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In their vertebrate hosts, arboviruses such as Semliki Forest virus (SFV) (Togaviridae) generally counteract
innate defenses and trigger cell death. In contrast, in mosquito cells, following an early phase of efficient virus
production, a persistent infection with low levels of virus production is established. Whether arboviruses
counteract RNA interference (RNAi), which provides an important antiviral defense system in mosquitoes, is
an important question. Here we show that in Aedes albopictus-derived mosquito cells, SFV cannot prevent the
establishment of an antiviral RNAi response or prevent the spread of protective antiviral double-stranded
RNA/small interfering RNA (siRNA) from cell to cell, which can inhibit the replication of incoming virus. The
expression of tombusvirus siRNA-binding protein p19 by SFV strongly enhanced virus spread between cultured
cells rather than virus replication in initially infected cells. Our results indicate that the spread of the RNAi
signal contributes to limiting virus dissemination.

In animals, RNA interference (RNAi) was first described for
Caenorhabditis elegans (27). The production or introduction of
double-stranded RNA (dsRNA) in cells leads to the degrada-
tion of mRNAs containing homologous sequences by se-
quence-specific cleavage of mRNAs. Central to RNAi is the
production of 21- to 26-nucleotide small interfering RNAs
(siRNAs) from dsRNA and the assembly of an RNA-induced
silencing complex (RISC), followed by the degradation of the
target mRNA (23, 84). RNAi is a known antiviral strategy of
plants (3, 53) and insects (21, 39, 51). Study of Drosophila
melanogaster in particular has given important insights into
RNAi responses against pathogenic viruses and viral RNAi
inhibitors (31, 54, 83, 86, 91). RNAi is well characterized for
Drosophila, and orthologs of antiviral RNAi genes have been
found in Aedes and Culex spp. (13, 63).

Arboviruses, or arthropod-borne viruses, are RNA viruses
mainly of the families Bunyaviridae, Flaviviridae, and Togaviri-
dae. The genus Alphavirus within the family Togaviridae con-
tains several mosquito-borne pathogens: arboviruses such as
Chikungunya virus (16) and equine encephalitis viruses (88).
Replication of the prototype Sindbis virus and Semliki Forest
virus (SFV) is well understood (44, 71, 74, 79). Their genome
consists of a positive-stranded RNA with a 5� cap and a 3�
poly(A) tail. The 5� two-thirds encodes the nonstructural
polyprotein P1234, which is cleaved into four replicase pro-

teins, nsP1 to nsP4 (47, 58, 60). The structural polyprotein is
encoded in the 3� one-third of the genome and cleaved into
capsid and glycoproteins after translation from a subgenomic
mRNA (79). Cytoplasmic replication complexes are associated
with cellular membranes (71). Viruses mature by budding at
the plasma membrane (35).

In nature, arboviruses are spread by arthropod vectors (pre-
dominantly mosquitoes, ticks, flies, and midges) to vertebrate
hosts (87). Little is known about how arthropod cells react to
arbovirus infection. In mosquito cell cultures, an acute phase
with efficient virus production is generally followed by the
establishment of a persistent infection with low levels of virus
production (9). This is fundamentally different from the cyto-
lytic events following arbovirus interactions with mammalian
cells and pathogenic insect viruses with insect cells. Alphavi-
ruses encode host response antagonists for mammalian cells
(2, 7, 34, 38).

RNAi has been described for mosquitoes (56) and, when
induced before infection, antagonizes arboviruses and their
replicons (1, 4, 14, 15, 29, 30, 32, 42, 64, 65). RNAi is also
functional in various mosquito cell lines (1, 8, 43, 49, 52). In the
absence of RNAi, alphavirus and flavivirus replication and/or
dissemination is enhanced in both mosquitoes and Drosophila
(14, 17, 31, 45, 72). RNAi inhibitors weakly enhance SFV
replicon replication in tick and mosquito cells (5, 33), posing
the questions of how, when, and where RNAi interferes with
alphavirus infection in mosquito cells.

Here we use an A. albopictus-derived mosquito cell line to
study RNAi responses to SFV. Using reporter-based assays, we
demonstrate that SFV cannot avoid or efficiently inhibit the
establishment of an RNAi response. We also demonstrate that
the RNAi signal can spread between mosquito cells. SFV can-
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not inhibit cell-to-cell spread of the RNAi signal, and spread of
the virus-induced RNAi signal (dsRNA/siRNA) can inhibit the
replication of incoming SFV in neighboring cells. Further-
more, we show that SFV expression of a siRNA-binding pro-
tein increases levels of virus replication mainly by enhancing
virus spread between cells rather than replication in initially
infected cells. Taken together, these findings suggest a novel
mechanism, cell-to-cell spread of antiviral dsRNA/siRNA, by
which RNAi limits SFV dissemination in mosquito cells.

MATERIALS AND METHODS

Cells and viruses. A. albopictus-derived U4.4 cells were grown at 28°C in L-15
medium–10% fetal calf serum–8% tryptose phosphate broth. BHK-21 cells were
grown in Glasgow minimum essential medium–10% newborn calf serum–10%
tryptose phosphate broth (37°C in a 5% CO2 atmosphere), unless otherwise
stated. For all RNAi experiments described below, BHK-21 cells were kept in the
same medium and at the same temperature as U4.4 cells for transfection and
downstream experiments. The SFV4 strain or derived recombinant SFV was
grown in BHK-21 cells in Glasgow minimum essential medium–2% newborn calf
serum (37°C in a 5% CO2 atmosphere). Details of reporter viruses used can be
obtained from the authors. The production of SFV-derived virus-like particles
(VLPs) was previously described (57). Viruses or VLPs were purified from
supernatant by centrifugation (three times for 30 min at 15,000 rpm), concen-
trated on a 20% (wt/vol) sucrose–TNE buffer (50 mM Tris-HCl, 100 mM NaCl,
0.1 mM EDTA [pH 7.4]) cushion by ultracentrifugation (25,000 rpm for 90 min),
and resuspended in TNE buffer. Virus was titrated by plaque assay on BHK-21
cells, and VLPs were titrated by indirect immunofluorescence and quantification
of infected cells using anti-nsP3 antibody.

Plasmids and siRNA. Plasmid pRL-CMV (Promega) encodes Renilla lucifer-
ase (RLuc) under the control of the cytomegalovirus immediate-early promoter,
which is active in mosquito cells (48). siRNAs for RLuc and negative control
siRNA (siRNA 1) were obtained from Ambion (catalog numbers AM4630 and
AM4635); other negative control siRNAs were found to be similar to the latter.
Block-iT fluorescent siRNA (catalog number 2013; Invitrogen) is labeled with
fluorescein.

dsRNA production. Long dsRNA of approximately 600 bp was produced using
the MegascriptRNAi kit (Ambion). PCR products encoding a T7 promoter at
each end and spanning the RLuc and enhanced green fluorescent protein
(eGFP) genes from the start codon on were produced using primer pairs
T7dsRenFD/RE (TAATACGACTCACTATAGGGATGACTTCGAAAGTTT
ATGATCCAG/TAATACGACTCACTATAGGGCTGCAAATTCTTCTGGT
TCTAACTTTC) and dsT7eGFPFD/RE (TAATACGACTCACTATAGGGAT
GGTGAGCAAGGGCGAGGAGCTGTTC/TAATACGACTCACTATAGGG
CTGGGTGCTCAGGTAGTGGTTGTCGGGC) and pRL-CMV or pEGFP-N1
as templates, respectively. dsRNA was purified and aliquoted before use.

Transfection and cell contact experiments. A total of 1.8 �105 to 2 �105 U4.4
(or 1.5 � 105 BHK-21) cells/well were grown in 24-well plates. Before transfec-
tion, medium was replaced by fresh complete medium. DNA (20 ng) and/or
siRNA (final concentration of 5 or 10 nM)/dsRNA (5 ng) was mixed with 1
�l/well Lipofectamine 2000 (Invitrogen) in Optimem according to the manufac-
turer’s instructions. One hundred microliters of the nucleic acid-Lipofectamine
2000 complexes was added to 400 �l of medium in each well and incubated for
5 h at 28°C. After transfection, cells were washed twice to remove liposomes, and
complete medium was added. For contact experiments to analyze cell-to-cell
spread of RNAi using reporter genes, approximately 106 U4.4 (or BHK-21)
cells/well (six-well plates) were transfected with DNA (80 ng) or siRNA (final
concentration, 5 nM) using 1 �l/well Lipofectamine 2000 for 5 h. Where indi-
cated, SFV infection was carried out prior to siRNA transfection. At 5 h post-
transfection, cells were scraped and mixed (two times; 1.5 � 105 or 1.5 � 104

cells/well for a high or low density of cells, respectively) in 24-well plates. Cells
were lysed at 24 h postmixing. For contact experiments using SFV replicon- and
virus-infected cells, the same cell numbers as described above were mixed for
high and low densities. To mix BHK and U4.4 cells at a high density, 1.5 � 105

cells of each cell type were added per well. A flow chart of these experiments is
shown is Fig. 1A and B.

Electroporation of mosquito cells. To electroporate DNA, 2 � 107 U4.4 cells
were resuspended in 800 �l ice-cold phosphate-buffered saline (PBS) and mixed
with 500 ng pRL-CMV. Four hundred fifty microliters of the cell-DNA mixture
was then pipetted into a 4-mm electroporation cuvette and pulsed twice (300 V
with a pulse length of 4 ms and a pulse interval of 5 s) in a Bio-Rad electropo-

FIG. 1. Flow charts for cell mixing and scrape-loading experiments
involving U4.4 mosquito cells. (A) Mixing of transfected cells. (B) Mix-
ing of infected cells. (C) Scrape loading of fluorescein-labeled siRNA
into cells. Experimental details such as cell numbers, etc., are de-
scribed in Materials and Methods.
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rator (Genepulser Xcell with CE module). Electroporated cells were then trans-
ferred into fresh complete medium and allowed to recover for 5 h; dead cells
were removed.

