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Post-transcriptional gene silencing (PTGS) in plants
and RNA interference (RNAi) in animals are manifesta-
tions of an evolutionarily conserved process known as
‘RNA silencing’. Although RNA silencing operates
through diverse pathways, it invariably relies on a set of
core reactions that are triggered by dsRNA, which is
processed into RNA duplexes that are 21 bp–24 bp in
length by the RNaseIII enzyme Dicer and its homo-
logues1. These reactions were first characterized in
studies of experimental RNAi2, now widely used as a
powerful technology for gene knockdown3,4. In RNAi,
a long and perfectly complementary dsRNA is
cleaved by Dicer into small interfering RNAs
(siRNAs)5–7. On ATP-dependent unwinding8, one
siRNA strand is incorporated into the multi-subunit
RNA-induced silencing complex (RISC) and guides the
complex to degrade cellular RNA molecules that are
identical in sequence to the siRNA9,10.

The first indication of a biological role for RNAi was
provided when virologists attempted to overexpress
certain plant genes from recombinant viral vectors11.
Unexpectedly, degradation rather than overexpres-
sion of the engineered mRNA caused symptoms that
phenocopied those of knockout mutations in the cor-
responding gene, a phenomenon that is termed virus-
induced gene silencing (VIGS)12. The trans-acting
nature and sequence-specificity of the process, together

with the fact that dsRNA is a common product of virus
replication, prompted the idea that VIGS recapitulates a
plant antiviral-defence response that is mechanistically
related to RNA silencing13. Viral-derived small RNAs
(vsRNAs) that are similar to siRNAs were indeed subse-
quently found in virus-infected plants5,14. Presumably,
they are incorporated into a RISC complex that
retrieves and destroys viral RNAs. If the viral genome
has sequence homology to a plant mRNA, both viral
and plant transcripts are affected11,12.

A surprising outcome of VIGS was that viruses that
were engineered with promoter rather than transcribed
sequences triggered transcriptional gene silencing (TGS)
through sequence-specific alterations of DNA and chro-
matin15,16. The full significance of these observations was
later appreciated when it was found that nuclear small
RNAs (sRNAs) repress mobilization of transposable ele-
ments by promoting epigenetic modifications of the
corresponding DNA17–19, a second defensive role of RNA
silencing in several organisms.

In parallel to this work on viruses, research on RNAi
led to the discovery that nearly all eukaryotes express
non-coding RNAs that are similar in size to siRNAs
(reviewed in REF. 20). These microRNAs (miRNAs) derive
from longer, single-stranded and imperfect RNA hair-
pins that are transcribed from non-coding nuclear
genes and are processed by Dicer or its homologues.
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Olivier Voinnet

Abstract | In eukaryotes, small RNA molecules engage in sequence-specific interactions to 
inhibit gene expression by RNA silencing. This process fulfils fundamental regulatory roles, as
well as antiviral functions, through the activities of microRNAs and small interfering RNAs. As a
counter-defence mechanism, viruses have evolved various anti-silencing strategies that are being
progressively unravelled. These studies have not only highlighted our basic understanding of
host–parasite interactions, but also provide key insights into the diversity, regulation and evolution
of RNA-silencing pathways.
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EPISOMES

Genetic elements that can
replicate independently in
eukaryotic nuclei.

through imperfect complementarity to the 3′ untrans-
lated region21, although the mechanism that is involved
is unknown. By contrast, many plant miRNAs have
near perfect complementarity to the coding region of
their targets22 — most of which encode transcription

Plant and animal miRNAs modulate the expression of
mRNAs that orchestrate cell differentiation, develop-
ment and probably many other cellular functions in a
sequence-specific manner20. Most animal miRNAs are
thought to inhibit the translation of their target mRNAs

Box 1 | Possible primary sources of RNA silencing as elicited by viral and sub-viral pathogens

RNA silencing is ubiquitously
triggered by dsRNA. The sources 
of this molecule,which is produced
during the replication cycles of
the different classes of virus and
sub-viral pathogens discussed in
this review, are described here.
In the figure, sources of dsRNA are
indicated by the yellow symbols.
For simplicity, full replication
cycles are not shown in each case;
see Supplementary information S1
(box) for full details.

Viruses with RNA genomes
Most plant viruses, and some
animal viruses, have genomes of
positive, ssRNA that are replicated
within the cytoplasm of the host
(a).Viral RNA-dependent RNA
polymerases (vRdRPs) synthesize
complementary negative-stranded
genomic RNA, from which
numerous copies of positive-
stranded RNA are reproduced.
Partial or complete annealing of
positive and negative RNA strands
constitutes the replicative form
(RF), which provides one source of dsRNA. A second source is provided by the folding of replicated, single-stranded
genomic RNA, which forms secondary double-stranded structures.

Viruses with genomes of negative ssRNA (not shown) follow a similar strategy, but their genomic RNA must be first
copied into a complementary, plus-stranded mRNA before proteins can be synthesized. Such viruses are widespread in
animals (for example, the influenza virus), but are less common in plants.

Retrotransposons
Retrotransposons (b) resemble animal retroviruses (not shown here) in genome organization and replication, but are
not infectious. They consist of an RNA genome, which is reverse-transcribed to produce dsDNA that integrates into host
DNA through a process that requires their terminal repeats (TR; in the figure, the viral DNA that is shown is already
integrated into the host genome). Integration can occur in the vicinity of host genes, potentially resulting in dsRNA
synthesis owing to read-through transcription. In addition, the terminal repeats form stem-loop structures at each end
of the viral genome, which provide an extra source of dsRNA.

Viruses with DNA genomes
Pararetroviruses (c) are the only known dsDNA viruses of plants, and their genomes are circular and EPISOMAL. When
they are transcribed, the terminal repeats at the ends of the viral mRNAs form secondary double-stranded structures
that could function as triggers for RNA silencing.

Plant geminiviruses (d) are ssDNA viruses with genomes that are replicated in the nucleus through a rolling-circle
mechanism that generates dsDNA intermediates, which are the templates for both replication and transcription.
Transcription is bidirectional, and the presence of complementary RNA strands provides a source of dsRNA.

Adenovirus and Epstein–Barr virus (EBV) (e) are dsDNA viruses with linear genomes, which are replicated in the
nucleus by the host DNA replication machinery or viral-encoded enzymes (not shown in the figure). They are
maintained as episomes, from which viral gene expression occurs. Intramolecular interactions that occur within viral
transcripts form double-stranded regions that, in the case of EBV, are known to be recognized and processed by the
RNA-silencing machinery.

