data indicate that Der-27'~ mutant flies still
produce VSV-derived small RNAs. These small RNAs do not
appear to play a significant role in the control of the antiviral
response, as illustrated by the spectacular increase in viral titer
observed in Dcr-27'~ flies. A possibility that warrants further in-
vestigation is that the product of the second Drosophila Dcr gene,
the miRNA-producing enzyme Dcr-1, processes viral RNA sec-
ondary structures to generate these small RNAs. The presence of
Dcr-2-independent small RNAs is reminiscent of the situation in
virus-infected Arabidopsis, where virus-derived small RNAs are
produced by Dicer-like (DCL)1 and DCL3 in the absence of the
antiviral DCL2 and DCL4. As we observed with flies, these
DCL2/-4 independent small RNAs do not contribute significantly
to antiviral defense (26, 44).

In conclusion, we have shown that RNAI can control the neg-
ative-strand RNA arbovirus VSV, indicating that dsRNA pro-
duced in cells infected with a negative-ssRNA virus can trigger
antiviral immunity. These findings were mostly inferred from
virus-derived small RNA profiles extracted from our deep se-
quencing data, stressing the relevance of high-throughput se-
quencing technologies to characterize antiviral responses and host
pathogen interactions. Overall, the profiles of vsiRNAs from
Drosophila cells infected by positive ss, ds, or negative ss RNA
viruses are remarkably similar, pointing to a common mechanism
of processing, despite the sharp differences in strategies used by
these viruses to replicate.

Materials and Methods

Infection of Flies and Cells. Information regarding the mutant strains used, the
tissue culture conditions, and propagation and titration of viral stocks can be
found in the S/ Materials and Methods. Infection by intrathoracic injection
was performed as described previously (3).

RNA Isolation and Immunoprecipitation of dsRNA. For dsRNA detection, 1.5 x
107 S2 or Kc167 cells were infected with VSV (MOI 10), DCV (MOI 10), or FHV
(MOI 0.1). Cells were collected in 15-mL reaction tubes and total RNA was
extracted using TriReagent (Gibco-BRL) according to the manufacturer’s
instructions. RNA was quantified and immunoprecipitation was performed
as previously described (45). In brief, 40 pg of total RNA was incubated
overnight at 4 °C in polysomal lysis buffer with 10 pg J2 or K1 antibody
(Scicons). Then, 50 pL of protein A-agarose solution (Invitrogen) was added,
and incubation continued at 4 °C for 4 h. Complexes were washed eight
times in polysomal lysis buffer and, after degradation of the protein com-
plexes by proteinase K digestion (30 min at 50 °C), RNA was recovered by
phenol-chloroform extraction and ethanol precipitation. The RNA pellet was
resuspended in 10 pL RNase-free water.

Sequencing, Assembly, and Analysis of Small RNA Libraries. The small RNA li-
brary of S2 cells and whole flies were constructed as described (46) and se-
quenced by the Illumina Genome Analyzer Il. Reads were then aligned to
a reference consisting of the VSV genome from National Center for Bio-
technology Information (NCBI) (accession number NC_001560) using the
Bowtie program with standard parameters in genome assembly. Reads
aligning to the VSV genome with zero mismatches were retained and ana-
lyzed using in-house Perl scripts and Excel. Sequences were submitted to the
NCBI Small Read Archive under the accession number SRP002753.

Silencing of a VSV Sensor RNA. Construction of the sensor plasmids and
monitoring of their activities were done using standard protocols as de-
scribed in S/ Materials and Methods.
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