Scrape loading of siRNA. The introduction of macromolecules via scrape
loading was described previously (37, 59). For scrape loading of siRNA, six-well
plates were seeded with 6.5 � 105 U4.4 cells/well and incubated at 28°C for 24 h.
Cells were then scraped into 1 ml of fresh complete cell culture medium in a
sterile round-bottom tube (catalog number 352054; BD Falcon), and fluorescein-
labeled Block-iT siRNA (catalog number 2013; Invitrogen) was immediately
added to a final concentration of 50 nM for 5 h at 28°C; membrane damage seals
within less than 1 min (discussed in reference 26), leaving enough time for cells
to recover. Cells were then centrifuged (5 min at 1,500 rpm), washed twice,
resuspended in 1 ml of fresh complete medium, and counted. A total of 105

scrape-loaded cells were mixed with 106 nonfluorescent, fresh U4.4 cells in a total
volume of 1 ml and seeded onto sterile coverslips in six-well plates. Cells were
incubated at 28°C for 1 or 6 h and fixed in 10% neutral buffered formalin (catalog
number 00600E; Surgipath Europe) for 1 h. Coverslips were then washed with
PBS, mounted, and sealed, and fluorescence was visualized (Zeiss AxioSkop
confocal microscope). Fluorescence-activated cell sorting (FACS) was performed
on a Becton Dickinson FACSCalibur apparatus; cells were scrape loaded/mixed as
described above, seeded into wells, removed from wells at 1 and 6 h postseeding,
and immediately analyzed by FACS. For each experiment, 20,000 cells were
gated, and numbers and percentages of fluorescent cells were measured. A flow
chart of these experiments is shown in Fig. 1C.

Infection. Virus or VLPs were diluted in PBS with 0.75% bovine serum
albumin; cells were infected at 28°C for 1 h and washed twice to remove any
unbound particles. Multiplicity of infection (MOI) refers to PFU for viruses and
infectious particles for VLPs. Complete medium was then added to cells. Infec-
tion efficiency was monitored by immunostaining using an anti-nsP3 antibody.
For cell contact experiments with SFV4(3H)-RLuc and SFV VLPs, approxi-
mately 6.5 � 105 U4.4 cells/well (in six-well plates) were infected (MOI of 10) for
the times indicated before cells were scraped and mixed at low or high densities
(as described above). Virus-spreading experiments were carried out in six-well
plates; confluent cell monolayers contained approximately 6.5 � 105 U4.4 cells/
well at the time of infection with MOIs as indicated.

Luciferase assays. Cells were lysed in passive lysis buffer (Promega), and RLuc
activities were measured using a dual-luciferase assay (Promega) with a GloMax
20/20 luminometer.

Real-time qPCR. Quantification of viral genome copy numbers was performed
essentially as previously described (7). Briefly, RNA was isolated from U4.4 cells
(three independent biological replicates per time point) using RNeasy (Qiagen).
RNA quantity and quality were assessed with a NanoDrop spectrophotometer
(Fisher Scientific). A total of 0.5 �g of total RNA from each sample was reverse
transcribed, and each of those reactions was analyzed in triplicate by quantitative
PCR (qPCR). The reaction mix contained 0.8 �M of each primer, 40 mM
deoxynucleoside triphosphates, 3 mM MgCl2, a 1:10,000 dilution of SYBR green
(Biogene Ltd.), 0.75 U Fast Start Taq (Roche Applied Science), and 2 �l of
template. Tubes were heated to 94°C for 5 min, and the PCR was then cycled
through 94°C for 20 s, 62°C for 20 s, and 72°C for 20 s for 40 cycles on a
RotorGene 3000 instrument (Corbett Research). Sequences of the primers were
as follows: 5�-GCAAGAGGCAAACGAACAGA-3� (SFV-nsP3-for) and 5�-GG
GAAAAGATGAGCAAACCA-3� (SFV-nsP3-rev).

Immunostaining. U4.4 cells were fixed with 4% paraformaldehyde. After two
washes (always in PBS), cells were permeabilized with 0.3% Triton X-100 in PBS
for 20 min and washed twice. After blocking with CAS block (Invitrogen) (20
min), primary anti-nsP3 antibody (in CAS block; anti-nsP3 at a 1:800 dilution)
was added, followed by three washes. Incubation with secondary antibody (goat
anti-rabbit biotinylated immunoglobulin G in CAS block at a 1:750 dilution) was
followed by three washes, and streptavidin-conjugated Alexa Fluor 594 was
added. After two washes, slides were mounted with mounting medium (Vector
Laboratories), and images were acquired (Zeiss AxioSkop confocal microscope).

RESULTS

Like other arboviruses, SFV infection of cultured mosquito
cells usually begins with an acute phase of efficient virus pro-
duction between 12 and 24 h and then enters a persistent phase
during which only a few cells (1 to 2%) produce virus (22). In
this study, we used the A. albopictus-derived U4.4 cell line,
which has been shown to closely resemble infectivity in the
mosquito and has been previously used to study virus-host

interactions (19, 20, 61, 68). U4.4 cells have functional antimi-
crobial signaling pathways, and SFV4 infection starts with a
burst of virus production between 12 and 24 h postinfection
(p.i.), followed by persistent low-level virus production; infec-
tion at an MOI of 10 leads to an initial infection of all cells in
the culture (28). Thus, U4.4 cells are a good model system in
which to study SFV-mosquito cell interactions, and SFV4 dis-
plays the expected characteristics of an arbovirus in these cells.

SFV interference with siRNA-induced RNAi. Virus-induced
dsRNA, the initiator of RNAi responses, is produced in Sind-
bis virus-infected mammalian and mosquito cells (78). Simi-
larly, work in U4.4 cells infected with recombinant SFV en-
coding an nsP3-eGFP fusion protein, SFV(3F)4-eGFP (81),
indicates that at 10 and 24 h p.i., large amounts of virus-
induced dsRNA accumulates in replication complexes (not
shown).

Previous work has shown that an RNAi response induced
before infection can inhibit arbovirus replication in arthropod
cells and that alphavirus infection of arthropod cells leads to
the production of short, virus-derived siRNAs (32, 73); we also
found that to be the case in SFV-infected U4.4 cells (our
unpublished observations). To determine whether SFV infec-
tion of mosquito cells can interfere with the induction of RNAi
or an ongoing RNAi process, the activity of RLuc produced
from expression plasmid pRL-CMV in the presence of RLuc-
specific siRNA or negative control siRNA was used to quantify
RNAi activity in control and SFV4-infected U4.4 mosquito
cells.

First, we determined whether SFV4 could suppress an es-
tablished RNAi reaction. U4.4 cells were cotransfected with
RLuc reporter plasmid pRL-CMV and RLuc or negative con-
trol siRNA and infected or mock infected with SFV4 24 h later.
This timing allowed an accumulation of RLuc mRNA prior to
infection and avoided any effects of the infection on plasmid
expression. Luciferase activity was measured 24 h p.i. A strong
reduction in levels of RLuc reporter gene expression was ob-
served in cells receiving luciferase siRNA but not in cells re-
ceiving negative control siRNA. Neither luciferase expression
nor its reduction by luciferase siRNA was affected by subse-
quent SFV4 infection (Fig. 2A). We conclude that SFV4 does
not interfere with established RISC complexes.

Second, to determine if SFV4 can interfere with the induc-
tion of RNAi, U4.4 cells were transfected with RLuc reporter
plasmid, infected with SFV4 24 h later, and then transfected
with RLuc or negative control siRNAs. Luciferase activity was
measured 24 h posttransfection (Fig. 2B). The established in-
fection did not prevent silencing. We conclude that SFV4 does
not prevent the induction of RNAi, at least to non-virus-re-
lated sequences. Infection up to 6 h (to allow increased protein
expression) before siRNA transfection did not change the re-
sult (not shown).

It was previously shown that SFV-specific RNAi, established
prior to infection, can suppress virus replication (15); this was
also the case for U4.4 cells (not shown). To analyze whether
virus can interfere specifically with antiviral RNAi induced
after infection, the RLuc gene was cloned into the virus non-
structural protein open reading frame (Fig. 3A) to create
SFV4(3H)-RLuc (46). In this study, RLuc provides an easily
quantifiable indicator of virus replication, and RLuc siRNAs
should target the viral genome/mRNA for degradation. In
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vertebrate cells, reporter genes inserted into the nonstructural
open reading frame directly reflect replication levels for up to
6 h p.i. (46); however, in insect cells, where host gene expres-
sion is much less affected by SFV infection, we found that
RLuc reporter gene expression reflects virus replication and
genome RNA levels over longer periods (28) and show here
that this the case (see Fig. 9) for a minimum of 48 h p.i.

When RLuc siRNA was transfected 1 or 8 h after a high-
MOI infection (MOI of 10), the level of virus replication (as
determined by luciferase activity) at 24 h posttransfection was
decreased by approximately 75 or 50% compared to that of
control cells or cells treated with negative control siRNA (Fig.
3B). We conclude that SFV4 cannot inhibit siRNA-induced
antiviral RNAi.