Viroids
Viroids (f) are subviral pathogens that consist of single-stranded, covalently closed RNA molecules, which usually adopt
a quasi-rod-like secondary structure with extensive double-stranded regions.
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miRNA precursors14,22. This raises the possibility that
the functional diversification of DCLs that is seen in
plants arose primarily as an adaptation to optimal
recognition and processing of perfect and imperfect
double-stranded forms of pathogenic RNAs. Specific
sub-cellular localization of DCLs and further specializa-
tion might have evolved subsequently to fulfil regulatory
roles in addition to defensive functions. This is high-
lighted by the four DCLs that function in Arabidopsis
thaliana: DCL1 accumulates mainly in the nucleus,
where it ensures the stepwise processing of miRNAs
from their imperfect stem-loop precursors27–29, whereas
the nuclear DCL3 synthesizes specific small RNAs that
guide epigenetic modifications of transposons and
endogenous loci, which results in TGS (REF. 30) (FIG. 1).
Although DCL2 is known to have a nucleo-cytoplasmic
distribution30, localization of DCL4 awaits characteriza-
tion. Either of these two DCLs could account for the as
yet unidentified activity that produces the siRNAs that
direct experimental RNAi in plants.

Individual mutations that affect the nuclear DCL1
and DCL3 enzymes in A. thaliana do not compromise
vsRNA accumulation from RNA viruses30, which repli-
cate exclusively in the cytoplasm — the compartment
where viroid sRNAs also accumulate27. By contrast,
plants that lack DCL2 function show increased suscepti-
bility to turnip crinkle virus (TCV). However, this
hyper-susceptibility correlates with a delay and not an
elimination of vsRNA accumulation; it also seems to be
TCV-specific, because replication of at least two other
RNA viruses is unchanged in dcl2 mutants30. So, no
individual DCL has been compellingly linked to plant
RVIGS so far, and this could have at least two explana-
tions. First, DCLs — possibly including the uncharac-
terized DCL4 — might have partially overlapping
functions in VIGS. Second, combinatorial interactions
between distinct DCLs, perhaps mediated by the PIWI
protein–protein interaction domain conserved among
these factors31, might in fact be required for optimal
RVIGS (FIG. 1). For example, interaction between DCL2
and DCL1 could promote cytoplasmic re-localization
of DCL1 and allow processing of viral hairpins that
resemble miRNA precursors. DCL2, on the other
hand, could process the perfectly double-stranded
replicative forms. Implicit to this hypothesis is the pre-
diction that sub-cellular redistribution of some DCLs
might take place during virus infections, although this
remains to be tested.

The accumulation of viral-derived siRNAs in silk-
moths that are infected with the Sindbis RNA virus pro-
vides direct evidence that RVIGS also occurs in insects32,
where functional Dicer diversification is reminiscent of
the situation in plants. So, Drosophila melanogaster
Dicer 1 (DCR1) is required for miRNA biogenesis, but
dispensable for siRNA-directed RNAi33. DCR1 func-
tion requires Argonaute 1 (AGO1)34, a member of the
PIWI-Argonaute-Zwille (PAZ) class of proteins that are
broadly implicated in plant and animal RNA-silencing.
Conversely, DCR2 and AGO2 are required for siRNA
synthesis and RISC loading, respectively, but are dis-
pensable for miRNA-guided functions33,34. Decreased

factors — which they cleave on incorporation into a
RISC complex23. So, in addition to its defensive role,
RNA silencing also functions in the regulation of
endogenous gene expression.

Interests in the regulatory and defensive roles of
RNA-silencing are now converging through the study
of antiviral RNA silencing, as it is becoming clear that
viruses not only use elaborate strategies to suppress the
effects of defensive RNA silencing, but also redirect or
interfere with cellular functions that are orchestrated by
endogenous small RNAs. These new aspects of
host–virus interactions have strong evolutionary impli-
cations, both in terms of the continuing molecular arms
race between hosts and pathogens, and in terms of the
extent to which defence and gene regulation by RNA
silencing might have influenced each other. This review
highlights these concepts, presenting the latest advances
in understanding how viruses and related parasitic
genetic elements induce RNA silencing, how they sup-
press or evade this process and what the consequences
of this are for the host. Finally, I also discuss whether,
beyond the therapeutic applications that have been pro-
posed for RNA silencing in vertebrates, this process also
has antiviral roles in those organisms.

RNA-silencing pathways: a viral perspective
The principal subdivision of viruses is based on the
nucleic-acid content of their genomes. Below, I describe
the pathways that are involved in RNA silencing through
replication of both DNA and RNA viruses (BOX 1), and
highlight how understanding these mechanisms has
provided insights into the functions and evolution of
RNA silencing.

RNA-virus-induced gene silencing (RVIGS). Replication
of RNA viruses produces double-stranded hybrids of
positive (plus-stranded) and negative (minus-stranded)
copies of genomic RNA, called replicative forms (BOX 1).
Although it is widely believed that processing of
replicative forms by Dicer-like enzymes (DCLs) forms
the core of RVIGS in plants, experimental evidence
points to a more complex situation. For instance, in
tombusvirus-infected plants, vsRNAs are not distrib-
uted homogeneously along the viral genome, as a
prevalent contribution of replicative forms would pre-
dict. Instead, they map preferentially to short, imperfect
hairpins that result from interactions within the plus-
stranded genomic RNA14 (BOX 1). An important contri-
bution of such intra-molecular base-pairing is directly
supported by the fact that inverted repeats, as opposed
to linear RNA fragments, induce more effective RVIGS
when they are introduced into recombinant viral RNA
vectors24. The vast majority of vsRNAs that accumulate in
response to VIROIDS also derive from extensive intramol-
ecular pairing of their circular RNA genome25–27 (BOX 1).

This evidence indicates that RVIGS is probably
triggered by the processing of both perfectly double-
stranded RNA, such as replicative forms (which
resemble the experimental triggers of RNAi), and sin-
gle-stranded RNA hairpins which, at least in the case of
tombusviruses, seem to be structurally related to plant

VIROID

An autonomously replicating
subviral pathogen of plants with
a circular, rod-like RNA genome
that contains no ORF. Viroids
account for some of the most
devastating diseases of plants.
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DNA-virus-induced gene silencing (DVIGS). DVIGS is
best understood for geminiviruses, which do not go
through a dsRNA phase. However, their DNA replicative
forms are transcribed bi-directionally such that overlap-
ping transcripts of opposite polarity might generate
dsRNA through complementary base-pairing (BOX 1), as
was shown for the C3 and coat protein (CP) transcripts of

