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Rift Valley fever virus (RVFV) is a Phlebovirus (Bunyaviridae family) transmitted by mosquitoes. It infects humans and rumi-
nants, causing dramatic epidemics and epizootics in Africa, Yemen, and Saudi Arabia. While recent studies demonstrated the
importance of the nonstructural protein NSs as a major component of virulence in vertebrates, little is known about infection of
mosquito vectors. Here we studied RVFV infection in three different mosquito cell lines, Aag2 cells from Aedes aegypti and U4.4
and C6/36 cells from Aedes albopictus. In contrast with mammalian cells, where NSs forms nuclear filaments, U4.4 and Aag2
cells downregulated NSs expression such that NSs filaments were never formed in nuclei of U4.4 cells and disappeared at an early
time postinfection in the case of Aag2 cells. On the contrary, in C6/36 cells, NSs nuclear filaments were visible during the entire
time course of infection. Analysis of virus-derived small interfering RNAs (viRNAs) by deep sequencing indicated that produc-
tion of viRNAs was very low in C6/36 cells, which are known to be Dicer-2 deficient but expressed some viRNAs presenting a
Piwi signature. In contrast, Aag2 and U4.4 cells produced large amounts of viRNAs predominantly matching the S segment and
displaying Dicer-2 and Piwi signatures. Whereas 21-nucleotide (nt) Dicer-2 viRNAs were prominent during early infection, the
population of 24- to 27-nt Piwi RNAs (piRNAs) increased progressively and became predominant later during the acute infec-
tion and during persistence. In Aag2 and U4.4 cells, the combined actions of the Dicer-2 and Piwi pathways triggered an efficient
antiviral response permitting, among other actions, suppression of NSs filament formation and allowing establishment of per-
sistence. In C6/36 cells, Piwi-mediated RNA interference (RNAi) appeared to be sufficient to mount an antiviral response against
a secondary infection with a superinfecting virus. This study provides new insights into the role of Dicer and Piwi in mosquito
antiviral defense and the development of the antiviral response in mosquitoes.

Flaviviridae, Togaviridae, and Bunyaviridae, which constitute the
main group of arthropod-borne viruses (arbovirus), have an im-

portant impact on human and animal health worldwide. Many
arboviruses are transmitted by mosquitoes which become infected
when taking a blood meal from an infected vertebrate. After in-
fecting the mosquito midgut, the virus disseminates through the
whole body, including the salivary glands and the genital tract.
When present in the salivary glands, the virus can be further prop-
agated from an infected mosquito to a vertebrate through the
mosquito saliva during biting. In addition, infection of the genital
tract allows vertical transmission from the adult to the offspring.
In contrast to the case with vertebrates, arbovirus infection is usu-
ally not detrimental to mosquitoes, which remain infectious dur-
ing their entire lifetime. Although they lack an adaptive immune
response, arthropods have an innate immune defense against mi-
crobes based mainly on RNA interference (RNAi), a conserved
mechanism found in almost all eukaryotes and serving as an anti-
viral defense mechanism (1, 2; reviewed in references 3, 4, and 1).

Activation of RNAi-based immunity has been found in many
mosquitoes and mosquito cells infected by different arboviruses,
such as Sindbis virus, dengue virus, West Nile virus, O’nyong-
nyong virus, and La Crosse virus (5–11). Essentially, it was shown
that knocking down the components of the RNAi pathway leads to
an increase in viral replication, thus indicating the key role played
by RNAi in establishing virus protection in mosquitoes. RNAi
relies on the presence of intracellular double-stranded RNAs
(dsRNAs) generated either by RNA secondary structures in the
viral genome or from viral replicative intermediates which are
processed into 21-nucleotide (nt) small virus-derived RNA du-
plexes (viRNAs) by an RNase III enzyme, Dicer-2 (12). The RNA

duplexes contain a guide strand that provides sequence specificity
for RISC (13) and a passenger strand that is removed from the
activated RISC by the combined endonuclease activities of Argo-
naute-2 (Ago-2) and C3PO (13–15). The remaining guide directs
RISC to cognate RNAs in the cells and induces Ago-2-mediated
cleavage and sequence-specific degradation of the target RNA
molecules.

Besides the Dicer-2 pathway, which relies on small interfering
RNAs (siRNAs), other RNAi silencing pathways involving
microRNAs (miRNAs) or Piwi RNAs (piRNAs) participate in the
innate immune response of mosquitoes (reviewed in reference
16). In general, the size of the viRNAs reveals the pathway utilized
(17). In Drosophila melanogaster, siRNAs and miRNAs depend,
respectively, on Dicer-2 and Dicer-1 and are 21 and 22 nt long. In
contrast, piRNAs are 24 to 30 nt long, are generated in a Dicer-
independent manner, and require Ago-3, Aubergine (Aub), and
Piwi for biogenesis (18). Originally, piRNAs were thought to be
specific to germ line cells and essential for silencing retrotrans-
posons, but since then, they have also been detected in mosquito
and vertebrate somatic cells (19–22). The biogenesis of piRNAs
has been studied mostly in Drosophila. It involves synthesis of
primary piRNAs from single-stranded precursors, which then ini-
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tiate an amplification cycle known as the ping-pong amplification
cycle (23). Primary piRNAs are associated with Piwi and Aub; they
are typically generated from one polarity and possess predomi-
nantly a 5=-uridine bias (U1). Cleavage of target RNA by primary
piRNAs initiates the “ping-pong” amplification process, which
involves Ago-3 and Aub activities. In contrast to the siRNA du-
plexes generated by Dicer, complementarity between sense and
antisense piRNAs is generally limited to 10 nt; they contain 2=-O-
methyl groups at their 3= ends. The secondary piRNAs possess a
specific signature with a strong U1 bias for the Aub-associated
piRNAs and an adenosine bias at position 10 (A10) for the Ago3-
associated piRNAs (24, 25).

Rift Valley fever (RVF) is a mosquito-borne zoonotic viral dis-
ease affecting livestock and humans (26). The causative agent, the
RVF virus (RVFV), a Phlebovirus of the Bunyaviridae family (27),
is transmitted to vertebrates mainly by mosquitoes, but aerosols
and direct contact with infected biological material are also in-
volved in transmission during outbreaks. RVFV was first isolated
in the 1930s during a severe outbreak affecting sheep that caused
many animal deaths and abortions (28). RVFV is responsible for
high fatality rates in sheep and cattle. During outbreaks, various
symptoms are observed in humans, from mild febrile illness to
fatal hemorrhagic fever (for a recent review, see reference 29).
Initially confined to sub-Saharan regions of Africa where periodic
epidemics and epizootics had occurred, RVF spread to Egypt in
1977 and to the Middle East in 2000 (reviewed in references 30, 29,
and 31). Like all the members of the family, RVFV possesses a
single-stranded tripartite RNA genome of negative/ambisense po-
larity (32, 33). The L and M segments code, respectively, for the L
RNA-dependent RNA polymerase protein and for the precursor
to the glycoproteins Gn and Gc, which also generates two non-
structural proteins during processing. The S segment utilizes an
ambisense strategy and codes for two proteins in opposite polar-
ities, the nucleoprotein N and the nonstructural NSs protein (34).
The two open reading frames (ORFs) encoded by the S segment
are separated by a highly conserved intergenic region (IGR) which
possesses signals for transcription termination of the N and NSs
mRNAs (35–37).