SFV interference with long-dsRNA-induced RNAi. Despite
not being able to interfere with RISC formation, the above-

described experiments with preformed siRNA do not exclude
the possibility that SFV4 interferes with siRNA production, for
example, cleavage of long dsRNA into siRNAs. To assess this
possibility, experiments similar to those described above were
carried out with RLuc-encoding SFV4(3H)-RLuc and 600-bp
dsRNAs derived from RLuc or eGFP (see Materials and
Methods). As shown in Fig. 3C, the transfection of RLuc-
dsRNA but not eGFP-derived dsRNA 1 or 8 h following in-
fection of U4.4 cells with SFV4(3H)-RLuc (MOI of 10)
strongly reduced virus replication; this effect was slightly stron-
ger when dsRNA was transfected immediately p.i. Similarly,
silencing of plasmid-encoded RLuc activity by 600-bp dsRNA
was not affected by infection (not shown).

The RNAi signal can spread between mosquito cells. In
plants, the RNAi signal can spread cell to cell or through
vasculature to affect the whole plant; this is generally referred
to as non-cell-autonomous or systemic RNAi (85, 90). Some
plant viruses can antagonize systemic RNAi responses (67).
Gap junction-mediated cell-to-cell spread of an RNAi signal
has been observed in mammalian cell culture (82, 89). In in-
sects, it has been suggested that systemic RNAi can take place,
but to date, direct cell-to-cell spread has not been demon-
strated (6, 11, 24, 25). However, gap junctions and cytoplasmic
bridges are present between A. albopictus-derived cells in cul-
ture (12).

Insects do not encode RNA-dependent RNA polymerase to
amplify siRNAs, as occurs in plants during systemic RNAi, but
short-distance cell-to-cell spread (10 to 15 cells) of the RNAi
signal might not require prior amplification (85). To assess
whether an RNAi signal can spread between mosquito cells,
U4.4 cells were transfected with RLuc or negative control
siRNA. These cells were then mixed with U4.4 cells trans-
fected with pRL-CMV and plated at low (minimal contact) or
high (many contacts) densities. At low density, there were few
or no contacts between cells, whereas at high density, there
were many contacts (Fig. 4A). Low-density seeding controls
were necessary to avoid the formation of cytoplasmic bridges;
reporter gene experiments showed that RNAi remains func-
tional in cells at low density (not shown). As shown in Fig. 4B
(bottom), when the two types of cells were in contact (high
density), the RLuc siRNA-transfected cells were able to sup-
press reporter gene expression in pRL-CMV-transfected cells.
In contrast, no suppression of the RLuc reporter was observed
at low density (Fig. 4B, top). SFV4 infection for 1 h before
siRNA transfection did not inhibit cell-to-cell spread of the
RNAi signal. Extending the infection time (for up to 8 h)
before siRNA transfection (to allow viral proteins more time
to accumulate) or transfecting 600-bp dsRNA as source of
siRNAs did not change the result (not shown). Similar results
were also found with the A. albopictus-derived cell line C7-10
(not shown).

As a control for the presence of residual, nontransfected
Lipofectamine-nucleic acid complexes, U4.4 siRNA donor
cells were mixed with pRL-CMV-transfected BHK-21 cells,
and we assumed that no communication could happen be-
tween cells of vertebrate and invertebrate origins. RLuc
siRNA-mediated silencing of pRL-CMV does occur in
BHK-21 cells at 27°C (Fig. 5A). When U4.4 cells (with siRNA)
and BHK-21 cells (with pRL-CMV) were mixed at high density
to allow cell contact, no reduction in RLuc activity was ob-

FIG. 2. SFV interactions with RNAi. (A) U4.4 mosquito cells were
transfected with pRL-CMV (which expresses RLuc) (20 ng) and RLuc
or negative control (nc) siRNAs (5 nM) for 5 h and infected with SFV4
(MOI of 10) at 24 h posttransfection, and luciferase activities were
measured at 24 h p.i. (B) U4.4 mosquito cells were transfected with
pRL-CMV (20 ng), infected with SFV4 (MOI of 10) at 24 h posttrans-
fection, and then transfected with RLuc or negative control siRNAs (5
nM) for 5 h, and luciferase activities were measured 24 h posttrans-
fection. Each bar represents the mean of three replicates; error bars
indicate standard deviations. Every experiment was repeated at least
twice.
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served (Fig. 5A). To show that siRNA transfer does not rely on
damaged membranes in donor and/or recipient cells, an addi-
tional control experiment was carried out. U4.4 cells were
transfected with siRNA or reporter plasmid pRL-CMV and
then scraped and seeded at high density on attached U4.4 cells
(and therefore with intact cell membranes) previously trans-
fected with pRL-CMV or siRNA, respectively. As shown in
Fig. 5B, RLuc siRNAs successfully silenced RLuc activity. This
demonstrates that siRNAs transfer through intact cellular
membranes, and membrane damage is not relevant for siRNA
transfer.

To verify this finding using non-liposome-based methods,
U4.4 reporter cells were transfected with pRL-CMV (express-
ing RLuc) by electroporation. U4.4 cells infected with SFV-
derived VLPs (MOI of 10; infected for 24 h to allow siRNA
accumulation) were used as siRNA donor cells. VLPs contain
the virus genome coding sequences required for RNA replica-
tion, the replicon, but have the virus structural coding se-
quences deleted; they can efficiently infect cells, but VLP-
infected cells cannot generate new virions. VLPs containing
three different replicons were used: SFV(nseGFP/H)1 (as a
control) had eGFP inserted between duplicated nsP2 cleavage
sites in the nsP3/4 junction region, SFV(nseGFP/H)1-RLucAS
had RLuc cloned in the antisense orientation (RLucAS)after
the subgenomic promoter, and SFV(nseGFP/H)1-p19-RLucAS
expressed the siRNA-binding protein p19 and RLucAS from a
double-subgenomic promoter (Fig. 6A). Silencing by antisense
gene expression in mosquito cells infected with SFV replicons
was previously described to inhibit superinfection with Rift
Valley fever virus (4), and the expression of antisense RLuc
allows the production of RLuc siRNAs without generating

luciferase activity. The well-characterized plant tombusvirus
RNAi inhibitor p19 (75) specifically binds to siRNAs and was
previously shown to function in Drosophila embryo extracts
(50). The siRNA-binding activity is a property of the p19 pro-
tein, and p19 RNAs display no biological activity (66, 80); we
did not detect any effects of full-length or truncated p19-de-
rived dsRNAs on reporter gene silencing (not shown). The
reporter U4.4 cells were mixed shortly after electroporation
(with pRL-CMV) with donor cells (infected 24 h earlier with
VLPs) and incubated for 24 h. As shown in Fig. 6B, contact
with siRNA donor cells infected with RLucAS VLPs resulted
in a significant decrease (P � 0.0001 by paired t test) of 20% in
luciferase activity in reporter cells; this was rescued by express-
ing the siRNA-binding protein p19 in the donor cells. These
results are consistent with those obtained using Lipofectamine-
based studies (Fig. 4) and indicate that the cell-to-cell transfer
of siRNA can inhibit gene expression in reporter cells.

Scrape loading of siRNA into mosquito leads to spread
of fluorescein-labeled siRNA. As U4.4 cells do not take up
siRNAs if simply added to the cells (our unpublished observa-
tions), we also verified that cell-to-cell spread of siRNA was
occurring using a fluorescein-labeled siRNA (Block-iT fluores-
cent oligonucleotide; Invitrogen). Scraping of cells (see Mate-
rials and Methods for details) results in damaged membranes
through which macromolecules such as RNA can be taken up.
U4.4 mosquito cells were scraped from plastic dishes using a
cell scraper and immediately incubated with fluorescein-la-
beled siRNA. These cells were then washed, counted, mixed
with fresh U4.4 cells at a ratio of 1:10, seeded onto coverslips,
and fixed after 1 h (to allow cell attachment and recovery of
normal morphology) or 6 h. Total cell numbers and the num-

FIG. 3. SFV interactions with antiviral RNAi. (A) SFV4(3H)-RLuc encodes RLuc (flanked by duplicated nsP2-protease cleavage sites at the
nsP3/4 junction) as part of the viral nonstructural polyprotein. (B) Transfection of RLuc but not negative control (nc) siRNA (10 nM) of U4.4
mosquito cells with SFV4(3H)-RLuc (MOI of 10) at 1 or 8 h p.i. strongly reduced virus replication. RLuc activities were determined at 24 h
posttransfection. NTC, nontransfected control. (C) SFV fails to inhibit cleavage of dsRNA. Transfection of RLuc dsRNA but not eGFP-derived
dsRNA (5 ng/well) of approximately 600 bp of U4.4 mosquito cells with SFV4(3H)-RLuc (MOI of 10) at 1 or 8 h p.i. strongly reduced virus
replication. dsRNAs were derived from RLuc or control eGFP (see Materials and Methods); RLuc activities were determined at 24 h posttrans-
fection. Each bar represents the mean of three replicates; error bars indicate standard deviations. Every experiment was repeated at least twice.
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bers of fluorescent cells per field were determined (Fig. 7A).
While cell numbers remained the same at 1 and 6 h postmixing,
there was a significant (P � 0.0001 by paired t test) increase of
40 to 60% in fluorescent cells (Fig. 7A). A similar experiment
was performed to quantify the increase in fluorescent cells
from 1 to 6 h post-scrape loading by FACS (described in
Materials and Methods). As shown in Fig. 7B, a similar in-
crease in the number of fluorescent cells was observed. This
shows that siRNA can spread between U4.4 cells.