AGO2 expression in D. melanogaster and mosquito 
cells results in hyper-susceptibility to the Flock House
virus (FHV), and the Nodamura and O’nyong-nyong
RNA viruses, which coincides with reduced vsRNA
accumulation35–37. However, the contribution of the
DCR1–AGO1 pathway in insect antiviral silencing
remains unknown.
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Figure 1 | Antiviral RNA-silencing pathways in plants. An integrated scheme showing pathways that have been either
experimentally demonstrated in plants (solid arrows) — inferred from work on other organisms — or purely speculative (dotted arrows).
a | In the nucleus, viruses and sub-viral pathogens that are integrated in the host genome can be subject to transcriptional gene
silencing (TGS). In the situation in the upper part, read-through transcription leads to the production of dsRNA that is complementary to
viral sequences, whereas in the situation shown in the middle, dsRNA is produced de novo through the activity of the argonaute protein
AGO4 and the RNA-dependent RNA polymerase RDR2. Finally, the situation in the lower part shows dsRNA that is produced by
intramolecular pairing of an RNA that contains terminal repeat (TR) sequences. In all cases, the dsRNA is recognized by DCL3, which
results in the production of viral siRNAs. These then interact with the corresponding regions of the viral DNA within the host genome,
directing epigenetic modifications (shown as methylation (CH3)) to this region, which results in the silencing of gene expression. b | In the
cytoplasm, silencing is initiated through the process of virus-induced gene silencing (VIGS). DCL2 is shown here as potentially interacting
with DCL1 to promote its nuclear export and to facilitate processing of imperfect stem-loops that are found in RNA virus and viroid
genomes, although this has not yet been tested. The resulting viral small interfering RNAs are unwound by an ATP-dependent RNA
helicase and then incorporated into the RNA-induced silencing complex (RISC). The RISC complex is then directed to the corresponding
viral mRNA, which is degraded. c | The primary signal can be amplified in the secondary VIGS pathway. Viral small RNAs produced in
primary VIGS, or aberrant RNA (abRNA; for example, expressed from a transgene, or produced by a virus) are converted into dsRNA by
the combined actions of the RNA-dependent RNA polymerase RDR6 (also known as SDE1), the AGO1 protein and SDE3, which might
be an RNA helicase. In the same process that occurs in primary VIGS, these dsRNAs are then processed and lead to degradation of
the corresponding viral or transgene mRNA. d | The miRNA pathway might also be involved in VIGS. There is evidence, from
experiments in human cells, to suggest that viral dsRNAs can be processed in the nucleus by DCL1 and subsequently exported to the
cytoplasm, where they then enter the antiviral RNA-silencing pathway. HASTY, the exportin 5 homologue of Arabidopsis thaliana.
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occurs through at least two mechanisms, which are both
relevant to antiviral defence. The first requires that pri-
mary small RNAs from a virus or transgene are recruited
by an RdRP-containing complex to initiate the synthesis
of new dsRNA. The occurrence of this small-RNA-
directed process can be inferred from in vitro studies of
the Neurospora crassa RdRP QDE1 (quelling defective 1)
(REF. 48). It is also supported by experiments in plants, in
which VIGS that is initiated by a vsRNA that corresponds
to one part of a targeted mRNA leads to accumulation of
siRNA that corresponds to the non-overlapping part49.
In A. thaliana, this synthesis of secondary siRNAs
requires the activities of RDR6 (an RdRP, also known as
SGS2 or SDE1) and SDE3, a protein with RNA-helicase
signatures49,50.

Together with AGO1 and the coiled-coil protein
SGS3, RDR6 and SDE3 are also involved in a second
mechanism, which, by contrast, does not require the pres-
ence of small RNA or dsRNA. This mechanism is
thought to perceive aberrant RNAs (abRNAs) that are
spuriously produced by sense transgenes46, transposons
or viruses51 and to convert them de novo into dsRNA
(FIG. 1). For example, the absence of a 5′ cap renders trans-
gene mRNA susceptible to the activity of RDR6 (REF. 52),
although other features, such as the lack of a polyA tail,
might also differentiate normal RNA from abRNA. In
principle, this second RdRP mechanism is not exclusive
from the first one, as small RNA that results from abRNA
processing could initiate further dsRNA synthesis from
normal mRNAs. Similar reactions might take place that
involve aberrant transcripts from cucumber mosaic virus
(CMV, an RNA virus) and from CaLCuV, because A.
thaliana mutants that lack individual components of the
AGO1–RDR6–SGS3 pathway are hyper-susceptible to
the former and show reduced DVIGS in response to the
latter39,53,54. However, accumulation of other viruses
remains unaffected by these mutations, indicating that
there is some specialization in components of the RdRP
pathways, similar to the DCLs. Consistent with this idea,
knockdown of RDR1, a third A. thaliana RdRP that is
distinct from RDR6 and RDR2, increases plant suscepti-
bility to tobamo-, tobra- and potex-viruses, but not to
CMV (REFS 55,56).

The involvement of RdRPs means that both RVIGS
and DVIGS could be separated into primary and sec-
ondary reactions in plants. In this model, vsRNAs that
are produced by viral replication would induce primary
VIGS. This would in turn trigger host- rather than
virus-directed secondary reactions, which might have
evolved from a cellular mechanism whereby RdRPs nor-
mally prevent accumulation of aberrant endogenous
transcripts. Some viruses could be more affected by pri-
mary VIGS because secondary structures in their
genomes might be highly accessible to DCLs. Others
might evade the primary response but remain suscepti-
ble to the host mechanisms that detect abRNA produc-
tion, and therefore to secondary VIGS. In most cases, a
full understanding of VIGS would require the ability
to experimentally compromise both the primary and
secondary reactions. Together with the possible redun-
dancy and combinatorial interactions of plant DCLs,

the African cassava mosaic virus38. The DCL, or combi-
nation of DCLs, that is involved in the production of
vsRNAs is unknown.

Because DNA viruses form nuclear episomes or inte-
grate into host chromosomes, their genomes might
be subject to the same epigenetic modifications that
affect host genomes. So, RNA-silencing at the tran-
scriptional level could in principle contribute to
DVIGS. In A. thaliana, DVIGS from cabbage leaf curl
geminivirus (CaLCuV) is not compromised in the
defective DNA methylation 1 (ddm1) and maintenance
of methylation 1 (mom1) mutants, which are both defi-
cient in TGS of host-gene expression39. However, several
additional pathways contribute to TGS in plants40, and
their involvement in DVIGS awaits evaluation. Notably,
DCL3 cooperates with AGO4 to initiate a heterochro-
matic state for the A. thaliana AtSN1 retrotransposon
(BOX 1), by recruiting AtSN1-derived sRNAs17,18,30 (FIG. 1).
This also requires the activity of RDR2, a putative RNA-
dependent RNA polymerase (RdRP). This enzyme
belongs to a class of proteins that are thought to initiate
and amplify RNA-silencing by producing dsRNA from
transposon-derived or virus-derived ssRNA (see
below). By analogy, a similar vsRNA-directed pathway
could be involved in the transcriptional inactivation of
invading viral DNA. Potential targets of such a system
include the recently identified endogenous pararetro-
viruses, which have become stably integrated into plant
genomes41 (BOX 1). As with retrotransposons, expression
of their genomes is repressed by DNA methylation, but
is often reactivated by stress42. Moreover, transgenes that
are driven by enhancers of the tobacco endogenous
pararetrovirus (TEPRV) become methylated in tobacco,
but remain active in non-host species that are devoid
of TEPRV sequences43. This indicates the involvement
of a trans-acting, sequence-specific mechanism, which
implies the contribution of vsRNA, although direct
proof of this is still needed.