During the last decade, efforts have been made to better under-
stand the pathogenesis in vertebrates. Recent studies have estab-
lished the fundamental role of the NSs protein in the mechanisms
of pathogenicity. This viral protein forms filaments in nuclei of
infected mammalian cells (38–40) and inhibits basal cellular tran-
scription and interferon-� gene transcription via the interaction
of NSs with, respectively, the p44 and p62 subunits of the TFIIH
general transcription factor (41, 42) and the SAP30 subunit of the
Sin3A repressor complex (43). NSs was also shown to downregu-
late the expression of PKR by degrading the protein through the
proteasome pathway (44–46). In addition, NSs interacts with
gamma satellite pericentromeric sequences, provoking abnormal
nuclei during cell division (38).

In contrast to the case with vertebrates, very little is known
about the effect of RVFV infection in mosquitoes and the response
to RVFV infection developed by these arthropods (47, 48). In this
work, we analyzed infection in three mosquito cell lines originat-
ing with Aedes aegypti (Aag2) and A. albopictus (U4.4 and C6/36).
We characterized RVFV-mosquito interactions using immuno-
fluorescence, biochemical analysis, and deep RNA sequencing ap-
proaches. We showed that all these cell lines were sensitive to
RVFV and produced virus but responded differently to RVFV

infection. In the case of Aag2 cells, the most obvious manifestation
was the rapid disappearance of the NSs filaments and the clearance
of the protein from both the nuclear and cytoplasmic compart-
ments. This phenomenon seemed to be exacerbated in U4.4 cells,
where NSs filaments were never observed. On the contrary, in
C6/36 cells, the NSs filaments that were observed in nuclei early
after infection remained visible throughout the time course of
infection. Deep-sequencing analysis of viRNAs produced in these
cell lines after RVFV infection revealed the presence of viRNAs in
the three cell types. The viRNAs increased in number during in-
fection and targeted the three segments of the RVFV genome, with
a preference for the S and M segments. The production of viRNAs
was extremely low in C6/36 cells, indicating an inefficient RNAi
system, in agreement with recent reports showing that the Dicer
RNAi pathway is disabled in these cells (49). In Aag2 cells, the
average size and the pattern of the viRNA population evolved as
infection progressed. The Dicer-2-mediated RNAi that appeared
to be preponderant in the early phase of infection was progres-
sively overtaken by Piwi-mediated RNAi in the later phases of
infection and during persistence. In the Dicer-2-incompetent
C6/36 cells, even though the Piwi-mediated RNAi pathway failed
to mount a primary antiviral response strong enough to allow the
establishment of persistence, it was sufficient to silence viral rep-
lication during secondary infection with a superinfecting virus. In
Aag2 and U4.4 cells, an efficient RNAi response implicating both
Dicer2 and Piwi was able to control RVFV replication, eliminate
the NSs protein, and establish persistence.

MATERIALS AND METHODS
Cells and viruses. Aag2 mosquito cells (a kind gift of the Lan Department
of Entomology, University of Wisconsin—Madison), which were derived
from Aedes aegypti larvae, were cultured and maintained in Schneider’s
Drosophila medium (21720; Gibco, Invitrogen) containing 10% fetal calf
serum (FCS) (Biowest-S1810-500). Aedes albopictus-derived C6/36 and
U4.4 cells were grown in Leibowitz’s L-15 medium (Gibco, Invitrogen-
BRL) supplemented with 10% FCS (Lonza-DE14-801-F)–2% tryptose
phosphate broth (Sigma). Mosquito cell lines were incubated at 28°C
without CO2. Murine fibroblastic L929 cells were cultured and main-
tained Dulbecco’s modified Eagle’s medium (DMEM) (31966; Gibco, In-
vitrogen) supplemented with L-glutamine and 10% of FCS. Penicillin (5
units/ml) and streptomycin (5 �g/ml) were added to the medium.

RVFV strain ZH548 was isolated from a human case in Egypt (50). The
rZHNSs and rZHDelNSs-RLuc RVFV recombinant strains were pro-
duced using the reverse-genetics system with the ZH548 genome (51, 52).
Virus stocks were produced by infecting Vero cells at multiplicity of in-
fection (MOI) of 10�3 and by harvesting the medium 72 h postinfection
(p.i.).

For most of the experiments, Aag2, C6/36, and L929 cells were infected
with ZH548 strain at an MOI of 5 PFU per cell and incubated in mainte-
nance medium supplemented with only 2% FCS during various periods of
time.

Virus titration. Virus was titrated by plaque assay by infecting conflu-
ent monolayers of Vero E6 cells with serial viral dilutions (10�1 to 10�7).
Cells were incubated under an agarose layer for 4 to 5 days at 37°C before
being fixed and stained with crystal violet solution (0.2% crystal violet,
3.7% formaldehyde, and 20% ethanol). Viral titers were calculated, taking
into account plaque numbers and the dilution factor. All the manipula-
tions involving RVFV were performed in biosafety level 3 (BSL-3) con-
tainment.

Immunostaining and confocal microscopy analysis. Aedes mosquito
cells and L929 cells grown on coverslips to 80% confluence were infected
with ZH548 at a MOI. of 5 PFU per cell. Cells were fixed with 3.7%
formaldehyde and permeabilized 10 min at room temperature with 0.25%
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Triton X-100 in phosphate-buffered saline (PBS). After 30 min of incu-
bation with PBS–5% BSA, the cells were incubated with the primary an-
tibodies, rabbit anti-N and mouse polyclonal anti-NSs, both diluted 1:500
in PBS–5% BSA. After 1 h of incubation at room temperature, the cover-
slips were washed four times in PBS–5% BSA and then treated with the
corresponding secondary antibodies (Alexa Fluor goat antibodies; Invit-
rogen) at a dilution of 1:800. Then, cell nuclei were stained with Hoechst
stain (1 �g/ml; Invitrogen). Cells were washed four times in PBS–5% BSA
and mounted by using Fluoromount solution (SouthernBiotech). Stained
cell samples were examined under a confocal microscope (Leica SP5), and
images were analyzed by the ImageJ software program (W. S. Rasband,
ImageJ, National Institutes of Health, Bethesda, MD [http://imagej.nih
.gov/ij/], 2011).

Western blot. Subcellular fractionation of insect and mouse cells was
performed as follows. Infected cells were pelleted by centrifugation at
2,000 rpm for 5 min, resuspended in cytoplasmic lysis buffer (25 mM Tris
HCl [pH 7.5], 50 mM NaCl, 2 mM EDTA, and 0.6% Nonidet P-40)
containing protease inhibitors (Complete protease inhibitor; Roche) and
incubated for 5 min on ice. The lysate was pelleted at 3,600 rpm for 2 min;
the supernatant (cytoplasmic fraction) was collected. The pellet was
washed gently and lysed in nuclear lysis buffer (25 mM Tris-HCl [pH 7.5],
50 mM NaCl, 2 mM EDTA, 0.6% Nonidet P-40, and 0.3% SDS) contain-
ing protease inhibitors (Complete protease inhibitor; Roche). After 5 min
of incubation on ice, the nuclear fraction was centrifuged at 10,000 rpm
for 10 min before being treated with DNase I (Roche) for 30 min at 37°C.
Whole-cell lysates were obtained by lysing pelleted cells directly in the
nuclear lysis buffer and treated as described above.

Lysates were run on a 12% polyacrylamide-SDS gel and blotted onto
nitrocellulose. Proteins were detected by using rabbit polyclonal antibod-
ies against NSs (a kind gift from J. M. Egly, IGBMC, Strasbourg, France)
(43) or mouse polyclonal antibodies against N.