Spread of dsRNA/siRNA between mosquito cells inhibits
SFV replication. Next, we determined whether cell-to-cell
spread of the RNAi signal in mosquito cells was able to affect
virus replication. RNAi donor cells were prepared by infecting
U4.4 cells with SFV(nseGFP/H)1 VLPs (MOI of 10; control).
VLPs were not found to induce the synthesis of secreted an-
tiviral activities. After 24 h to allow SFV replicon-derived
dsRNAs and siRNAs to accumulate (and when SFV superin-
fection exclusion is established) (our observations), VLP-in-
fected or noninfected donor cells were mixed with U4.4 cells
freshly infected (1 h p.i.) with SFV4(3H)-RLuc (Fig. 3A) (re-
porter cells) at low or high density (as described above). As
shown in Fig. 8A, at 24 h postmixing, in low-density cultures
with minimal or no cell-to-cell contact, relative to the nonin-
fected control (NIC) donor cells, the VLP-infected donor cells
did not suppress virus replication, as determined by RLuc

activity in the reporter cells. In contrast (Fig. 8A), virus repli-
cation was strongly inhibited (relative to that of the NIC) when
the reporter cells were in close contact (“many contacts”) with
siRNA donor cells. An additional experiment was performed
to verify that the suppression signal generated from the donor
cells involved RNAi. Donor cells were infected with SFV VLPs
in which the replicons also expressed the influenza virus NS1
protein under the control of the SFV subgenomic promoter
[SFV(nseGFP/H)1-NS1]. The NS1 protein functions as an
RNAi inhibitor in arthropod cells, binding both siRNA and
longer dsRNA (10, 33, 56). After 24 h (to allow SFV replicon-
derived dsRNAs and siRNAs to accumulate), NS1-expressing
VLP-infected donor cells were mixed with U4.4 cells infected
1 h previously with SFV4(3H)-RLuc (reporter cells) at low or
high density (as described above). As shown in Fig. 8A, at 24 h
postmixing, in low-density cultures with minimal cell-to-cell
contact relative to noninfected donor cells (NIC), the NS1-
expressing VLP-infected dsRNA/siRNA donor cells did not
affect replication of the reporter virus in the reporter cells. In
contrast, virus replication was rescued by about 50% relative to
that of donor cells infected with VLPs not expressing NS1
(control), when the reporter cells were in close contact (“many
contacts”) with donor cells infected with the NS1-expressing
SFV replicon (Fig. 8A).

The NS1 protein is multifunctional in vertebrate cells, and in

FIG. 4. Spread of RNAi signal between mosquito cells. U4.4 mosquito cells were transfected with pRL-CMV (expressing RLuc) or transfected
with siRNAs (RLuc or negative control [nc]) (5 nM) or first infected with SFV4 (MOI of 10) and then transfected with siRNAs. This was followed
by cell mixing. (A) Phase-contrast microscopy showing U4.4 cells mixed at low density (minimal contact [top]) or high density (many contacts
[bottom]). (B) RNAi in cultures with minimal (top) or many (bottom) cell-to-cell contacts and effect of SFV4 infection on spread of RNAi signal
to U4.4 cells transfected with reporter plasmid pRL-CMV. RLuc activities were determined 24 h after cell mixing. Dotted line, background. Each
bar represents the mean of three replicates; error bars indicate standard deviations. Every experiment was repeated at least twice.
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the above-described system, reporter cells are infected with
virus capable of spreading between reporter cells. While we
have not detected an induction of mosquito signaling pathways
by dsRNA (our unpublished observations) or SFV itself (28),
we had to exclude any secondary effects of NS1 or replicating
virus. A similar experiment was therefore performed with SFV
VLPs containing control SFV(nseGFP/H)1 or SFV(nseGFP/
H)1-p19 replicons as an siRNA donor. Twenty-four hours p.i.
(to let replicon-derived siRNAs accumulate), siRNA donor
U4.4 cells were mixed with U4.4 reporter cells freshly infected
(1 h p.i.) with SFV(RLuc/H)1 VLPs (SFV replicon expressing
RLuc instead of eGFP, as described in the legend of Fig. 6A).
At 24 h postmixing, in low-density U4.4 cultures with minimal
cell-to-cell contact relative to NIC, the VLP-infected dsRNA/
siRNA donor cells did not suppress virus replication, as deter-
mined by RLuc activity in the reporter cells. However, virus
replication in reporter cells was rescued again by about 50%
relative to that in donor cells infected with a replicon not express-
ing p19 when the reporter cells were in close contact (“many

contacts”) with donor cells enriched in dsRNAs and siRNAs
derived from the p19-expressing SFV replicon (Fig. 8B).

To directly analyze the effect of replicon-induced, spreading
siRNA on SFV production, we carried out an experiment sim-
ilar to that described in the legend of Fig. 8B, when cells were
in close contact (“many contacts”). U4.4 mosquito cells were
noninfected (NIC) or infected (MOI of 10) with SFV VLPs
containing control SFV(nseGFP/H)1 or SFV(nseGFP/H)1-
p19 replicons as siRNA donors. At 24 h p.i. (to let replicon-
derived siRNAs accumulate), siRNA donor U4.4 cells were
mixed with U4.4 reporter cells freshly infected (1 h p.i.) with
SFV4 (MOI of 1). Virus production from SFV4-infected re-
porter cells was completely rescued (more than a 10-fold in-
crease, similar to NIC donor cell levels) relative to donor cells
infected with a replicon not expressing p19 when the reporter
cells were in close contact (“many contacts”) with donor cells
enriched in dsRNAs and siRNAs derived from the p19-ex-
pressing SFV replicon (Fig. 8C).

Together, these studies show that the donor cell-derived

FIG. 5. Spread of RNAi signal is specific and does not require membrane damage. (A, left) Silencing of RLuc activity in BHK-21 cells
(incubated at 28°C) transfected with 20 ng pRL-CMV and siRNAs (5 nM). (Right) Absence of RLuc silencing by RNAi in BHK-21 cells (incubated
as described above) transfected with 20 ng pRL-CMV and mixed with U4.4 cells previously transfected with siRNAs (RLuc or negative control
[nc]) (5 nM). NTC, nontransfected control. (B) U4.4 mosquito cells transfected with pRL-CMV (20 ng) (left) or siRNA (RLuc or negative control
[nc]) (5 nM) (right) were scraped and then seeded at high density onto U4.4 cells attached to the dish surface and previously transfected with
siRNA (left) or pRL-CMV (right), respectively. RLuc activities were determined 24 h after cell mixing. Each bar represents the mean of three
replicates; error bars indicate standard deviations. Every experiment was repeated at least twice.
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signal is RNAi based and that it can spread from cell to cell to
inhibit virus replication.

Viral expression of an siRNA-binding protein strongly en-
hances virus spread through cultured cells. Given the above-
described findings, we wanted to know whether the spread of

FIG. 6. SFV-induced siRNA spread between U4.4 mosquito cells.
(A) Replicons used to produce VLPs. eGFP was inserted between
duplicated nsP2 cleavage sites in the nsP3/4 junction region of the
nonstructural open reading frame. (B) RLuc expression plasmid pRL-
CMV was electroporated into U4.4 cells (reporter cells), which were
then mixed at a low density (minimal contact [top]) or high density
(many contacts [bottom]) with U4.4 cells infected for 24 h with the
VLPs SFV(nseGFP/H)1 (control replicon [CTRL]), SFV(nseGFP/
H)1-RLucAS, or SFV(nseGFP/H)1-p19-RLucAS to allow siRNA ac-
cumulation (donor cells). RLuc activities were determined at 24 h
postmixing. Dotted line, background. Each bar represents the mean of
three replicates; error bars indicate standard deviations. Every exper-
iment was repeated at least twice.

FIG. 7. Scrape loading of siRNA and spread of fluorescein-labeled
siRNA (Block-iT fluorescent oligonucleotide; Invitrogen). Scraping of
cells from the surface using a cell scraper briefly results in damaged
membranes through which RNA can be taken up (see Materials and
Methods). U4.4 mosquito cells were scraped from the dish surface and
immediately incubated with fluorescein-labeled siRNA for 5 h; scrape-
loaded cells were then washed, counted, mixed with fresh U4.4 cells at
a ratio of 1:10, and plated onto coverslips (A) or into wells (B).
(A) Cells were fixed at 1 h (to allow cell attachment and recovery of
normal morphology) and 6 h postplating; total cell numbers (top) and
numbers of fluorescent cells (bottom) per field were counted (at mag-
nifications of �40 [10 fields] and �20 [15 fields], respectively). (B) Al-
ternatively, cells seeded into wells (in triplicate for each time point)
were scraped and immediately analyzed by FACS; for each data point,
20,000 cells were gated, and fluorescent cells were counted. Numbers
of fluorescent cells at 1 and 6 h postmixing are indicated. Bars repre-
sent the means, and error bars indicate standard deviations. Every
experiment was repeated at least twice.
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FIG. 8. Spread of the RNAi signal between cells results in antiviral activity. Parallel cultures of U4.4 mosquito cells were noninfected (NIC)
(A and B) or infected (MOI of 10) with VLPs containing the SFV replicons SFV(nseGFP/H)1 (control replicon [CTRL]) (A and B), SFV(nseGFP/
H)1-NS1 (A), or SFV(nseGFP/H)1-p19 (B) and then incubated for 24 h to allow replicon-derived dsRNA/siRNA accumulation in donor cells.
Replicons express eGFP from the nonstructural region (as described in the legend of Fig. 6) and no additional protein (control), influenza virus
NS1 (dsRNA/siRNA-binding RNAi inhibitor in arthropod cells), or tombusvirus p19 (siRNA-binding protein) from the subgenomic promoter.
After 24 h, replicon-containing or noninfected cells were mixed with U4.4 cells freshly infected (1 h p.i.) with RLuc-encoding SFV4(3H)-RLuc virus
(A) or SFV(RLuc/H)1 VLPs (B) (MOI of 10) (reporter cells) at low (minimal contact) or high (many contacts) density. RLuc activity (indicating
replication of virus) was measured 24 h postmixing. (C) Cell-to-cell spread of siRNA inhibits SFV4 production. U4.4 mosquito cells were
noninfected (NIC) or infected (MOI of 10) with VLPs containing SFV replicons (as described above), SFV(nseGFP/H)1 (control replicon), or
SFV(nseGFP/H)1-p19 and then incubated for 24 h to allow replicon-derived dsRNA/siRNA accumulation in donor cells. After 24 h, replicon-
containing or noninfected donor cells were mixed with U4.4 cells freshly infected (1 h p.i.) with SFV4 (MOI of 1) at high density (many contacts).
SFV4 production at 12 and 24 h postmixing is shown; virus titers (PFU/ml) were determined by plaque assay (as described in Materials and
Methods). Each bar represents the mean of three replicates; error bars indicate standard deviations. Every experiment was repeated at least twice.
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the RNAi signal is important in limiting virus dissemination in
mosquito cells. Studies with arbovirus-derived replicons show
that the expression of RNAi inhibitors had weak enhancing
effects on replication (5, 33). Previous work has also shown that
antiviral RNAi restricts the spread of O’nyong-nyong and
Sindbis alphaviruses into mosquito tissues (14, 45); however,
the mechanisms involved remain unclear: a secondary effect of
enhanced replication/virus production in initially infected cells,

enhanced dissemination of virus, differential RNAi responses
in tissues, or a combination of these factors is a possibility. To
analyze the link between virus dissemination and cell-to-cell
spread of the RNAi signal, we studied SFV4 expressing the
siRNA-binding tombusvirus protein p19.