Recent findings in human lymphoma cells indicate
that the miRNA pathway might also be involved in
DVIGS. Epstein–Barr virus (EBV), a 172-kb dsDNA virus
(BOX 1), produces nuclear-localized transcripts with par-
tially dsRNA structures that are processed into smaller
miRNA-like molecules44. This is the only example so far
of small RNA production by a vertebrate virus, although
it is likely that this might also be the case for other mem-
bers of the Herpesviridae family and, perhaps, for other
types of virus45. Both the processing reaction and the pos-
sible inhibitory effects of EBV miRNA on viral mRNA
could contribute to limiting EBV infection. This might
also apply to plant and insect DVIGS, and predicts, for
example, that the miRNA-defective dcl1 mutants of
A. thaliana, although they have a normal response to
RNA viruses, might show hyper-susceptibility to some
DNA viruses (FIG. 1). However, this has yet to be tested.

Primary and secondary VIGS. The effects of the core
RNA-silencing reactions might be further amplified by
the action of host-encoded RdRPs (FIG. 1), which have
been identified in plants, Caenorhabditis elegans and
fungi, but not in insects or vertebrates46–48.Amplification
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pathways (FIG. 1). Moreover, the number of RdRPs
and DCLs probably varies between plant species, pro-
viding tremendous flexibility in the initiation and
execution of VIGS.

mentioned previously, this probably explains why no
individual RNA-silencing component has so far been
broadly implicated in antiviral defence in plants.
Therefore, there might be many entry points into VIGS

Box 2 | Silencing on the move 

Steps in systemic silencing
A spectacular aspect of RNA
silencing in plants and
Caenorhabditis elegans is its
systemic nature. The
sequence-specificity of this
effect indicates that the
silencing signal has a 
nucleic-acid component,
probably RNA. Part a in the
figure shows an experiment
in which systemic RNA
silencing was investigated in
tobacco plants that express a
GFP transgene. Plants were
injected with a construct
containing an inverted repeat
of the GFP coding sequence,
transcription of which results
in a dsRNA that functions as
a trigger for the silencing of
the GFP transgene. The red
and yellow colouring in steps
2–4 indicate loss of GFP
expression (yellow indicates
partial loss of expression and
red indicates complete
inhibition), as visualized
under UV illumination.

Systemic silencing
proceeds in the following
way: first, there is local
induction, triggered by the
transiently expressed
inverted-repeat construct
(step 2). This is followed by
long-distance movement of
the signal within the
vasculature (step 3),
unloading of the signal into
the leaves and amplification and cell-to-cell movement through plasmodesmata (step 4). This process is thought to provide
a systemic antiviral response that immunizes tissues that are as yet uninfected. Signal amplification might be important
because, having detected only a few pathogenic RNAs, the plant can mount a large systemic response against the invader.

Molecular basis of systemic silencing
Part b in the figure shows an experiment in which silencing was specifically triggered within the vasculature of
Arabidopsis thaliana plants that express transgenic GFP. In sde1 mutants, in which the RNA-dependent RNA polymerase
RDR6 is inactive, the movement of the silencing signal outside the veins is restricted to the 10–15 cells that are closest to
the vasculature. This movement is more extensive in plants that are deficient for SDE3, and affects the entire lamina in
wild-type (WT) plants.

The extensive movement of the silencing signal probably proceeds through the reiteration of short-distance signalling
events, as shown by the model in c. The activities of RDR6 and SDE3 promote the amplification of the signal by
catalysing the production of dsRNA from transgene mRNA. This dsRNA is recognized and processed by Dicer to produce
21-nt siRNAs50. In addition to directing cleavage of transgenic mRNA after becoming incorporated into the RISC
complex, these siRNAs are thought to be able to spread from cell to cell through the plasmodesmata, and can therefore
trigger either silencing or further signal amplification in neighbouring cells.
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nucleic-acid-mediated and protein-mediated resistance
in several organisms. For instance, SALICYLIC ACID — an
important component of the plant innate immune
response to a broad range of pathogens (BOX 3) — is also
implicated in antiviral defence through the induction of
RDR1 expression in A. thaliana and tobacco55,56.

Viral suppression of RNA-silencing
Viruses have evolved a wide range of mechanisms to
overcome RNA-silencing, providing yet another exam-
ple of the continuing evolutionary arms race between
hosts and parasites. Elucidating the mechanisms of sup-
pression and evasion of silencing is also informative at a
wider level, as important insights into the regulation of
gene silencing and its roles in host gene expression has
been gained through those studies.

Ubiquity and diversity of silencing suppressors. Initial
work showed that the potyvirus-encoded helper com-
ponent proteinase (HcPro) enhances the replication of
many unrelated viruses63,64. One interpretation of this
result is that HcPro inhibits a defence mechanism that is
effective against a wide range of viruses. The finding
that RNA-silencing is such a mechanism therefore
prompted the idea that HcPro could suppress silencing,
which was subsequently confirmed in tobacco65–67.
Following the same rationale, the CMV-encoded 2b
protein was also found to suppress RNA silencing67.
On the basis of the widespread antiviral function of

A genetic immune system. It was anticipated soon after
their discovery that RdRP systems might be key compo-
nents of antiviral silencing mechanisms that are
required to keep pace with high viral replication rates57:
a few viral abRNAs or primary vsRNAs could be con-
verted into many dsRNA molecules to reinforce the
silencing response. This idea became even more attrac-
tive when it was realized that, in plants, RNA silencing in
response to transgenes and viruses moves between cells
and over long distances through a relay-amplification
process58,59 that is dependent on the activity of RDR6
and SDE3 (REF. 50). This non-cell-autonomous silencing
probably forms the systemic arm of VIGS (BOX 2),
because several viruses elicit the specific degradation of
viral RNAs in tissues ahead of the infection front50,60,61.
Furthermore, vsRNAs from the cucumber yellows virus
accumulate in pumpkin phloem sap, suggesting the
long-distance movement of these molecules62.

Because it is highly adaptive, specific and systemic,
RNA-silencing can therefore be seen as a form of
immune system that operates at the nucleic-acid level.
However, unlike immune systems that are mediated by
proteins, the specificity of the RNA-silencing immune
system is not programmed by the host. Instead, it is deter-
mined by features of and sequences within the pathogen’s
genome. It is noteworthy that RNA silencing integrates
into a broader scheme of defence pathways that will also
have to be considered in future studies of its defensive
roles. It now seems that there might be overlap between

SALICYLIC ACID

A compound that is involved in
plant defence against insects 
and pathogens; it has intrinsic
anti-microbial properties.