Northern blots. Mosquito cells were infected with ZH548 at a MOI of
3 to 5 and incubated for various times at 28°C, and total cellular RNAs
were extracted by TRIzol reagent (Invitrogen) according to the manufac-
turer’s instruction. The aqueous phase was precipitated with propan-2-ol.
The precipitate was centrifuged for 30 min at 17,000 � g, and the pellet
was washed with 70% ethanol, dried, and dissolved in 30 �l of RNase-free
distilled water. Eight micrograms of total RNA was denatured in 10 mM
MOPS buffer containing 1 M glyoxal (Merck) and 50% of dimethyl sul-
foxide (DMSO). The MOPS buffer contains 20 mM 3-[N-morpholino]-
propanesulfonic acid, 5 mM sodium acetate, and 1 mM EDTA at pH 7.
The RNA samples were separated by electrophoresis at 50 V in 1.5%
agarose gels in MOPS buffer. RNAs were transferred onto Hybond-N
membranes (Amersham Pharmacia Biotech). Blotting was performed as
already described (37). Briefly, the N or NSs probe was synthesized in vitro
from linearized plasmids using either T7 or SP6 RNA polymerase in the
presence of [�-32P]CTP (3,000 Ci/mmol; PerkinElmer). After TRIzol ex-
traction, the probes were purified by filtration through Sephadex Quick
spin columns (Roche).

Luciferase reporter assay. Monolayers of mosquito cells grown in
12-well tissue culture plates were either left uninfected or infected with
ZH548 or rZHDelNSs at a MOI of 2 PFU per cell. After incubation for 24
h, 48 h, or 72 h, the cells were infected with the recombinant virus
rZHDelNSs-RLuc at a MOI of 2 PFU per cell and incubated for 24 h. Cells
were lysed in passive lysis buffer (Promega), and Renilla luciferase activity
was determined using a luciferase reporter assay system (Promega). The
results were normalized to those for mock-infected cells which were in-
fected with rZHDelNSs-RLuc.

Small-RNA isolation and deep sequencing. Approximately 3 � 106

Aag2, U4.4, and C6/36 cell grown in 25-cm2 flasks were infected with the
ZH548 RVFV strain with a MOI of 5 PFU per cell. Total RNA from
mosquito cells was extracted using the TRIzol reagent (Invitrogen) at 24 h,
48 h, or 72 h postinfection. The concentration, purity, and integrity of the
RNA samples were determined using the NanoDrop ND-1000 (Thermo
Scientific) and BioAnalyzer 2100 (Agilent) instruments.

Small-RNA libraries were prepared with the “small RNA sample prep
v1.5 conversion kit,” following the manufacturer’s instructions (Illu-
mina). Briefly, the 10- to 30-bp RNA fragments were purified from total
RNA on a 15% urea PAGE gel (Bio-Rad). The purified small RNAs were
ligated with 3= RNA adaptor (5=-/5rApp/ATCTCGTATGCCGTCTTCTG
CTTG/3ddC/), which is specifically modified to target miRNAs and other
small RNAs that have a 3= hydroxyl group resulting from cleavage by Dicer
and other RNA processing enzymes. The 5= RNA adaptor (5=-GUUCAG
AGUUCUACAGUCCGACGAUC) was then ligated to the 5= phosphate
end of small RNA. Reverse transcription was done to convert the RNA to
cDNA, which was then selectively amplified by PCR. The PCR products
were purified by 10% PAGE (Bio-Rad) in a size range between 90 to 130 nt
and checked on a high-sensitivity DNA chip (Agilent). Libraries were
sequenced using the Illumina genome analyzer II to generate single-end
36-bp reads. Adapter sequences and sequences of low quality were re-
moved using a KNIME workflow (53–55). The sequences were then
aligned to the RVFV reference genome (GenBank accession number
DQ380206) using the software program Bowtie (56) (version 0.12.7 and
the following parameters: -a/– best/-q/-m50/-e50/-solexa1.3-quals).
Reads conforming to specific length constraints (18 to 30, 21, 24 to 25, or
27 to 28) were subselected and further partitioned according to the strand
they aligned to. Counts per position for statistical analysis were calculated
using the pileup command from the samtools software package (57). The
logos sequences were generated using a local version of the software pro-
gram Seqlogo (53–55) from weblogo.berkeley.edu.

RESULTS
Mosquito cells are susceptible to infection by the ZH548 strain
of RVFV. To examine the impact of RVFV infection on mosquito
cells, we used continuous cell lines derived from Aedes mosqui-
toes, which are a competent vector for RVFV, the C6/36 and U4.4
cells subcloned from the Singh’s original Aedes albopictus cultures
(58, 59), and the Aag2 cells originally derived from Aedes aegypti
by Peleg (60) and further characterized by Lan and Fallon (61).
The three mosquito cell lines were infected at a MOI of 2 with the
naturally virulent ZH548 strain of RVFV isolated from a human
case during the Egyptian outbreak in 1977-1978. After infection,
cells were incubated at 28°C for 24, 48, and 72 h p.i., and the
presence of infectious viral particles in the medium was deter-
mined by plaque assay (Fig. 1A). For comparison, the L929 mu-
rine fibroblasts were infected and analyzed in parallel. The best
viral yield (108.4 PFU/ml) was obtained in C6/36 cells; it was
slightly higher than the titer produced in L929 cells (107.8 PFU/
ml). The most restricted viral growth was observed in Aag2 or
U4.4 cells, with a maximal titer of 106.7 PFU/ml. In mosquito cells,
the complete virus cycle lasted longer than that in mammalian
L929 cells due to the lower incubation temperature: a plateau was
reached at approximately 24 h p.i., compared to 16 h p.i. in L929
cells. Repeatedly, C6/36 cells produced the highest viral titers
compared to Aag2 or U4.4 cells, which is in agreement with the
sensitivity of C6/36 cells to arbovirus growth. It is noteworthy that
the infected L929 cells were all dead within 48 h, whereas none of
the RVFV-infected mosquito cells exhibited any cytopathic effect
after 6 or 7 days p.i. (data not shown).

RVFV NSs protein is differentially expressed in C6/36, U4.4,
and Aag2 cells. Because NSs plays a major role in virulence and
cytotoxicity in vertebrates (62, 63), its expression was assessed by
immunofluorescence and confocal microscopy (Fig. 1B), as well
as by Western blotting (Fig. 1C), for all three mosquito cell lines
infected with the RVFV ZH548 strain. Characteristic filaments
formed by NSs, which have been extensively described for mam-
malian cells (38–40), were observed in L929 cells at 8 h p.i. run as
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FIG 1 RVFV replicates in mosquito cells but downregulates expression of its NSs protein. (A) Cell cultures were infected with ZH548 at a MOI of 3 to 5.
Maintenance medium was collected, and virus was titrated by PFU. (B) Cells stained with 4=,6-diamidino-2-phenylindole (DAPI) and using antibodies against
N (red) NSs (green) were examined by immunofluorescence. (C) Western blot of cytoplasmic (C) and nuclear (N) extracts using antibodies against RVFV N and
NSs and beta-tubulin. MG132 was added for 6 h, from 66 to 72 h p.i. (�MG132) (D) Total RNAs analyzed by Northern blotting using probes hybridizing with
the S antigenome and N mRNA (upper panels) and genome and NSs mRNA (lower panels).
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a control (Fig. 1B). In Aag2 cells, nuclear NSs filaments that were
observed at early times (24 h) p.i. almost totally disappeared as
infection progressed (Fig. 1B). In C6/36 cells, NSs formed nuclear
filaments, as in the case of L929 cells, starting at a relatively early
time p.i. (16 h p.i.) and remaining visible during the entire time
course of infection. In contrast, formation of NSs filaments was
never observed in U4.4 cells. As in the mammalian cells, the viral
N protein accumulated in the cytoplasm of all cell lines tested (Fig.
1B), confirming the sensitivity of the mosquito cells to RVFV in-
fection.