p19 was inserted into an RLuc-encoding SFV after a dupli-
cated subgenomic promoter, placed after the structural region
to create SFV4(3H)-RLuc-p19 (Fig. 9A). The replication of

FIG. 9. Replication of SFV encoding an RNAi inhibitor. (A) RLuc reporter SFV expressing tombusvirus siRNA-binding protein p19 from a
duplicated subgenomic promoter [SFV4(3H)-RLuc-p19]. (B) Confluent U4.4 cells were infected at an MOI of 1 with SFV4(3H)-RLuc (Fig. 3) or
SFV4(3H)-RLuc-p19 and transfected with RLuc or negative control (nc) siRNAs (concentration of 10 nM) for 5 h at 8 h p.i. RLuc activities were
measured 24 h posttransfection. Results are expressed as a percentage of the control value (nontransfected, infected U4.4 cells [dotted line]).
(C) Confluent U4.4 mosquito cells were infected at a high MOI (MOI of 10) or low MOI (MOI of 0.001) with SFV4(3H)-RLuc-p19 or
SFV4(3H)-RLuc. Cells were lysed at 48 h p.i., and RLuc activities were determined. High MOI mimics initial infection as all cells are infected, while
low MOI allows the virus to spread through the monolayer and undergo multiple rounds of infection. (D) Infection of U4.4 mosquito cells with
SFV4(3H)-RLuc or SFV4(3H)-RLuc-p19 at high MOI (MOI of 10) or low MOI (MOI of 0.001). RNA was extracted at 48 h p.i., and virus genome
copy numbers were determined by real-time qPCR (targeting a region of nsP3 as described in Materials and Methods). (E) U4.4 mosquito cells
were infected with SFV4(3H)-RLuc or SFV4(3H)-RLuc-p19 at high MOI (MOI of 10) or low MOI (MOI of 0.001). Virus production (PFU/ml)
was measured at 6, 24, and 48 h p.i. by plaque assay titration of supernatants (as described in Materials and Methods). F, SFV4(3H)-RLuc-p19;
E, SFV4(3H)-RLuc. Each bar represents the mean of three replicates (with the exception of real-time qPCR, where more replicates were analyzed)
(see Materials and Methods); error bars indicate standard deviations. Every experiment was repeated at least twice.
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SFV4(3H)-RLuc but not of SFV4(3H)-RLuc-p19 was inhibited
by antiviral siRNAs (Fig. 9B). In subsequent experiments, con-
fluent cultures of U4.4 mosquito cells were infected with
SFV4(3H)-RLuc-p19 or SFV4(3H)-RLuc at a high MOI (MOI
of 10) or a low MOI (MOI of 0.001) and lysed at 48 h p.i., and
RLuc activities (replication readout) were determined (Fig.
9C). Following high-MOI infection, in which all cells were
infected synchronously, the level of virus replication was only
slightly increased with p19 expression. Following low-MOI in-
fection, however, which allows rounds of virus infection and
spread, p19-encoding virus replicated far more efficiently than
control virus (20-fold increase); similar results were also found
with the A. albopictus-derived cell line C7-10 (not shown). No
cytopathic effect or change in cell numbers was observed at
either high- or low-MOI infection (not shown).

Real-time qPCR was used to quantify viral genomes. At
48 h p.i., as shown in Fig. 9D, at a high MOI (MOI of 10),
genome levels in SFV4(3H)-RLuc or SFV4(3H)-RLuc-p19
are similar, while infection at a low MOI (0.001) leads to an
accumulation of SFV4(3H)-RLuc-p19 genome RNA (ap-
proximately a sixfold increase). In addition, in U4.4 cells

infected at a high MOI (MOI of 10), virus production by
SFV4(3H)-RLuc-p19 was similar or approximately eightfold
increased (at 48 h p.i.) in comparison to that of SFV4(3H)-
RLuc, while low-MOI (MOI of 0.001) infection leads to an
important production of SFV4(3H)-RLuc-p19 [50-fold in-
crease at 48 h p.i. compared to SFV4(3H)-RLuc, which is
rapidly inhibited] (Fig. 9E). These results also demonstrate
the accuracy of RLuc as a readout for virus replication and
genome RNA levels.

To visualize virus spread directly by immunofluorescence,
U4.4 cells were infected at a high MOI (MOI of 10) or low
MOI (MOI of 0.001) with SFV4(3H)-RLuc or SFV4(3H)-
RLuc-p19, and cells were fixed at 24 p.i. SFV replication
complexes were stained using an anti-nsP3 antibody (28). As
shown in Fig. 10, low-MOI infection with SFV4(3H)-RLuc-
p19 leads to the rapid infection of many cells within the cell
monolayer at 24 h p.i. In contrast, very few cells are infected
by spreading SFV4(3H)-RLuc. As expected, all cells are
infected following high-MOI infection by either virus. These
data confirm results obtained with RLuc as a replication
readout.

FIG. 10. Visualization of SFV spread. U4.4 mosquito cells were infected with SFV4(3H)-RLuc (A and B) or SFV4(3H)-RLuc-p19 (C and D)
at a high MOI (MOI of 10) (A and C) or low MOI (MOI of 0.001) (B and D). Cells were fixed at 24 h p.i. and stained with an anti-nsP3 antibody
(as described in Materials and Methods). Representative sections of cells are shown; selected replication complexes (bright focal staining) are
indicated by arrows.
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DISCUSSION

In this paper, we show that SFV cannot avoid or efficiently
inhibit the establishment of nonviral or antiviral RNAi re-
sponses and that the generation of an antiviral RNAi response
effectively suppresses virus replication. Even though RNAi is
known to limit arbovirus replication, observations of Sindbis
virus-infected A. aegypti mosquitoes suggest that the knock-
down of genes involved in RNAi did not result in increased
mortality rates (14). However, it has recently been shown
that infection of A. aegypti mosquitoes with Sindbis and
O’nyong-nyong alphaviruses encoding flock house virus B2
protein (an RNAi suppressor which binds long dsRNA as
well as siRNA) led to a decreased rate of survival of mos-
quitoes (62). This suggests that RNAi is crucial for main-
taining the balance between vector survival and virus repli-
cation and transmission.

Previous findings by others and by us showed that SFV
replicon replication in arthropod cells is inhibited if RNAi is
induced before infection and induces the production of virus-
derived siRNAs and that replication is weakly enhanced by the
expression of RNAi inhibitors (such as the dsRNA-binding
protein NS1) (5, 15, 32, 33). This study extends these findings
and, as the virus is sensitive to RNAi, supports the hypothesis
that arboviruses do not encode generally active RNAi inhibi-
tors (55), with the possible exception of plant-infecting arbo-
viruses (41). We also show that SFV cannot, or cannot effi-
ciently, interfere with antiviral RNAi induced p.i.; this is
different from siRNA resistance reported previously after
West Nile flavivirus infection of mammalian cells (36).

While virus strain-specific differences have been observed in
mosquitoes infected with the closely related Sindbis virus (14),
virus-derived siRNAs seem to be a common feature of alpha-
virus infection of arthropod cells (32, 73), and our results show
that SFV fails to inhibit the cleavage of long dsRNA into
biologically active siRNAs (Fig. 3C). This is unlike pathogenic
insect viruses, such as flock house virus or Drosophila C virus,
which encode RNAi suppressors (39, 53). Importantly, our
results show that the RNAi signal spreads between mosquito
cells and that this can inhibit the replication of incoming SFV.
This effect can be inhibited by expressing dsRNA/siRNA-bind-
ing proteins, confirming the nature of the spreading RNAi
signal. In the mosquito, spread of the RNAi signal is likely to
curtail virus dissemination. Some plant viruses specifically in-
hibit systemic RNAi (67). Short-distance cell-to-cell spread
would not require cellular RNA-dependent RNA polymerase,
which is absent in mosquito cells (43, 85). Similar cell-to-cell
spread seems to be absent in Drosophila melanogaster, al-
though short-distance cell-to-cell spread of the RNAi signal
might not be easily observed in an entire organism (69). Inter-
estingly, experiments with p19-expressing SFV show that while
there is little enhancing effect of the siRNA-binding protein on
replication at a high MOI (mimicking initially infected cells, as
all cells in the culture are infected), the enhancing effects of
p19 (derived from plant-infecting tombusvirus) are strong at a
low MOI, where the virus is allowed rounds of infection and
spreads through the U4.4 cell monolayer. In plants, the main
role of Cymbidium ringspot tombusvirus p19 is not to prevent
siRNA/RISC complex assembly by siRNA binding in initially
infected cells but to facilitate virus spread into surrounding

tissues by inhibiting the cell-to-cell spread of siRNAs (40, 77,
80). Our cell contact experiments as well as infections at high
and low MOIs with p19-expressing SFV indicate that cell-to-
cell spread of antiviral siRNAs can inhibit the replication of
incoming virus and slows down the spread of SFV through the
mosquito cell monolayer. This defines at least one of the mech-
anisms resulting in altered alphavirus dissemination patterns in
mosquitoes when RNAi is not functional (14, 45). Whether the
cell-to-cell spread of siRNA in mosquito cell cultures involves
gap junctions or other mechanisms is currently under investi-
gation.