Box 3 | RNA silencing compared with innate immunity

Innate immunity in plants relies on the rapid evolution of
membrane-bound or cytosolic disease resistance proteins 
(R proteins) (a), which perceive pathogen protein signatures
known as ‘elicitors’115. In compatible plant–pathogen
interactions (b), the elicitor escapes recognition by an 
R protein, leading to development of disease. In incompatible
interactions (c), the elicitor is recognized by an R protein,
triggering a cascade of defence reactions that culminate in a
form of programmed cell death (PCD), the ‘hypersensitive
response’(in the plant shown, this was elicited by successive
challenges with tobacco mosaic virus (TMV), and the areas
of dead cells show points of infection with TMV).
Coincident with the hypersensitive response is an increase in
salicylic acid that triggers ‘systemic acquired resistance’
(SAR), whereby long-distance movement of an unidentified
signal induces broadly effective antimicrobial activities in
remote plant tissues116 (d).

Although seemingly dissimilar, defence systems that are
based on R proteins and on RNA silencing might be partly
connected. Several viral silencing suppressors elicit a
hypersensitive response (REFS 117,118) and salicylic acid
induces expression of an RNA-dependent RNA polymerase that targets RNAs of several types of virus55,56. Furthermore,
the cucumoviral 2b protein (TABLE 1) suppresses both the RNA-silencing and the salicylic acid pathways119, indicating that
salicylic acid might induce virus resistance by potentiating RNA-silencing-based antiviral defence. Perhaps even more
striking is the finding that tobacco plants that express the potyviral helper component proteinase (HcPro) show enhanced
resistance to a broad range of pathogens120. A proposed explanation is that HcPro suppresses the effects of endogenous
small RNAs (for example, miRNAs) that are targeted against negative regulators of R-protein-mediated defence120.
However, HcPro could also release a silencing-based mechanism that directly restricts constitutive R-gene expression,
which is usually cytotoxic. Indeed, the complex genomic organization of R-gene loci is prone to negative epigenetic
control through mechanisms that might well involve small RNAs121.
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virus might encode several distinct suppressors, as was
recently found with the citrus tristeza virus124 (CTV,
TABLE 1). Silencing suppression has also been docu-
mented in insect cells, and was discovered through the
related expression strategies and functional similarities
of the CMV suppressor 2b and the B2 protein of the
insect virus FHV (TABLE 1). Deletion of the B2 ORF
from FHV results in a drastic loss of virus accumula-
tion in D. melanogaster S2 cells, which can be rescued by
decreasing the cellular content of AGO2. Therefore,
B2 suppresses the effect of the AGO2-dependent silenc-
ing response that normally restricts FHV accumulation35.

RNA-silencing, it was anticipated that the use of suppres-
sors would be a shared strategy of many plant viruses.
The realization that HcPro and 2b are PATHOGENICITY

DETERMINANTS provided a rationale for identifying novel
viral-encoded suppressors; the re-investigation of other
factors of this type revealed that several effectively
inhibit RNA-mediated silencing68.

Many unrelated viral proteins have evolved silenc-
ing-suppressor activities in addition to their other func-
tions, contributing to the remarkable diversity of these
factors, which have now been identified for almost all
types of plant virus (TABLE 1). Moreover, a single type of

PATHOGENICITY DETERMINANT

A factor that is not strictly
required for virus replication,
but is nevertheless needed for its
efficient accumulation at the
cellular or systemic level.

Table 1 | RNA-silencing suppressors encoded by plant, insect and vertebrate viruses

Viral family Virus Suppressors Other functions References

Positive-strand RNA viruses in plants

Carmovirus Turnip Crinkle virus P38 Coat protein 122

Cucumovirus Cucumber mosaic virus; 2b Host-specific movement 67
tomato aspermy virus

Closterovirus Beet yellows virus P21 Replication enhancer 123
Citrus tristeza virus P20 Replication enhancer 124

P23 Nucleic-acid binding
CP Coat protein

Comovirus Cowpea mosaic virus S protein Small coat protein 125

Hordeivirus Barley yellow mosaic virus γb Replication enhancer; movement; 126
seed transmission; pathogenicity
determinant

Pecluvirus Peanut clump virus P15 Movement 127

Polerovirus Beet western yellows virus; P0 Pathogenicity determinant 103
cucurbit aphid-borne yellows virus

Potexvirus Potato virus X P25 Movement 60

Potyvirus Potato virus Y; tobacco etch HcPro Movement; polyprotein processing; 65–67
virus; turnip yellow virus aphid transmission; pathogenicity

determinant

Sobemovirus Rice yellow mottle virus P1 Movement; pathogenicity determinant 68

Tombusvirus Tomato bushy stunt virus; P19 Movement; pathogenicity determinant 68
cymbidium ringspot virus;
carnation Italian ringspot virus

Tobamovirus Tobacco mosaic virus; P30 Replication 128
tomato mosaic virus

Tymovirus Turnip yellow mosaic virus P69 Movement; pathogenicity determinant 70

Negative-strand RNA viruses in plants 

Tospovirus Tomato spotted wilt virus NSs Pathogenicity determinant 129

Tenuivirus Rice hoja blanca virus NS3 Unknown

DNA viruses in plants

Geminivirus African cassava mosaic virus AC2 Transcriptional activator 68,81
Tomato yellow leaf curl virus C2 protein (TrAP)
Mungbean yellow mosaic virus C2

Positive-strand RNA viruses in animals

Nodavirus Flock house virus; nodamura B2 Plaque formation 35
virus

Negative-strand RNA viruses in animals

Orthomyxovirus Influenza virus A* NS1 Poly(A) binding; inhibitor of 36,107,108
mRNA export; PKR inhibitor

DNA viruses in animals

Adenovirus Adenovirus VA1 RNA PKR inhibitor 87

Poxvirus Vaccinia virus* E3L PKR inhibitor 36

*These have only been demonstrated in heterologous systems (insects and plants). HcPro, helper component proteinase; PKR, an
RNA-dependent protein kinase.
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transgenically in the same A. thaliana ECOTYPE and their
effects were analysed side-by-side69. RNAi of an endoge-
nous gene, triggered by a corresponding inverted-repeat
transgene, was used in these experiments to measure the
impact of each suppressor on the siRNA pathway. All
five proteins suppressed the inverted-repeat-induced
silencing, indicating an effect on primary VIGS.
However, they did this through distinct mechanisms.
For example, the potyviral HcPro increased the stability
of the dsRNA that triggered silencing, indicating the
inhibition of DCL function. This inhibition was partial,
however, as a significant amount of siRNA was still
detected. By contrast, three of the other proteins that
were tested strongly suppressed siRNA accumulation
without enhancing dsRNA stability, indicating that they
function downstream of DCLs. In the same study, the
tombusviral P19 suppressor had no significant effect on
either ds- or siRNAs, which is consistent with its ability
to sequester small RNAs69 (see below). By contrast, in a
separate study, the P69 suppressor of turnip yellow
mosaic virus (TYMV) did not affect inverted-repeat-
induced silencing in A. thaliana, but efficiently sup-
pressed silencing that was induced by sense transgenes,
which, as mentioned previously, is dependent on
AGO1–RDR6–SGS3 (REF. 70). Consequently, P69 might
specifically inhibit secondary VIGS (FIG. 1). These analy-
ses show that silencing suppressors target many distinct
steps of the silencing pathway. These include non-cell-
autonomous steps, as several suppressors specifically
affect systemic as opposed to intracellular silencing50,60,61.
Therefore, the functional diversity of these proteins
mirrors their structural and sequence diversity.