To ascertain these results, the presence of the viral proteins N
and NSs was also analyzed by Western blotting after fractionating
RVFV-infected cells into cytoplasmic and nuclear extracts
(Fig. 1C). As expected, the N protein was detected only in the
cytoplasmic fraction at all collection times and in all the cell lines,
indicating that the fractionation was performed adequately since
this virus replicates only in the cytoplasm. In agreement with im-
munofluorescence data, the NSs protein was present in both the
cytoplasmic and nuclear fractions at all the collection time points
in L929 and C6/36 cells. In Aag2 cells, NSs was detected in both the
cytoplasm and nuclear fractions at 24 h p.i. but disappeared pro-
gressively, first from the nuclear fraction at 48 h p.i. and finally
from both compartments, so that at 72 h p.i., no NSs band was
visible in either of these fractions (Fig. 1C). Since the NSs fila-
ments are stable, at least in mammalian cells, their disappearance
suggested a possible degradation by the proteasome. Treatment of
the infected cells with the proteasome inhibitor MG132 for 6 h
from 66 to 72 h p.i. restored NSs only in the cytoplasmic fraction
(Fig. 1C), but no filament could be recovered in nuclei after the
treatment (not shown). This indicated that the filament formed in
the early phase of infection in Aag2 cells was likely eliminated
through proteasome degradation. In the case of U4.4 cells, the NSs
protein was never detected in the nuclear fraction and was only
visible in the cytoplasmic fraction at 24 h p.i. (Fig. 1C). It is note-
worthy that RVFV produced in mosquito cells was genetically
stable since no mutation in the viral genome was observed during
sequencing even after 12 passages in Aag2 cells, with NSs still
forming nuclear filaments after infection of L929 cells (not
shown). The disappearance of the NSs protein in Aag2 cells and its
absence in U4.4 cells suggested that expression of NSs could be
inhibited at the transcriptional level in these mosquito cells.

NSs expression is downregulated at the transcriptional level
in Aag2 and U4.4 cells but not in C6/36 cells. To determine
whether the expression of NSs was regulated at the transcriptional
level, total cellular RNAs from the RVFV-infected cells were ex-
tracted and analyzed by Northern blotting using radioactive
probes allowing detection of the S genome or antigenome and of
the NSs and N mRNAs (Fig. 1D). At early time points, the four
RNA molecules were easily observed in the three cell lines, the N
and NSs mRNAs being at optimal levels at 16 h p.i. However, at
later time points, the synthesis of N and NSs mRNAs was regulated
differently depending on the cell line. In C6/36 cells, the two
mRNAs remained at a high and constant steady-state level all
through infection, whereas in Aag2 cells, both mRNAs declined
rapidly starting at 24 h p.i. This phenomenon was more pro-
nounced in U4.4 cells than in Aag2 cells. Concerning the synthesis
of the RVFV genome/antigenome, both RNA molecules accumu-
lated in C6/36 cells through the course of infection, while the
amounts of genome and antigenome were significantly reduced at
late times in Aag2 cells. Slightly smaller amounts of antigenome

accumulated in U4.4 cells compared to those on C6/36 or Aag2
cells (Fig. 1D).

The viRNA population in Aag2 cells evolves during the
course of infection. In insects, RNAi is a major antiviral defense
mechanism that activates the cleavage of viral double-stranded
RNAs into 21-nt siRNAs by Dicer-2 (reviewed in reference 16). To
determine if RVFV infection differentially induced an RNAi re-
sponse in the three mosquito cell lines used in this work, the pres-
ence of viRNAs was investigated by deep RNA sequencing and
mapping to the RVFV genome and antigenome. Because Aag2
cells constitute a good model when analyzing RVFV infection in
mosquito cells, the presence of viRNAs was first analyzed in this
cell type. Thus, Aag2 cells were infected with ZH548 RVFV at a
MOI of 5, and total cellular RNAs were extracted at 24 h, 48 h, and
72 h p.i. (Table 1). The sizes of RNAs selected for sequencing
ranged from 10 to 36 nt. Each sample generated similar numbers
of reads, i.e., approximately 20 � 106 reads. Most of these siRNAs
aligned to the RVFV genome or antigenome and were therefore
considered viRNAs. Their population increased during the time
course of infection, representing 4%, 10%, and 24% of total
siRNAs at 24 h, 48 h, and 72 h p.i., respectively. More than 95% of
the viRNAs had sequences strictly identical to the viral sequence,
with only 4 to 7% of viRNAs carrying one mismatch compared to
the RVFV ZH548 reference sequence.

The viRNAs were distributed according to each segment of the
viral genome (Table 1). Considering the number of reads normal-
ized per segment length, the S segment (1,690 nt in length) was the
most intensely targeted through the entire time course of infec-
tion, with 280 � 103, 680 � 103, and 1,400 � 103 reads per kb,
respectively, at 24, 48, and 72 h p.i., followed by the M segment
(3,885 nt in length) with 90 � 103, 170 � 103, and 580 � 103 reads
per kb, respectively, at 24, 48, and 72 h p.i. The L segment (6,404 nt
in length) was the least targeted, with 8.4 � 103, 19.4 � 103, and
48.8 � 103 reads per kb, respectively, at the three selected time
points. It can be noticed that the number of reads mapping to each
segment increased similarly for the L, M, and S segments during
the time course of infection, since the increase for each segment at
72 h compared to the result at 24 h p.i. was, respectively, 5.7-, 6.3-,
and 5.1-fold. A small population of siRNAs from noninfected cells
mapped to each of the segments of the viral genome, but their
average length of 11 nt differed significantly from that of the
viRNAs present in infected cells (Table 1).

For each segment, viRNAs were mapped to the genome or the
antigenome: for the L and M segments, viRNAs were almost
evenly distributed among the genome and antigenome, but for the
S segment, a strong bias was observed at each time point, since
approximately 90% of the viRNAs specific for the S segment
aligned to the antigenome (Table 1).

The size distribution of the viRNAs, ranging from 18 to 30 nt
and aligning to the whole genome/antigenome, is shown in Fig. 2.
At each time point, the pattern was different between those map-
ping to the S segment and those mapping to the L and M segments.
For the L and M segments, the class of 21-nt viRNAs was predom-
inant in samples collected at 24 h and 48 h p.i., and each size class
of viRNAs was relatively homogenously distributed between the
genome and antigenome. While the total amount of viRNAs de-
rived from the L and M segments increased between 24, 48, and 72
h p.i. (note the different scales on the histograms), an important
change in size distribution occurred at 72 h p.i., with a broad class
of 24- to 28-nt viRNAs becoming predominant at this time p.i.
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(Fig. 2). In the case of the S segment, the 21-nt-long viRNAs of
both polarities were present at 24 and 48 h p.i., but additional
classes smaller (18 to 20 nt) and larger (24 to 28 nt) in size, mainly
aligning to the antigenome, also contributed to the population of
viRNAs. Between 24 h and 48 h p.i., the number of reads in each
size class increased by at least a factor of 2. At 72 h p.i., the profile
of the size distribution changed significantly as the class of 21 nt
became minor, giving the impression of disappearing even though
they remained constant or increased slightly over time compared
to the class of 24 to 28 nt. In addition, the antigenomic viRNAs
were strikingly more abundant than the genomic ones; this was
also true at 24 h and 48 h p.i. but was exacerbated at 72 h as the
genome-derived viRNAs became a minority. At 72 h p.i., while
viRNAs derived from the L and M segments had a predominant
size of 27 to 28 nt, those derived from the S segment were predom-
inantly 24 or 25 nt long.