A recent publication suggested that efficient antiviral immu-
nity in Drosophila requires the systemic spread of the RNAi
response, based mainly on genetic data (70). Those authors
suggested a model by which long dsRNA (not siRNA) is re-
leased from infected cells and taken up by other cells in the fly
by a known receptor; mutation of this system leads to hyper-
sensitivity to virus infection. The lineages containing Drosoph-
ila and Aedes diverged 250 million years ago, are distant from
an evolutionary point of view, and show extensive diversifica-
tion in their respective immune repertoires (18, 76, 86). Unlike
Drosophila cells, Aedes cells in culture do not (to our knowl-
edge or in our experience) take up free dsRNA from medium.
We show that in cultured mosquito cells, siRNA can move
between cells that are in contact, the secretion or subsequent
uptake of dsRNA is not taking place, and spreading siRNA has
direct antiviral activity on incoming SFV. Despite functional
differences, this shows that the systemic aspect of antiviral
RNAi is important in insects.

Presumably, replication rates before the inhibition of virus
replication by RNAi are high enough to ensure virus spread
through the mosquito even in the absence of a generally active,
efficient RNAi inhibitor. Alternatively, cells within mosquito
tissues with weaker (or completely absent) RNAi responses
might continuously produce virus or at least be more permis-
sive to arbovirus replication; differential dissemination pat-
terns, as described previously by Keene et al. (45), after silenc-
ing of the RNAi machinery suggest that this could be the case.
It would be interesting to know if alphaviruses encoding RNAi
inhibitors also disseminate differently in mosquitoes (as our
results suggest spreading patterns that are different from those
of wild-type viruses), whether localized pathologies are respon-
sible for the rapid death of infected mosquitoes by cell death,
for example (as results from a recent study suggest) (62), or
whether a combination of both exists. Arboviruses such as SFV
are relatively efficiently passed on by biting of vertebrate hosts,
and high levels of virus amplification take place within one or
more vertebrate hosts. In the arthropod vector, virus levels
need only be sufficient to ensure transmission. An early phase
of high-level virus production and dissemination followed by
conversion to a low-level productive persistent infection may
achieve a sufficient level of virus without compromising vector
viability and transmission to the amplifying vertebrate host.
Indeed, a reduction in the level of virus transmission as a result
of reduced vector survival as a result of high virus titers could
act as a negative selective pressure, preventing the evolution in
arboviruses of highly efficient mechanisms to suppress host
responses, such as RNAi.
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(University of Helsinki, Helsinki, Finland) for antibodies.

We declare no competing financial interests.
This work was supported by the Wellcome Trust (grant number

079699/Z/06/Z) (A.K.).

REFERENCES

1. Adelman, Z. N., I. Sanchez-Vargas, E. A. Travanty, J. O. Carlson, B. J.
Beaty, C. D. Blair, and K. E. Olson. 2002. RNA silencing of dengue virus
type 2 replication in transformed C6/36 mosquito cells transcribing an in-
verted-repeat RNA derived from the virus genome. J. Virol. 76:12925–
12933.

2. Aguilar, P. V., S. C. Weaver, and C. F. Basler. 2007. Capsid protein of
eastern equine encephalitis virus inhibits host cell gene expression. J. Virol.
81:3866–3876.

3. Baulcombe, D. 2004. RNA silencing in plants. Nature 431:356–363.
4. Billecocq, A., M. Vazeille-Falcoz, F. Rodhain, and M. Bouloy. 2000. Patho-

gen-specific resistance to Rift Valley fever virus infection is induced in
mosquito cells by expression of the recombinant nucleoprotein but not NSs
non-structural protein sequences. J. Gen. Virol. 81:2161–2166.

5. Blakqori, G., S. Delhaye, M. Habjan, C. D. Blair, I. Sanchez-Vargas, K. E.
Olson, G. Attarzadeh-Yazdi, R. Fragkoudis, A. Kohl, U. Kalinke, S. Weiss,
T. Michiels, P. Staeheli, and F. Weber. 2007. La Crosse bunyavirus nonstruc-
tural protein NSs serves to suppress the type I interferon system of mam-
malian hosts. J. Virol. 81:4991–4999.

6. Blandin, S., L. F. Moita, T. Kocher, M. Wilm, F. C. Kafatos, and E. A.
Levashina. 2002. Reverse genetics in the mosquito Anopheles gambiae: tar-
geted disruption of the defensin gene. EMBO Rep. 3:852–856.

7. Breakwell, L., P. Dosenovic, G. B. Karlsson Hedestam, M. D’Amato, P.
Liljestrom, J. Fazakerley, and G. M. McInerney. 2007. Semliki Forest virus
nonstructural protein 2 is involved in the suppression of the type I interferon
response. J. Virol. 81:8677–8684.

8. Brown, A. E., A. Crisanti, and F. Catteruccia. 2003. Comparative analysis of
DNA vectors at mediating RNAi in Anopheles mosquito cells and larvae. J.
Exp. Biol. 206:1817–1823.

9. Brown, D. T. 1984. Alphavirus growth in cultured vertebrate and invertebrate
cells, p. 113–133. In M. A. Mayo and K. A. Herrop (ed.), Vectors in virus
biology. Academic Press, New York, NY.

10. Bucher, E., H. Hemmes, P. de Haan, R. Goldbach, and M. Prins. 2004. The
influenza A virus NS1 protein binds small interfering RNAs and suppresses
RNA silencing in plants. J. Gen. Virol. 85:983–991.

11. Bucher, G., J. Scholten, and M. Klingler. 2002. Parental RNAi in Tribolium
(Coleoptera). Curr. Biol. 12:R85–R86.

12. Bukauskas, F. F., C. Kempf, and R. Weingart. 1992. Cytoplasmic bridges and
gap junctions in an insect cell line (Aedes albopictus). Exp. Physiol. 77:903–
911.

13. Campbell, C. L., W. C. Black IV, A. M. Hess, and B. D. Foy. 2008. Compar-
ative genomics of small RNA regulatory pathway components in vector
mosquitoes. BMC Genomics 9:425.

14. Campbell, C. L., K. M. Keene, D. E. Brackney, K. E. Olson, C. D. Blair, J.
Wilusz, and B. D. Foy. 2008. Aedes aegypti uses RNA interference in defense
against Sindbis virus infection. BMC Microbiol. 8:47.

15. Caplen, N. J., Z. Zheng, B. Falgout, and R. A. Morgan. 2002. Inhibition of
viral gene expression and replication in mosquito cells by dsRNA-triggered
RNA interference. Mol. Ther. 6:243–251.

16. Charrel, R. N., X. de Lamballerie, and D. Raoult. 2007. Chikungunya out-
breaks—the globalization of vectorborne diseases. N. Engl. J. Med. 356:769–
771.

17. Chotkowski, H. L., A. T. Ciota, Y. Jia, F. Puig-Basagoiti, L. D. Kramer, P. Y.
Shi, and R. L. Glaser. 2008. West Nile virus infection of Drosophila mela-
nogaster induces a protective RNAi response. Virology 377:197–206.

18. Christophides, G. K., E. Zdobnov, C. Barillas-Mury, E. Birney, S. Blandin,
C. Blass, P. T. Brey, F. H. Collins, A. Danielli, G. Dimopoulos, C. Hetru,
N. T. Hoa, J. A. Hoffmann, S. M. Kanzok, I. Letunic, E. A. Levashina, T. G.
Loukeris, G. Lycett, S. Meister, K. Michel, L. F. Moita, H. M. Muller, M. A.
Osta, S. M. Paskewitz, J. M. Reichhart, A. Rzhetsky, L. Troxler, K. D.
Vernick, D. Vlachou, J. Volz, C. von Mering, J. Xu, L. Zheng, P. Bork, and
F. C. Kafatos. 2002. Immunity-related genes and gene families in Anopheles
gambiae. Science 298:159–165.

19. Condreay, L. D., and D. T. Brown. 1986. Exclusion of superinfecting homol-
ogous virus by Sindbis virus-infected Aedes albopictus (mosquito) cells. J. Vi-
rol. 58:81–86.

20. Condreay, L. D., and D. T. Brown. 1988. Suppression of RNA synthesis by a
specific antiviral activity in Sindbis virus-infected Aedes albopictus cells. J. Vi-
rol. 62:346–348.

21. Cullen, B. R. 2006. Is RNA interference involved in intrinsic antiviral im-
munity in mammals? Nat. Immunol. 7:563–567.

22. Davey, M. W., and L. Dalgarno. 1974. Semliki Forest virus replication in
cultured Aedes albopictus cells: studies on the establishment of persistence.
J. Gen. Virol. 24:453–463.

23. Denli, A. M., and G. J. Hannon. 2003. RNAi: an ever-growing puzzle. Trends
Biochem. Sci. 28:196–201.

24. Dong, Y., and M. Friedrich. 2005. Nymphal RNAi: systemic RNAi mediated
gene knockdown in juvenile grasshopper. BMC Biotechnol. 5:25.