Molecular basis of silencing suppression. The biochemi-
cal properties of several silencing suppressors have been
described previously, and REFS 71,72 discuss this aspect in
more detail. Here, I highlight the most significant
advances in our understanding of the modes of action of
these proteins, which also shows the range of strategies
that can be visualized for silencing suppression.

An intuitive hypothesis for silencing suppression
involves the inhibition of key components of RNA-
silencing pathways, as highlighted by the function of the
tombusviral P19 protein. In vitro, recombinant P19
specifically binds to chemically synthesized siRNA
duplexes and shows an otherwise poor affinity for
other nucleic acids, including long dsRNAs or single-
stranded siRNAs73. siRNA binding also occurs in vivo,
because the vast majority of tombusvirus-derived
siRNAs co-fractionate with P19 in infected tissues74 and
transgenically expressed P19 co-immunoprecipitates
with small RNAs in A. thaliana69,75. A decisive step in
understanding the mode of action of P19 was the crys-
tallization of P19 homodimers that are directly bound
to siRNA duplexes76,77, which highlights the extraordi-
nary adaptation of viruses to the host silencing machin-
ery (FIG. 2a). Because siRNAs are ubiquitously involved in
RNA-silencing, these findings predicted that P19 would
be effective in a broad range of organisms, which was
verified by studies in human and D. melanogaster
cells36,69. Presumably, physical sequestration of siRNAs

Most of the original work on silencing suppression
involved model systems that varied greatly in terms
of the host, the virus or transgene used to induce silenc-
ing, the method used to deliver the suppressor protein
and the timing and pattern of its expression. It was
therefore difficult, if not impossible, to compare the out-
comes of such studies. To resolve this issue, five unre-
lated silencing suppressors were recently expressed

ECOTYPE

A population within a species
that has developed distinct
morphological or physiological
characteristics as an adaptation
to a specific environment, and
which persists when individuals
are moved to a different
environment.
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Figure 2 | Viral strategies for suppression and evasion of RNA-silencing. a | Direct
interference with silencing-effector molecules is illustrated by the tombusviral P19 protein. The
head-to-tail organization of P19 homodimers (blue and green) allows binding to small interfering
RNA (siRNA) duplexes (yellow). Two sets of tryptophan residues (yellow) bind to the last set of
base pairs on either end of the siRNA, leading to effective measurement of the duplex length,
such that P19 selects siRNAs of 21nt for binding. The sequestered siRNA is prevented from
entering the RNA induced silencing complex (RISC) and is therefore inactivated. b | Recruitment
of endogenous negative regulators of RNA silencing is illustrated by the potyviral helper
component proteinase (HcPro). HcPro interacts with the calmodulin-like protein rgsCaM
(regulator of gene silencing CaM) to inactivate the RNA-silencing pathway through an unknown
mechanism at an intermediate step that involves both RISC and Dicer. c | Geminiviral
transactivator proteins (TrAPs) suppress RNA silencing by altering the host transcriptome so that
proteins such as WERNER EXONUCLEASE-LIKE 1 (WEL1) that are homologues of components
of the silencing pathway are produced at excessive levels. This can lead to dominant-negative
effects by competing with positive effectors of silencing — in this case, WERNER SYNDROME-
LIKE EXONUCLEASE (WEX) — for interaction with the core silencing machinery (case 1). The
TrAP-induced factors might also directly inhibit the silencing machinery (case 2). d | Out-
competition of RISC by unproductive viral-derived small RNA (vsRNA) could be a common
feature of plant and insect virus infections. Stem-loop regions of the genome that are accessible
to Dicer-like enzymes (DCLs) but inaccessible to RISC might generate unproductive vsRNA (case 1).
If such regions are favoured as DCL substrates, as with tombusviruses, the resulting vsRNA could
then outcompete productive vsRNA (2 and 3) for loading into RISC. e | Evasion of silencing by
loss of silencing target sequences is illustrated by the generation of defective interfering RNA
molecules from tombusviruses. Defective interfering RNA molecules result from skipping of the
viral replicase at the junctions of stem-loop structures that are normally potent silencing inducers.
Defective interfering RNA molecules are therefore devoid of silencing targets (bottom right) and
have a strong selective advantage over the helper virus (bottom left). P, promoter.
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viruses provide good examples of RNA-based inhibitory
functions that are targeted at defence systems. The
human adenovirus non-coding RNA VA1 inhibits the
activation of protein kinase R (PKR) by viral dsRNA86,
which normally leads to non-specific inhibition of trans-
lation (see online Supplementary Information S2 (fig-
ure) for details). Recent work indicates that VA1 is also a
potent competitor of both exportin 5 and human dicer87,
which are involved, respectively, in the export of miRNA
precursors from the nucleus and in miRNA maturation.
An unanswered question is whether VA1 actually inhibits
miRNA-mediated processes during the viral life cycle and
whether this has any beneficial effect on virus replication,
which could indicate a role for RNA-silencing in limiting
adenovirus infection87. The production of VA1-like
stem-loop RNAs could, in principle, contribute to the
anti-silencing strategies of plant and insect viruses.

Silencing suppression and host gene expression
Besides of its antiviral role, RNA silencing has impor-
tant functions in regulating host gene expression, and
these might also be compromised by viral suppressors.
For example, most soybean varieties have yellow seeds,
but some produce seeds with dark, irregular streaks —
an effect called ‘mottling’. Mottling remained mysterious
until it was found that the yellow seed coating is in fact a
natural manifestation of RNA silencing targeted against
chalcone synthase, which is involved in pigment synthe-
sis, producing a dark seed colour88. Mottling results
from the persistent infection of yellow seeds by two
viruses of the potyviridae and cucumoviridae families,
which, by suppressing silencing, cause the irregular pig-
mented pattern (FIG. 3a). This provides one of the clearest
and simplest examples of the contribution of silencing
suppression to viral symptoms and, therefore, to how
viruses can affect host gene expression89.