According to current knowledge, the 21-nt-long viRNAs are
typical siRNAs generated by the Dicer-2-dependent RNAi path-
way, whereas RNAs of 24 to 30 nt are processed through the Dicer-
independent Piwi (piRNA) pathway (64). In Drosophila, the
piRNAs were reported to possess a 5= U bias, with the ping-pong
piRNAs enriched in A at position 10 (24). Although little is known
about the mosquito Piwi pathway, a similar sequence signature

was observed in arbovirus-infected mosquitoes (49, 65). There-
fore, based on the size range of the viRNAs produced in Aag2
cells after RVFV infection, we assumed that the 21-nt viRNAs,
produced predominantly during the early phase of infection,
were generated by the Dicer-2-dependent pathway while the
24- to 30-nt viRNAs, which became predominant later, were
produced by the Dicer-2-independent Piwi-derived pathway.
This assumption was clearly substantiated by the Logo analysis
(Fig. 3): none of the 21-nt viRNAs in the genomic or antigeno-
mic polarity displayed any signature of piRNAs. In contrast, an
A at position 10 was predominant among the 27- to 28-nt
viRNAs of genomic polarity, and a U at the 5= end was often
observed for those of opposite polarity, indicating a ping-pong
signature. It should be noted that at the early time point (24 h
p.i.), viRNAs with a Piwi signature were already visible, even
though they were much less abundant than later after infection
(Fig. 3). Because the class of 24- to 25-nt viRNAs became im-
portant at later times p.i., particularly for the S segment, the
sequences of these viRNAs were also analyzed: an A at position
10 was predominant in viRNAs aligning to the genome, while
those which aligned to the antigenome were rather heteroge-
neous in sequence (Fig. 3), suggesting that they were not ping-

TABLE 1 Characteristics of viRNAs expressed in RVFV-infected mosquito cells; evolution during acute and persistent infection in Aag2 cells

Small-RNA
library

RVFV RNA
segment Time p.i. (h)

Reads aligning to RVFV genome

Total reads Reads with mismatches (%)

No. total (unique)

Avg
length
(nt)

Avg
quality
scorea

No. (%):

Genomic sense Antigenomic sense 0 �1

Aag-2 L segment Mock infection 21,888 (16,682) 10.63 35.44 7,274 (33.2) 15,624 (71.3) 528 (2.41) 21,360 (97.6)
24 54,195 (53,682) 19.11 36.23 23,308 (43) 31,092 (57.3) 41,911 (77.3) 12,284 (22.6)
48 124,516 (119,998) 18.66 36.53 61,825 (49.6) 63,929 (51.3) 92,358 (74.2) 32,158 (25.8)
72 312,657 (306,790) 23.68 36.67 112,001 (35.8) 201,910 (64.6) 282,132 (90.2) 30,525 (9.8)
Passage 3 609,884 (593,874) 23.01 36.69 336,885 (55.2) 281,208 (46.1) 553,914 (90.8) 55,970 (9.2)

M segment Mock infection 10,352 (9,450) 11.33 34.75 6,625 (64) 4,228 (40.8) 527 (5.1) 9,825 (94.9)
24 355,721 (355,353) 22.77 36.37 190,798 (53.6) 165,063 (46.4) 341,638 (96) 14,083 (4)
48 678,728 (675,733) 21.51 36.6 349,433 (51.5) 330,379 (48.7) 639,250 (94.2) 39,478 (5.8)
72 2,265,853 (2,249,092) 24.34 36.63 1,045,619 (46.1) 1,222,596 (53.9) 2,185,093 (96.4) 80,760 (3.6)
Passage 3 1,469,089 (1,458,095) 24.05 36.58 936,518 (63.7) 535,245 (36.4) 1,408,329 (95.9) 60,760 (4.1)

S segment Mock infection 4,338 (4,139) 11.78 35.08 1,435 (33.1) 2,975 (68.6) 446 (10.3) 3,892 (89.7)
24 472,666 (464,823) 19.61 35.92 56,205 (11,9) 416,499 (88.1) 454,575 (96.2) 18,091 (3.8)
48 1,147,187 (1,136,372) 18.83 36.07 81,385 (7.1) 1,065,959 (92.9) 1,102,611 (96.1) 44,576 (3.9)
72 2,412,216 (2,407,348) 23.12 36.37 164,089 (6.8) 2,248,302 (93.2) 2,340,636 (97) 71,580 (3)
Passage 3 2,828,925 (2,824,469) 22.93 36.5 187,089 (6.6) 2,641,998 (93.4) 2,742,861 (97) 86,064 (3)

U4.4 L segment Mock infection 23,802 (16,542) 10.7 35.22 19,110 (80.3) 7,281 (30.6) 627 (2.6) 23,175 (97.3)
48 153,413 (151,045) 23.2 36.14 73,141 (47.7) 81,092 (52.8) 138,236 (90.1) 15,177 (9.9)

M segment Mock infection 17,856 (14,417) 10.54 34.71 8,646 (48.4) 9,616 (53.8) 579 (3.2) 17,277 (96.8)
48 1,967,446 (1,966,524) 24.95 36.28 1,300,017 (66) 667,784 (33.9) 1,855,337 (94.3) 112,109 (5.7)

S segment Mock infection 6,386 (6,120) 11.48 34.72 1,485 (23.2) 4,955 (77.6) 890 (13.9) 5,496 (86.1)
48 2,114,814 (2,113,941) 25.06 36.1 257,160 (12.1) 1,857,749 (87.8) 2,020,445 (95.5) 94,369 (4.5)

C6/36 L segment Mock infection 17,784 (11,576) 10.6 35.4 13,011 (73.1) 7,515 (42.3) 787 (4.4) 16,997 (95.6)
48 47,428 (44,986) 15.86 32.9 24,092 (50.8) 24,541 (51.7) 30,441 (64.2) 16,987 (35.8)

M segment Mock infection 13,259 (12,627) 10.96 35.1 5,117 (38.6) 8,531 (64.3) 601 (4.5) 12,658 (95.5)
48 198,265 (196,710) 17.28 33.45 133,373 (67.2) 66,138 (33.3) 176,283 (88.9) 21,982 (11.1)

S segment Mock infection 9,343 (9,148) 11.66 35.72 3,064 (32.8) 6,318 (67.6) 882 (9.4) 8,461 (90.6)
48 134,035 (133,678) 17.27 32.99 25,488 (19) 108,613 (81) 118,869 (88.7) 15,166 (11.4)

a Quality score represents an average of the confidence in each sequenced nucleotide in each viRNA.
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ping piRNAs like the 27- to 28-nt viRNAs but still derived from
the Piwi pathway (see Discussion).

Hot spots targeted by the 21- and 27-nt viRNAs in Aag2 cells
localized at different positions in the RVFV genome. To charac-
terize the viRNA populations more accurately, we aligned them to
the viral genome sequences, and their matching frequency was
determined for each nucleotide across the length of each segment
in both orientations. The three classes, 21, 24/25, and 27/28 nt,
were analyzed separately (Fig. 4). Figure 4A shows that the 21-nt-
long viRNAs mapped to the three segments of the genome at 24,
48, and 72 h p.i. Regions intensely targeted, defined as “hot spots,”
were scattered over each segment in both the genome and antig-
enome strands. These hot spots increased in intensity at 48 and 72
h, but their position in each segment remained exactly the same.
Targeting on both strands suggests that the viral replicative forms,
which might be transiently in double-stranded form at the fork of
replication in this negative-stranded RNA virus, triggered the
RNAi response.