25. Dzitoyeva, S., N. Dimitrijevic, and H. Manev. 2003. Gamma-aminobutyric
acid B receptor 1 mediates behavior-impairing actions of alcohol in Dro-
sophila: adult RNA interference and pharmacological evidence. Proc. Natl.
Acad. Sci. USA 100:5485–5490.

26. Fein, A., and M. Terasaki. 2005. Rapid increase in plasma membrane chlo-
ride permeability during wound resealing in starfish oocytes. J. Gen. Physiol.
126:151–159.

27. Fire, A., S. Xu, M. K. Montgomery, S. A. Kostas, S. E. Driver, and C. C.
Mello. 1998. Potent and specific genetic interference by double-stranded
RNA in Caenorhabditis elegans. Nature 391:806–811.

28. Fragkoudis, R., Y. Chi, R. W. Siu, G. Barry, G. Attarzadeh-Yazdi, A. Merits,
A. A. Nash, J. K. Fazakerley, and A. Kohl. 2008. Semliki Forest virus strongly
reduces mosquito host defence signaling. Insect Mol. Biol. 17:647–656.

29. Franz, A. W., I. Sanchez-Vargas, Z. N. Adelman, C. D. Blair, B. J. Beaty,
A. A. James, and K. E. Olson. 2006. Engineering RNA interference-based
resistance to dengue virus type 2 in genetically modified Aedes aegypti. Proc.
Natl. Acad. Sci. USA 103:4198–4203.

30. Gaines, P. J., K. E. Olson, S. Higgs, A. M. Powers, B. J. Beaty, and C. D.
Blair. 1996. Pathogen-derived resistance to dengue type 2 virus in mosquito
cells by expression of the premembrane coding region of the viral genome.
J. Virol. 70:2132–2137.

31. Galiana-Arnoux, D., C. Dostert, A. Schneemann, J. A. Hoffmann, and J. L.
Imler. 2006. Essential function in vivo for Dicer-2 in host defense against
RNA viruses in Drosophila. Nat. Immunol. 7:590–597.

32. Garcia, S., A. Billecocq, J. M. Crance, U. Munderloh, D. Garin, and M.
Bouloy. 2005. Nairovirus RNA sequences expressed by a Semliki Forest virus
replicon induce RNA interference in tick cells. J. Virol. 79:8942–8947.

33. Garcia, S., A. Billecocq, J. M. Crance, M. Prins, D. Garin, and M. Bouloy.
2006. Viral suppressors of RNA interference impair RNA silencing induced
by a Semliki Forest virus replicon in tick cells. J. Gen. Virol. 87:1985–1989.

34. Garmashova, N., R. Gorchakov, E. Volkova, S. Paessler, E. Frolova, and I.
Frolov. 2007. The Old World and New World alphaviruses use different
virus-specific proteins for induction of transcriptional shutoff. J. Virol. 81:
2472–2484.

35. Garoff, H., M. Sjoberg, and R. H. Cheng. 2004. Budding of alphaviruses.
Virus Res. 106:103–116.

36. Geiss, B. J., T. C. Pierson, and M. S. Diamond. 2005. Actively replicating
West Nile virus is resistant to cytoplasmic delivery of siRNA. Virol. J. 2:53.

37. Gentz, R., C. H. Chen, and C. A. Rosen. 1989. Bioassay for trans-activation
using purified human immunodeficiency virus tat-encoded protein: trans-
activation requires mRNA synthesis. Proc. Natl. Acad. Sci. USA 86:821–824.

38. Gorchakov, R., E. Frolova, and I. Frolov. 2005. Inhibition of transcription
and translation in Sindbis virus-infected cells. J. Virol. 79:9397–9409.

39. Gordon, K. H., and P. M. Waterhouse. 2006. Small RNA viruses of insects:
expression in plants and RNA silencing. Adv. Virus Res. 68:459–502.

40. Havelda, Z., C. Hornyik, A. Crescenzi, and J. Burgyan. 2003. In situ char-
acterization of cymbidium ringspot tombusvirus infection-induced posttran-
scriptional gene silencing in Nicotiana benthamiana. J. Virol. 77:6082–6086.

41. Hemmes, H., L. Lakatos, R. Goldbach, J. Burgyan, and M. Prins. 2007. The
NS3 protein of rice hoja blanca tenuivirus suppresses RNA silencing in plant
and insect hosts by efficiently binding both siRNAs and miRNAs. RNA
13:1079–1089.

42. Higgs, S., J. O. Rayner, K. E. Olson, B. S. Davis, B. J. Beaty, and C. D. Blair.
1998. Engineered resistance in Aedes aegypti to a West African and a South
American strain of yellow fever virus. Am. J. Trop. Med. Hyg. 58:663–670.

43. Hoa, N. T., K. M. Keene, K. E. Olson, and L. Zheng. 2003. Characterization
of RNA interference in an Anopheles gambiae cell line. Insect Biochem. Mol.
Biol. 33:949–957.

44. Kaariainen, L., and T. Ahola. 2002. Functions of alphavirus nonstructural
proteins in RNA replication. Prog. Nucleic Acid Res. Mol. Biol. 71:187–222.

45. Keene, K. M., B. D. Foy, I. Sanchez-Vargas, B. J. Beaty, C. D. Blair, and
K. E. Olson. 2004. RNA interference acts as a natural antiviral response to
O’nyong-nyong virus (Alphavirus; Togaviridae) infection of Anopheles gam-
biae. Proc. Natl. Acad. Sci. USA 101:17240–17245.

46. Kiiver, K., I. Tagen, E. Zusinaite, N. Tamberg, J. K. Fazakerley, and A.
Merits. 2008. Properties of non-structural protein 1 of Semliki Forest virus
and its interference with virus replication. J. Gen. Virol. 89:1457–1466.

47. Kim, K. H., T. Rumenapf, E. G. Strauss, and J. H. Strauss. 2004. Regulation
of Semliki Forest virus RNA replication: a model for the control of alpha-
virus pathogenesis in invertebrate hosts. Virology 323:153–163.

48. Kohl, A., T. J. Hart, C. Noonan, E. Royall, L. O. Roberts, and R. M. Elliott.
2004. A bunyamwera virus minireplicon system in mosquito cells. J. Virol.
78:5679–5685.

49. Konet, D. S., J. Anderson, J. Piper, R. Akkina, E. Suchman, and J. Carlson.

VOL. 83, 2009 ARBOVIRUS INTERACTIONS WITH RNAi 5747

 at U
N

IV
E

R
S

IT
Y

 O
F

 E
D

IN
B

U
R

G
H

 on June 3, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org


2007. Short-hairpin RNA expressed from polymerase III promoters medi-
ates RNA interference in mosquito cells. Insect Mol. Biol. 16:199–206.

50. Lakatos, L., G. Szittya, D. Silhavy, and J. Burgyan. 2004. Molecular mech-
anism of RNA silencing suppression mediated by p19 protein of tombusvi-
ruses. EMBO J. 23:876–884.

51. Lecellier, C. H., and O. Voinnet. 2004. RNA silencing: no mercy for viruses?
Immunol. Rev. 198:285–303.

52. Levashina, E. A., L. F. Moita, S. Blandin, G. Vriend, M. Lagueux, and F. C.
Kafatos. 2001. Conserved role of a complement-like protein in phagocytosis
revealed by dsRNA knockout in cultured cells of the mosquito, Anopheles
gambiae. Cell 104:709–718.

53. Li, F., and S. W. Ding. 2006. Virus counterdefense: diverse strategies for
evading the RNA-silencing immunity. Annu. Rev. Microbiol. 60:503–531.

54. Li, H., W. X. Li, and S. W. Ding. 2002. Induction and suppression of RNA
silencing by an animal virus. Science 296:1319–1321.

55. Li, H. W., and S. W. Ding. 2005. Antiviral silencing in animals. FEBS Lett.
579:5965–5973.

56. Li, W. X., H. Li, R. Lu, F. Li, M. Dus, P. Atkinson, E. W. Brydon, K. L.
Johnson, A. Garcia-Sastre, L. A. Ball, P. Palese, and S. W. Ding. 2004.
Interferon antagonist proteins of influenza and vaccinia viruses are suppres-
sors of RNA silencing. Proc. Natl. Acad. Sci. USA 101:1350–1355.

57. Liljestrom, P., and H. Garoff. 1991. A new generation of animal cell expres-
sion vectors based on the Semliki Forest virus replicon. Biotechnology (New
York) 9:1356–1361.

58. Lulla, A., V. Lulla, K. Tints, T. Ahola, and A. Merits. 2006. Molecular
determinants of substrate specificity for Semliki Forest virus nonstructural
protease. J. Virol. 80:5413–5422.

59. McNeil, P. L., R. F. Murphy, F. Lanni, and D. L. Taylor. 1984. A method for
incorporating macromolecules into adherent cells. J. Cell Biol. 98:1556–
1564.

60. Merits, A., L. Vasiljeva, T. Ahola, L. Kaariainen, and P. Auvinen. 2001.
Proteolytic processing of Semliki Forest virus-specific non-structural
polyprotein by nsP2 protease. J. Gen. Virol. 82:765–773.

61. Miller, M. L., and D. T. Brown. 1992. Morphogenesis of Sindbis virus in
three subclones of Aedes albopictus (mosquito) cells. J. Virol. 66:4180–4190.

62. Myles, K. M., M. R. Wiley, E. M. Morazzani, and Z. N. Adelman. 2008.
Alphavirus-derived small RNAs modulate pathogenesis in disease vector
mosquitoes. Proc. Natl. Acad. Sci. USA 105:19938–19943.