As antiviral and host gene-silencing pathways
involve similar effector complexes and mediator mole-
cules, it was expected that viral suppressors would
interfere with processes that are orchestrated by
endogenous miRNAs, many of which regulate the
accumulation of transcription factors that control impor-
tant developmental processes (FIG. 3b–c). Accordingly,
A. thaliana plants that are either infected with
potyvirus or that express HcPro transgenically show
developmental abnormalities that resemble those of
miRNA-deficient dcl1 mutants90. HcPro inhibits the
cleavage of miRNA targets but, curiously, it also non-
specifically enhances the accumulation of miRNAs69,90.
A possible explanation comes from the fact that the
expression of DCL1 is itself negatively regulated by one
of these miRNAs, miR162 (REF. 91). So, inhibition of
miR162-directed cleavage by HcPro might cause
enhanced miRNA processing by the stabilized DCL1
protein. Inhibition of miRNA-directed cleavage by
HcPro indicates that this factor interferes with RISC
function. Because HcPro also has a partial dsRNA-
stabilizing effect, it is likely that it functions at the
DCL–RISC interface (FIG 1), which is consistent with
the evidence that these two silencing complexes
interact in vivo92.

by P19 prevents their unwinding by an RNA helicase8, a
prerequisite for assembly of an active RISC complex.
Although necessary, however, siRNA sequestration might
not be sufficient for the effect of P19 in vivo, because we
have isolated A. thaliana mutants in which P19-mediated
silencing suppression is compromised. The P21 silencing
suppressor of beet yellows virus (BYV; an RNA virus) also
binds directly to siRNA duplexes, but whether this inter-
action is siRNA-specific, and whether P21 is structurally
related to P19, remains undetermined75.

A second silencing-suppression strategy involves the
recruitment of endogenous negative regulators of RNA-
silencing. For instance, screens for HcPro-interacting
factors identified a calmodulin-related protein, rgsCaM
(regulator of gene silencing CaM), the overexpression of
which mimics silencing suppression by HcPro (REF. 78).
rgsCaM could therefore function as an endogenous
silencing suppressor through an as yet uncharacterized
calcium-dependent pathway (FIG. 2b). Cellular inhibitors
of RNA silencing have also been genetically identified in
C. elegans. One of them, ERI-1 (Enhanced RNAi-1),
defines a novel subfamily of evolutionary conserved
DEDDh nucleases that process siRNAs into shorter,
inactive forms79. It will therefore be interesting to evalu-
ate the contribution of ERI-1 orthologues to silencing
suppression by plant and animal viruses.

A third strategy relies on modifications of the host
transcriptome, and is supported by studies of the gemi-
nivirus transcriptional-activator proteins (TrAPs),
which have been identified as silencing suppressors. The
nuclear localization and zinc- and DNA-binding activi-
ties of TrAPs are all required for their suppressor func-
tion, indicating that TrAPs function at the host-DNA
level80–82 (FIG. 2c). Indeed, genome-wide transcriptional
profiling of A. thaliana PROTOPLASTS revealed that TrAPs
from two geminiviruses induce a common set of
~30 host mRNAs, among which is the WERNER
EXONUCLEASE-LIKE 1 (WEL1) transcript83. Interest-
ingly, the related proteins MUT-7 (mutator 7) and
WERNER SYNDROME-LIKE EXONUCLEASE
(WEX) are positive effectors of RNAi and transgene-
induced RNA-silencing in C. elegans and A. thaliana,
respectively84,85. So, the TrAPs-induced overaccumula-
tion of WEL1 might result in dominant-negative effects
by interfering with or competing for factors that are
required for normal WEX function. Accordingly, tran-
sient overexpression of WEL1 suppresses transgene
silencing in Nicotiana benthamiana leaves83.

Silencing suppression could also be RNA- rather
than protein-mediated and, paradoxically, this could
involve vsRNAs. Indeed, some vsRNAs might not neces-
sarily promote effective cleavage once loaded into the
RISC complex if they are derived from portions of the
pathogen’s genome that are inaccessible to this complex.
Considering the large amount of vsRNA in plant- and
insect-infected cells5,14, it is therefore conceivable that
many of them are non-productive decoys for the RISC
complex (FIG. 2d). Abundant vsRNAs might also out-
compete endogenous small RNAs for the RISC, and
therefore interfere with host biology — a possible cause
of some of the symptoms of viral infection. Animal

PROTOPLAST

A plant cell from which the cell
wall has been removed by
mechanical or enzymatic means.
Protoplasts can be prepared
from primary tissues of most
plant organs, as well as from
cultured plant cells.
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although they suppressed inverted-repeat-induced
silencing69. This provides further evidence that siRNA
and miRNA pathways are only partially overlapping in
plants, and supports the idea that viral symptoms that
are due to silencing suppression result from incidental
cross-inhibition of the miRNA pathway. Note, however,
that transgenically expressed suppressors do not neces-
sarily reflect the way these proteins are synthesized or
used during infection. Caution should therefore be
exercised in making direct inferences about viral biology
from these results.

Other viral responses to RNA silencing
Evasion of RNA silencing. There is evidence that some
viruses might evade rather than suppress RNA silenc-
ing. For example, replication of Brome mosaic virus,
which has an RNA genome, occurs in membrane-
bound vesicles, keeping viral RNAs away from host
ribonucleases93, which might include silencing-related
ribonucleases. Similarly, the chloroplastic replication of
Avsunviroidae (a family of viroids) probably protects
them from silencing94, and transfected siRNAs are ineffi-
cient in targeting specific nuclear RNAs of the influenza
virus A in human cells95. Silencing evasion can also
result from loss of target sequences within viral genomes,
owing to the high viral mutation rates. In lymphocytes,
for example, the effects of anti-HIV siRNAs were pro-
gressively dampened by the emergence of viral quasi-
species that harbour mutations within the siRNA target
sequence96,97. In plants and animals, parasitic RNAs that
are called defective-interfering RNAs are shortened
forms of viral genomes that multiply at the expense of
their progenitor helper viruses. Plant tombusviral defec-
tive-interfering RNAs arise through deletions that are
caused by skipping of the replicase enzyme at the junc-
tions of base-paired structures within the replicated
RNAs of helper viruses98 (FIG. 2e). As explained in a pre-
vious section, such hairpins contribute significantly to
vsRNA production, and therefore defective interfering
RNAs have strong selective advantages over helper viruses
because they are largely devoid of target sequences14.

Viral and sub-viral pathogens might also evade
silencing because their genome is intrinsically resistant
to the degradation machinery that is involved. For
example, although the quasi-rod-shaped genomes of
viroids are substrates for DCLs, viroid sequences are
largely inaccessible to the RISC complex99, presumably
because their extensive intra-molecular folding cannot
be resolved by this complex. Protection of viral genomes
might also result from their association with proteins, as
suspected for several cytoplasmic transcripts of the res-
piratory syncitial virus, which resist experimental RNAi
in human cells100. Similarly, encapsidation might protect
plant viral genomes from silencing101. Finally, viruses
that replicate and spread at high rates might simply out-
compete the capacity of the silencing machinery, at both
the cellular and systemic levels.