The 24/25-nt and 27/28-nt viRNAs also mapped to the three
segments of the RVFV genome/antigenome, with some intensely
targeted regions (Fig. 4B and C). For the S segment in particular,
these viRNAs generally targeted the antigenome more abundantly
than the genome. Generally, the hot spots corresponding to the
three size classes of viRNAs did not target the same positions,
strongly suggesting that they were produced by different mecha-
nisms. There is one noticeable exception, however: the hot spot

near position 1100 in the S segment was observed in the profile of
the three size classes of viRNAs. In general, new hot spots ap-
peared at 72 h p.i., compared to 24 and 48 h p.i., especially on the
M and S segments, and the viRNA frequencies increased signifi-
cantly during the course of infection.

Altogether, these results indicated that the RNAi pathway in-
duced in Aag2 cells after RVFV infection changed during the
course of infection, with the Dicer-2 and Piwi pathways dominat-
ing, respectively, the early and late phases of infection.

The Piwi RNA pathway becomes preponderant in persis-
tently RVFV-infected Aag2 cells. Infection of mosquito cell lines
by arboviruses usually leads to persistent infection with no cyto-
pathic effect, survival of the culture, which can be passaged many
times, and production of infectious virus, though viral titers may
vary with passages. When choosing the different time points, 24 h,
48 h, and 72 h p.i., we selected early, medium, and late times of the
acute phase. However, it is difficult to determine when the acute
phase ends and when the persistent/chronic infection starts. Con-
sidering that the viral cycle lasts approximately 20 to 24 h, it is
likely that at 48 h and 72 h p.i., the cells have already entered the
persistent state. To investigate RNAi during persistence, ZH548-
infected Aag2 cells were passaged at regular intervals (4 to 6 days).
As already described for other arboviruses, RVFV titers were
found to fluctuate from approximately 105 to 102 PFU/ml, de-
pending on the passage. The NSs filaments were never observed in

FIG 2 Kinetics of viRNA profiles in Aag2 cells during RVFV infection. Size distribution and density plots of viRNAs mapping to the L, M, and S segments, with
the upper and lower histograms representing the genome and antigenome sense, respectively.
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any of the 12 to 15 passages, while immunostaining showed that N
was expressed (not shown).

To determine how RNAi was regulated during persistence, we
selected ZH548-infected Aag2 cells at passage 3 and subcultured
them for 24 h after the third passage, extracted their RNAs, and
sequenced their small RNAs. The number of reads and the pro-
portion of viRNAs aligning to the RVFV genome were similar to
those obtained during acute infection, with a bias again toward
viRNAs of antigenomic sense for the S segment (Table 1). Fig-
ure 5A shows the distribution of these viRNAs among the three
segments according to their sizes. Although the presence of some

21-nt viRNAs was detected, they represented a minor class, espe-
cially among those mapping to the S and M segments. The major-
ity of the viRNA population ranged from 23 to 28 nt in size, with
a peak at 24 to 25 nt. Similarly to what was observed during the
acute infection, the viRNA aligning to the L and M segments
mapped almost equally to the genome and antigenome, whereas
the viRNAs aligning to the S segment mapped almost exclusively
to the antigenome. The sequence of the viRNAs was analyzed: the
Piwi ping-pong signature was clearly visible for the 27- to 28-nt
viRNAs, which were enriched in 5=-terminal uridine and an aden-
osine at position 10, respectively, in the viRNA aligning to the

FIG 3 Sequence analysis of viRNAs. Logo analysis of 21-, 24/25-, and 27/28-nt viRNA of the genomic (sense) or antigenomic (antisense) polarity at each time
point.
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FIG 4 Mapping of viRNAs produced in Aag2 cells on the RVFV genome. Histograms represent the distribution of the 21-nt (A), 24/25-nt (B), or 27/28-nt (C)
viRNAs, with the upper and lower histograms representing the genome and antigenome sense, respectively.
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FIG 5 Production of viRNAs in RVFV-persistently infected Aag2 cells at passage 3. Size distribution and density of the viRNAs aligning to each segment of RVFV
genomic (upper) and antigenomic (lower) strand in ZH548-persistently infected Aag2 cells which underwent 3 passages are shown. Total RNAs were collected
at 24 h after the third subculture (A). (B) Logo analysis of 21-, 24/25-, and 27/28-nt viRNA of the genomic (sense) or antigenomic (antisense) polarity. (C to E)
Mapping of the 21-nt (C), 24/25-nt (D), or 27/28-nt (E) viRNAs on the RVFV genome.
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antigenome or the genome (Fig. 5B). In the case of the 24/25-nt
viRNAs, a significant enrichment in A10 and U1 for the genome
and antigenome viRNAs could be observed (Fig. 5B), suggesting a
Piwi origin. The origin of the 21-nt viRNAs was not clear, since
they were enriched in A10 and U1. The distribution of the hot
spots (21-nt, 24/25-nt, and 27/28-nt viRNAs) on the three seg-
ments was also analyzed (Fig. 5C to E). The localization of the
major hot spots was similar to that found during the acute infec-
tion. Altogether, these results indicate that the RNAi response
mounted by the infected cells at passage 3 had the same character-
istics as the one observed in cells infected for 72 h, with a clear
preponderance of piRNAs.

Dicer-2- and Piwi-mediated RNAi responses are expressed in
U4.4 cells. To determine if the production of viRNAs was depen-
dent on cell lines and/or on the mosquito species, we carried out
deep RNA sequencing on ZH458 RVFV-infected U4.4 and C6/36
cells, which are both derived from A. albopictus mosquitoes. For
logistic reasons, only the 48-h time point was analyzed. Table 1
indicates that the total number of reads obtained with these sam-
ples was similar to that obtained from infected Aag2 cells. Con-
cerning the reads aligning to the RVFV genome, a strong differ-
ence was observed between U4.4 (or Aag2) and C6/36 cells. In
C6/36 cells, a much smaller percentage (2.1%) of reads aligned to
the RVFV genome than in U4.4 (20% of the total number of reads)
or Aag2 (10.3%) cells. Interestingly, the number of viRNAs ob-
served at 48 h in U4.4 cells (4.2 � 106) was approximately 2-fold
higher than that in Aag2 cells at the same time point and was close
to that observed at 72 h in Aag2 cells (4.98 � 106) (see Table 1),
suggesting that the RNAi activity was very efficient in U4.4 cells,
with an accelerated and probably exacerbated process. This is in
agreement with the results shown in Fig. 1, showing the down-
regulation of the viral mRNAs.

The distribution of the viRNAs in U4.4 cells is shown in Fig.
6A. The overall profile resembles the one shown in Fig. 2 for Aag2
cells. We aligned the viRNAs to the viral sequence and determined
their frequency per nucleotide across the length of each segment in
both orientations. Similarly to Aag2 cells, the viRNAs matched to
the S segment more abundantly than to the M segment, which in
turn was more targeted than the L segment. The size distribution
of viRNAs was also similar to that observed in Aag2 cells. How-
ever, the profile observed in U4.4 cells at 48 h p.i. was closer to that
found in Aag2 cells at 72 h p.i. For the L and M segments, two
preponderant classes of 21 and 27 nt aligned almost equally to the
genome and antigenome. For the S segment, the dominant class
was 24- to 28-nt viRNAs, aligning almost exclusively to the antig-
enome. The Logo analysis of each size class of viRNAs indicated
that the 21-nt viRNAs had no Piwi signature, but the 24- or 25-nt
and 27- or 28-nt viRNAs did, even though only the 27- or 28-nt
ones had a clear ping-pong signature (Fig. 6B), also as previously
observed in Aag2 cells (Fig. 2).