63. Nene, V., J. R. Wortman, D. Lawson, B. Haas, C. Kodira, Z. J. Tu, B. Loftus,
Z. Xi, K. Megy, M. Grabherr, Q. Ren, E. M. Zdobnov, N. F. Lobo, K. S.
Campbell, S. E. Brown, M. F. Bonaldo, J. Zhu, S. P. Sinkins, D. G. Hogen-
kamp, P. Amedeo, P. Arensburger, P. W. Atkinson, S. Bidwell, J. Biedler, E.
Birney, R. V. Bruggner, J. Costas, M. R. Coy, J. Crabtree, M. Crawford, B.
Debruyn, D. Decaprio, K. Eiglmeier, E. Eisenstadt, H. El-Dorry, W. M.
Gelbart, S. L. Gomes, M. Hammond, L. I. Hannick, J. R. Hogan, M. H.
Holmes, D. Jaffe, J. S. Johnston, R. C. Kennedy, H. Koo, S. Kravitz, E. V.
Kriventseva, D. Kulp, K. Labutti, E. Lee, S. Li, D. D. Lovin, C. Mao, E.
Mauceli, C. F. Menck, J. R. Miller, P. Montgomery, A. Mori, A. L. Nasci-
mento, H. F. Naveira, C. Nusbaum, S. O’Leary, J. Orvis, M. Pertea, H.
Quesneville, K. R. Reidenbach, Y. H. Rogers, C. W. Roth, J. R. Schneider, M.
Schatz, M. Shumway, M. Stanke, E. O. Stinson, J. M. Tubio, J. P. Vanzee, S.
Verjovski-Almeida, D. Werner, O. White, S. Wyder, Q. Zeng, Q. Zhao, Y.
Zhao, C. A. Hill, A. S. Raikhel, M. B. Soares, D. L. Knudson, N. H. Lee, J.
Galagan, S. L. Salzberg, I. T. Paulsen, G. Dimopoulos, F. H. Collins, B.
Birren, C. M. Fraser-Liggett, and D. W. Severson. 2007. Genome sequence
of Aedes aegypti, a major arbovirus vector. Science 316:1718–1723.

64. Olson, K. E., S. Higgs, P. J. Gaines, A. M. Powers, B. S. Davis, K. I. Kamrud,
J. O. Carlson, C. D. Blair, and B. J. Beaty. 1996. Genetically engineered
resistance to dengue-2 virus transmission in mosquitoes. Science 272:884–
886.

65. Powers, A. M., K. I. Kamrud, K. E. Olson, S. Higgs, J. O. Carlson, and B. J.
Beaty. 1996. Molecularly engineered resistance to California serogroup virus
replication in mosquito cells and mosquitoes. Proc. Natl. Acad. Sci. USA
93:4187–4191.

66. Qiu, W., J. W. Park, and H. B. Scholthof. 2002. Tombusvirus P19-mediated
suppression of virus-induced gene silencing is controlled by genetic and
dosage features that influence pathogenicity. Mol. Plant-Microbe Interact.
15:269–280.

67. Qu, F., and T. J. Morris. 2005. Suppressors of RNA silencing encoded by
plant viruses and their role in viral infections. FEBS Lett. 579:5958–5964.

68. Riedel, B., and D. T. Brown. 1979. Novel antiviral activity found in the media
of Sindbis virus-persistently infected mosquito (Aedes albopictus) cell cul-
tures. J. Virol. 29:51–60.

69. Roignant, J. Y., C. Carre, B. Mugat, D. Szymczak, J. A. Lepesant, and C.

Antoniewski. 2003. Absence of transitive and systemic pathways allows cell-
specific and isoform-specific RNAi in Drosophila. RNA 9:299–308.

70. Saleh, M. C., M. Tassetto, R. P. van Rij, B. Goic, V. Gausson, B. Berry, C.
Jacquier, C. Antoniewski, and R. Andino. 2009. Antiviral immunity in Dro-
sophila requires systemic RNA interference spread. Nature 458:346–350.

71. Salonen, A., T. Ahola, and L. Kaariainen. 2005. Viral RNA replication in
association with cellular membranes. Curr. Top. Microbiol. Immunol. 285:
139–173.

72. Sánchez-Vargas, I., J. C. Scott, B. K. Poole-Smith, A. W. E. Franz, V.
Barbosa-Solomieu, J. Wilusz, K. E. Olson, and C. D. Blair. 2009. Dengue
virus type 2 infections of Aedes aegypti are modulated by the mosquito’s RNA
interference pathway. PLoS Pathog. 5:e1000299.

73. Sanchez-Vargas, I., E. A. Travanty, K. M. Keene, A. W. Franz, B. J. Beaty,
C. D. Blair, and K. E. Olson. 2004. RNA interference, arthropod-borne
viruses, and mosquitoes. Virus Res. 102:65–74.

74. Sawicki, D. L., and S. G. Sawicki. 1998. Role of the nonstructural polypro-
teins in alphavirus RNA synthesis. Adv. Exp. Med. Biol. 440:187–198.

75. Scholthof, H. B. 2006. The tombusvirus-encoded P19: from irrelevance to
elegance. Nat. Rev. Microbiol. 4:405–411.

76. Severson, D. W., B. DeBruyn, D. D. Lovin, S. E. Brown, D. L. Knudson, and
I. Morlais. 2004. Comparative genome analysis of the yellow fever mosquito
Aedes aegypti with Drosophila melanogaster and the malaria vector mosquito
Anopheles gambiae. J. Hered. 95:103–113.

77. Silhavy, D., A. Molnar, A. Lucioli, G. Szittya, C. Hornyik, M. Tavazza, and
J. Burgyan. 2002. A viral protein suppresses RNA silencing and binds si-
lencing-generated, 21- to 25-nucleotide double-stranded RNAs. EMBO J.
21:3070–3080.

78. Stollar, V., T. E. Shenk, and B. D. Stollar. 1972. Double-stranded RNA in
hamster, chick, and mosquito cells infected with Sindbis virus. Virology
47:122–132.

79. Strauss, J. H., and E. G. Strauss. 1994. The alphaviruses: gene expression,
replication, and evolution. Microbiol. Rev. 58:491–562.

80. Szittya, G., A. Molnar, D. Silhavy, C. Hornyik, and J. Burgyan. 2002. Short
defective interfering RNAs of tombusviruses are not targeted but trigger
post-transcriptional gene silencing against their helper virus. Plant Cell 14:
359–372.

81. Tamberg, N., V. Lulla, R. Fragkoudis, A. Lulla, J. K. Fazakerley, and A.
Merits. 2007. Insertion of EGFP into the replicase gene of Semliki Forest
virus results in a novel, genetically stable marker virus. J. Gen. Virol. 88:
1225–1230.

82. Valiunas, V., Y. Y. Polosina, H. Miller, I. A. Potapova, L. Valiuniene, S.
Doronin, R. T. Mathias, R. B. Robinson, M. R. Rosen, I. S. Cohen, and P. R.
Brink. 2005. Connexin-specific cell-to-cell transfer of short interfering RNA
by gap junctions. J. Physiol. 568:459–468.

83. van Rij, R. P., M. C. Saleh, B. Berry, C. Foo, A. Houk, C. Antoniewski, and
R. Andino. 2006. The RNA silencing endonuclease Argonaute 2 mediates
specific antiviral immunity in Drosophila melanogaster. Genes Dev. 20:2985–
2995.

84. Voinnet, O. 2005. Induction and suppression of RNA silencing: insights from
viral infections. Nat. Rev. Genet. 6:206–220.

85. Voinnet, O. 2005. Non-cell autonomous RNA silencing. FEBS Lett. 579:
5858–5871.

86. Waterhouse, R. M., E. V. Kriventseva, S. Meister, Z. Xi, K. S. Alvarez, L. C.
Bartholomay, C. Barillas-Mury, G. Bian, S. Blandin, B. M. Christensen, Y.
Dong, H. Jiang, M. R. Kanost, A. C. Koutsos, E. A. Levashina, J. Li, P.
Ligoxygakis, R. M. Maccallum, G. F. Mayhew, A. Mendes, K. Michel, M. A.
Osta, S. Paskewitz, S. W. Shin, D. Vlachou, L. Wang, W. Wei, L. Zheng, Z.
Zou, D. W. Severson, A. S. Raikhel, F. C. Kafatos, G. Dimopoulos, E. M.
Zdobnov, and G. K. Christophides. 2007. Evolutionary dynamics of immune-
related genes and pathways in disease-vector mosquitoes. Science 316:1738–
1743.

87. Weaver, S. C. 2006. Evolutionary influences in arboviral disease. Curr. Top.
Microbiol. Immunol. 299:285–314.

88. Weaver, S. C., and A. D. Barrett. 2004. Transmission cycles, host range,
evolution and emergence of arboviral disease. Nat. Rev. Microbiol. 2:789–
801.

89. Wolvetang, E. J., M. F. Pera, and K. S. Zuckerman. 2007. Gap junction
mediated transport of shRNA between human embryonic stem cells. Bio-
chem. Biophys. Res. Commun. 363:610–615.

90. Xie, Q., and H. S. Guo. 2006. Systemic antiviral silencing in plants. Virus Res.
118:1–6.

91. Zambon, R. A., V. N. Vakharia, and L. P. Wu. 2006. RNAi is an antiviral
immune response against a dsRNA virus in Drosophila melanogaster. Cell.
Microbiol. 8:880–889.

5748 ATTARZADEH-YAZDI ET AL. J. VIROL.

 at U
N

IV
E

R
S

IT
Y

 O
F

 E
D

IN
B

U
R

G
H

 on June 3, 2009 
jvi.asm

.org
D

ow
nloaded from

 

http://jvi.asm.org