Again as in Aag2 cells, the 21-, 24/25-, and 27/28-nt viRNAs
observed in U4.4 cells revealed significant differences in intensity
and localization (compare Fig. 4A to C to Fig. 6C to E). In U4.4
cells, the positions of the hot spots in the three segments were the
same as those found in Aag2 cells, suggesting the existence of
conserved features for the generation of hot spots. These data
indicated that the two different species of mosquitoes, A. aegypti
and A. albopictus, displayed similar antiviral responses after RVFV
infection.

viRNAs in C6/36 cells possess a Piwi signature. In C6/36 cells,

not only was the number of reads aligning to the RVFV genome
much lower (approximately 10-fold) than that in U4.4 or Aag2
cells (Table 1), but also the profile of the viRNAs was quite differ-
ent from that observed for U4.4 or Aag2 cells (Fig. 7A). Every size
class, including 21- or 27-nt-long viRNAs, was represented, but
the distribution was heterogeneous. It is noteworthy that the class
of 18- to 20-nt viRNAs was abnormally abundant compared to
those observed in Aag2 and U4.4 cells, suggesting that they were
degraded by a nuclease activity, similar to what has been observed
in West Nile virus-infected C6/36 cells (66). However, this was
unlikely to be due to inappropriate treatments, since ribosomal
(not shown) and viral RNAs (Fig. 1) did not exhibit any degrada-
tion. The Logo analysis showed that the 27- or 28-nt viRNAs pre-
sented the A10/U1 ping-pong signature; no sequence preference
was visible in the 24/25- and 21-nt viRNAs (Fig. 7B). The location
of hot spots corresponding to the 21-, 24/25-, or 27- /28-nt
viRNAs was determined for each segment (Fig. 7C to E). Many hot
spots were found at the same position as in Aag2 or U4.4 cells.

Because of the unexpected size profile of the viRNAs in C6/36
cells, we extended the analysis to a broader range of 10 to 30 nt
instead of the usual 18 to 30 nt (Fig. 8), and we compared the
viRNA profiles obtained at 48 h p.i. in the three cell lines. In C6/36
cells, we observed a prominent peak of 14 to 19 nt aligning to the
three segments of the genome and antigenome in addition to the
21- and 23- to 28-nt viRNAs already described (Fig. 8A). In Aag2
cells, viRNAs of 14 to 19 nt were also visible in the profile of the S
segment and to a lesser extent of the M segment (Fig. 8A). In U4.4
cells, the small class of viRNAs was detected but represented only
a minor population. To determine if these viRNAs were derived
from longer ones, such as the 21-, 24/25-, or 27/28-nt viRNAs, we
mapped them across the three segments and compared the loca-
tions of the hot spots (Fig. 8C). The profile was not comparable
either to the 27/28-nt piRNAs or to the 21-nt viRNAs, suggesting
that they were not generated by the same process. To further char-
acterize these small viRNAs, we analyzed their sequences: no ca-
nonical signature was observed in any strand, but a predominant
sequence enriched in Gs in the antigenomic strand appeared to be
conserved in the three cell lines (Fig. 8B). Such a sequence was not
detected in noninfected cells (not shown).

Altogether, these results suggest that upon RVFV infection, the
RNAi responses are similar in Aag2 and U4.4 cells but different in
C6/36 cells. Concerning C6/36 cells, our data are in accordance
with the recent reports (49, 66, 67) which indicated that C6/36
cells are defective in RNAi due to a homozygous single nucleotide
deletion in the Dicer-2 gene which leads to a premature termina-
tion codon and a truncated inactive protein (49). Unexpectedly,
we found a significant number of very small viRNAs (13 to 19 nt)
in these cells and in Aag2 cells. Similarly, unusually small viRNAs
were observed in dengue-2 virus-infected Aedes aegypti mosqui-
toes and in mammalian cells (68, 69). Their origin remained un-
determined (see Discussion).

RVFV-infected C6/36 cells are able to mount an efficient
PDR in spite of the absence of a functional Dicer-2 pathway. In
addition to a defense mechanism against viruses, RNAi is involved
in RNA silencing implicated in several phenomena, such as patho-
gen-derived-resistance (PDR) or posttranscriptional gene silenc-
ing. However, the importance of the siRNA and piRNA pathways
in these phenomena has not yet been characterized. PDR is devel-
oped by insects and plants to prevent superinfection with a ho-
mologous virus (70). Therefore, we took advantage of the dys-
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FIG 6 Production of viRNAs in U4.4 cells infected with RVFV. (A) Size distribution and density of the viRNAs aligning to each segment of RVFV genomic
(upper) and antigenomic (lower) polarity in U4.4 cells infected by RVFV ZH548 collected at 48 h p.i.. (B) Logo analysis of 21-, 24/25-, and 27/28-nt viRNA of
the genomic (sense) or antigenomic (antisense) polarity. (C to E) Mapping of the 21-nt (C), 24/25-nt (D), or 27/28-nt (E) viRNAs on the RVFV genome.
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FIG 7 Production of viRNAs produced in C6/36 cells infected with RVFV. (A) Size distribution of the viRNAs of genomic (upper) and antigenomic (lower)
polarity in C6/36 cells infected by RVFV ZH548 collected at 48 h p.i. (B) Logo analysis of 21-, 24/25-, and 27/28-nt viRNA of the genomic (sense) or antigenomic
(antisense) polarity. (C to E) Mapping of the 21-nt (C), 24/25-nt (D), or 27/28-nt (E) viRNAs on the RVFV genome.
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FIG 8 Analysis of unusually small viRNAs produced in mosquito cells infected with RVFV. (A) Size distribution of the viRNAs of genomic (upper) and
antigenomic (lower) polarity in Aag2, U4.4, and C6/36 cells infected by RVFV ZH548, collected at 48 h p.i. (B) Logo analysis of 15-nt viRNA of the genomic
(sense) or antigenomic (antisense) polarity. (C) Mapping of the 15-nt-long viRNAs on the RVFV genome in the three cell lines.
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functional Dicer pathway in C6/36 cells to determine whether this
pathway is required for PDR. In order to do this, the C6/36 cells
were primarily infected with RVFV ZH548 (or rZHDelNSs, in
case NSs would have a specific detrimental effect) and then super-
infected with the homologous RVFV rZHDelNSs-RLuc, express-
ing Renilla luciferase in place of NSs (51, 52). The experiments
designed to assess PDR in C6/36 cells were also performed with
U4.4 and Aag2 cells. Cells were superinfected either at 24 h, 48 h,
or 72 h after primary infection, and the ability of the primarily
infected cells to replicate the superinfecting virus was assessed
through the expression of Renilla luciferase. Cells which were not
infected with the primary RVFV were used to evaluate the 100%
replication activity of rZHDelNSs-RLuc. In C6/36 cells infected by
ZH458, replication of the superinfecting virus was inhibited dras-
tically (approximately 99%) at the three time points, and the level
of inhibition was similar to that observed in ZH548-infected Aag2
cells (approximately 98 to 99%). The restriction observed in
C6/36 cells was even more stringent than that in U4.4 cells, where
viral replication was less inhibited, particularly in the 24-h-p.i.
sample (88%). Interestingly, replication of the superinfecting vi-
rus was also drastically inhibited in the three cell lines infected
primarily with rZHDelNSs, indicating that NSs had no significant
impact on the phenomenon. Altogether, these results demon-
strated that the Dicer-2-defective C6/36 cells were able to mount
an efficient PDR against the superinfecting virus at least as effi-
ciently as Aag2 or U4.4 cells, indicating that a functional Dicer-2
pathway was not required for PDR and that most likely the Piwi
pathway alone was able to carry out this activity.

DISCUSSION

Many species of mosquitoes infected by RVFV have been found in
nature, suggesting that they are competent vectors for transmit-
ting the virus. Once infected, females of competent vectors can
transmit RVFV to their eggs by vertical transmission and infect
vertebrates via saliva when taking a blood meal. In order to avoid
any detrimental effect in the infected mosquito cells, viral replica-
tion must be tightly controlled. To this end, mosquitoes have de-
veloped RNAi mechanisms which control virus replication. Con-
trary to the case for RVFV infection in vertebrates, little is known
concerning RVFV infection in mosquito cells. In this work, we
have analyzed the mosquito-RVFV interactions at the cellular and
molecular levels with a particular emphasis on the RNAi response,
which was characterized using a large-scale deep-sequencing ap-
proach. This analysis was carried out with cell cultures from A.
albopictus and A. aegypti mosquitoes known to be competent vec-
tors.

Altogether, our results point out the major role of the Dicer-2
pathway for restriction of viral growth during RVFV infection.
C6/36 cells from A. albopictus, which have been recently reported
to be deficient in the Dicer-2 pathway (49, 66, 67), were able to
replicate RVFV to high titers, while the fully competent Dicer-2
U4.4 cells, also derived from A. albopictus, were more efficient in
restricting RVFV growth. The restriction was particularly evident
when examining the NSs filament: U4.4 cells were able to extin-
guish the NSs expression and the filament formation, while C6/36
cells did not. However, the C6/36 cells, which possess a functional
Piwi pathway, were able to mount an antiviral response against a
secondary infection with a related virus during PDR. Although it
cannot be excluded that mechanisms other than RNAi may be
involved in PDR (71–73), these data strongly suggest that the Di-

cer-2 pathway is not necessary for the establishment of PDR and
that the Piwi pathway alone can support the antiviral response
implicated in PDR. The observation that PDR is efficient in C6/36
cells is not unique to RVFV, since it was also found for C6/36 cells
infected by other arboviruses or expressing dengue-2 virus-spe-
cific sequences (74–77), but the role of Piwi could not be discussed
at that time because it was not known that these cells were defec-
tive for Dicer-2.

In several recent studies, piRNAs as well as siRNAs have been
detected in mosquitoes or mosquito cells infected by several arbo-
viruses, such as dengue virus (68), West Nile virus (68), chikun-
gunya virus, Sindbis virus, and La Crosse virus (65), indicating
that the Piwi pathway could be implicated in the antiviral defense
of arthropods. In this study, we also present evidence that Dicer-
2-mediated 21-nt siRNAs, as well as 24- to 28-nt piRNAs, were
generated during RVFV infection. In addition, we demonstrated
by a kinetics study that in RVFV-infected Aag2 cells, the two dif-
ferent pathways are regulated during the time course of infection,
with a siRNA Dicer-2-mediated response taking a preponderant
place early during infection, followed by a Piwi-mediated RNAi
response dominant at late times after infection and during persis-
tence. Thus, our results demonstrate, for the first time to our
knowledge, that the two types of RNAi response were differentially
controlled during the course of infection.

In the three cell lines, including Aag2 cells at each time point,
the 27/28-nt viRNAs presented the clear characteristic of RNAs
produced by the Piwi ping-pong pathway. These ping-pong 27/
28-nt viRNAs were generated from the three segments, but for
each segment, differences were observed with regard to the pre-
dominant species: viRNAs derived from the S segment were
mostly 24 or 25 nt long, whereas those derived from the M and L
segments were 27 or 28 nt long. Unlike the 27- or 28-nt viRNAs,
which possess the ping-pong signature, the 24- or 25-nt viRNAs
had no U1 preference but only an A at position 10 in the genomic
strand, strongly suggesting that they were also mediated by the
Piwi pathway. A similar trend could be observed for the L and M
segments, which generated a majority of 27/28-nt viRNAs at 72 h
p.i. but shifted to 24 or 25 nt at passage 3, suggesting that the size
of the dominant population of viRNAs might change as infection
progresses. The absence of U1 in piRNAs generated in dengue-2
virus-infected mosquitoes has also been reported; it appeared to
be specific to this virus (67, 68, 78). In Drosophila, piRNAs that
associate with each member of the Piwi protein family have a
distinct size: 25, 24, and 23 nt for Piwi, Aub, and Ago3, respectively
(23). In addition, piRNAs associated with Ago3 have a strong pref-
erence for adenosine at position 10 but no U1 bias, while those
associated with Aub have a U1 bias. Assuming that mosquitoes
and flies have similar Piwi pathways, our observations suggest that
various Piwi proteins were implicated in their biogenesis mecha-
nisms and evolved during RVFV infection.

Several articles describing RNAi in infected C6/36 cells (65–67)
reported the existence of piRNAs. Interestingly, the sizes of these
small RNAs seem to vary: in many cases they were 26 and 27 nt
long, but smaller classes (19 to 20 nt long) were found in West Nile
virus-infected C6/36 cells (23). Our data show that a population of
unusually small viRNAs was particularly evident in C6/36 cells but
was also detected in Aag2 and U.4 cells. Small RNAs (13 to 19 nt)
below the canonical size were also reported in Aedes aegypti in-
fected with dengue-2 virus (68) and in human cells associated with
Kaposi sarcoma-associated herpesvirus K12-1 miRNA (69). The
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existence of these unusually small siRNAs adds to the complexity
of the mosquito response, since they might participate in biolog-
ical process.

In the Dicer-2 competent U4.4 and Aag2 cells, the major man-
ifestation of the functional RNAi activity capable of setting up an
efficient antiviral response resided in the extinction of the NSs
filament. Although we mainly focused here on acute infection, we
should mention that RVFV-infected C6/36 cells could not be pas-
saged, so that persistent infection could not be established, while
Aag2 and U4.4 cells underwent more than 12 passages of persis-
tent infection. In mammalian cells, NSs inhibits cellular transcrip-
tion through its interaction with p44 and p62 of TFIIH (41, 42).
Preliminary data obtained by the two-hybrid system indicated
that Aedes aegypti p44 is also able to interact with NSs in Aag2 cells
(not shown). Knowing that NSs is a strong inhibitor of general
transcription and that it prevents normal chromosome segrega-
tion through its interaction with pericentromeric sequences at
least in vertebrate cells (38, 42), it seems logical that persistence
could be established only if the formation of the NSs filament was
prevented during the acute phase of infection, which was achieved
in U4.4 and Aag2 cells by downregulating NSs synthesis. Interest-
ingly, the NSs protein of Bunyamwera orthobunyavirus, which
also inhibits cellular transcription, was shown to be required for
efficient viral replication in U4.4 cells (79).

In conclusion, our results indicated that RVFV infection in
mosquito cells induced both Dicer-2- and Piwi-mediated RNAi,
which manifested itself with the extinction of the characteristic
filaments formed by NSs. The elimination of NSs, which otherwise
would have a detrimental effect on cell transcription, allows the
cells to survive and establish persistent infections. Presently, most
of what is known about the Piwi pathway concerns cells of the
germ line. Further studies will be needed to determine precisely
the components involved in Piwi-mediated regulation in mosqui-
toes. Similar to the case with Dicer-2-deficient C6/36 cells, it will
be important to produce Piwi-deficient cells to further investigate
and confirm the role of this pathway in the natural maintenance of
arboviruses in mosquitoes.
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