RNA silencing to the benefit of viruses. Although it
might seem counterintuitive, viruses might also exploit
the host silencing response. As obligate parasites, they

Other viral suppressors cause anomalies that are
strikingly similar to those elicited by HcPro (REFS 69,75),
which are also attributable to the decreased cleavage of
miRNA targets (FIG. 3b). These proteins are extremely
diverse, and some, such as P19 and P15 (TABLE 1), are
from viruses that do not naturally infect A. thaliana. So,
these developmental symptoms cannot reflect a deliber-
ate strategy of viruses to reprogramme host gene
expression. Instead, they are probably an incidental con-
sequence of the primary suppression of RVIGS at an
intermediate step that is shared with the miRNA path-
way, which probably involves a RISC complex (REFS 69,75).
For example, the siRNA-binding properties of P19 and
P21 explain their inhibitory effect on miRNA-directed
cleavage because both proteins co-immunoprecipitate
with the primary processing products of several miRNA
precursors, which are known as miRNA/miRNA*
duplexes69,75. Presumably, binding of these duplexes by
P19 and P21 prevents their efficient use by the RISC
complex, resulting in ectopic expression of the corre-
sponding miRNA targets. Notably, two of the suppres-
sors that have been investigated had little effect on
miRNAs and did not cause visible symptoms,
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Figure 3 | Viral symptoms and silencing suppression. a | Mottling in soybean seeds (middle of
panel) results from their persistent infection by potyviruses and cucumoviruses. Production of
silencing suppressors by these viruses reverses silencing of chalcone synthase, an enzyme that is
involved in pigment synthesis, which is naturally silenced in most soybean varieties, resulting in a
pale seed colour (top of panel). The bottom of the panel shows seeds from an uninfected soybean
variety in which chalcone synthase is not naturally silenced. b | Developmental symptoms in
leaves of Arabidopsis thaliana that constitutively express the P19, helper component proteinase
(HcPro), P15 or P21 silencing suppressors (TABLE 1). The similarity between those phenotypes is
striking. Effects on leaves from a moderate (left) or strong (right) HcPro expresser indicates a
continuum of developmental phenotypes that increase in severity as the penetrance of the effect
of suppressors gets stronger. c | Transgenic expression of hairpins that are derived from the
potato-spindle tuber viroid (PSTVd) genome leads to the development of leaf symptoms (curling
and elongation) in tomatoes that phenocopy those of PSTVd-infected plants. hpPSTVd, hairpin
potato spindle tuber viroid; P, promoter; WT, wild type.
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and triggers production of antiviral INTERFERONS (IFNs).
Therefore, the effects of NS1 and E3L on RNA-silencing
could result from a trivial competition for Dicer sub-
strates or incidental binding of siRNA duplexes that
result from their primary anti-PKR activities. Such non-
specific effects have been documented for several
dsRNA-binding proteins, including the RNaseIII enzyme
of Escherichia coli, an organism in which RNA silencing
does not operate at all109.

A second caveat in these experiments is that they
were carried out in non-vertebrate systems. Measuring
the impact of NS1 or E3L on mammalian antiviral RNA
silencing would entail the previous inactivation of the
genes that encode them, which is complicated by the
resultant considerable weakening of the viruses against
the PKR-activated IFN response. A similar problem was
encountered in addressing the significance of the inhibi-
tion of exportin 5 and dicer activities in human cells by
the adenovirus VA1 RNA. Disruption of VA1 results in a
marked decrease in adenovirus accumulation owing to
strong activation of the PKR antiviral pathway, which
precludes further analysis of possible RNA-silencing
effects87. So, the FHV B2 protein remains the only RNA-
silencing suppressor that is encoded by an animal virus,
for which requirement in the infection process has been
convincingly established in the context of the interaction
between a virus and its natural host35.

A second approach to studying antiviral RNA silenc-
ing in vertebrates is the cloning and sequencing of small
RNAs that might accumulate during infection. However,
it is remarkable that, despite considerable efforts, there
has been no report of the presence of vsRNAs in either
non-infected or severely infected vertebrate cells, with the
notable exception of the EBV-derived miRNAs44. One
interpretation is that, although they are operational, the
effects of the vsRNA biosynthetic pathway are usually
masked or supplanted in vertebrate cells by other defence
systems. These include the HUMORAL IMMUNE RESPONSE and
the IFN response. Not only would PKR strongly com-
pete with dicer for viral dsRNA substrates, but the IFN
response would also mask the specific effects of any
putative vsRNAs produced. Perhaps, the occurrence
and effects of vsRNAs will only be evident in vertebrate
cells in which the IFN or humoral immune responses
are compromised or naturally inactive, as in embryonic
stem (ES) cells or pre-implanted embryos110,111. In fact, we
could speculate that the vsRNA biosynthetic pathway
might have been specifically preserved in ES cells as a pri-
mordial guard system, preventing the inheritance of
viruses or transposon-induced genomic instability in all
daughter-cell lineages.

Alternatively, the apparent lack of vsRNA in virus-
infected vertebrate cells could indicate that antiviral
silencing, as characterized in insects and plants, has been
progressively lost in higher animals, owing to the emer-
gence of more elaborate dsRNA-activated defence
mechanisms. The lack of DCL diversification in mam-
mals, as opposed to plants and insects, supports this
hypothesis, which implies that only the miRNA regula-
tory pathway has been retained in vertebrates. However,
even this hypothesis does not necessarily exclude the

must preserve the integrity of their hosts and, in this
respect, silencing prevents the detrimental effects of
their over-accumulation. An unusual RNA-silencing
response, ‘recovery’, might represent an extreme repre-
sentation of this idea. In recovery, plants that are initially
highly symptomatic show a drastic reduction in viral
levels in new growth, although the pathogen is never
completely eliminated102. Recovery-inducing viruses
often infect MERISTEMS (an unusual property among plant
viruses), so this might represent an adaptation towards
seed or pollen transmission: tolerating rather than sup-
pressing RNA silencing would secure flowering and,
ultimately, virus propagation.

In a previous section, processing of EBV-derived
miRNAs was described from the viewpoint of host
defence. However, searches for homology to human tran-
scripts show that most EBV miRNAs could potentially
target several classes of cellular mRNA, including those
that encode regulators of cell proliferation and apoptosis,
chemokines, transcription factors and signal-transduc-
tion components44. Therefore, EBV miRNAs might well
reprogramme expression of specific host proteins to
establish optimal infection conditions. This probably also
applies to plant viroids, which do not encode any protein,
but replicate, spread and induce symptoms in their
hosts94. Many cellular changes that are elicited by viroids
might actually result from viroid-induced silencing of
host mRNAs, owing to homology between viroid small
RNAs and plant genomes. Consistent with this idea,
tomato plants that express viroid-derived inverted
repeats (which produce viroid siRNAs) show symp-
toms that phenocopy those of viroid infections99 (FIG. 3c).
Considering the high probability of sequence matches
between host and viral genomes, this ability of viruses to
take advantage of silencing to directly modify host gene
expression might, in fact, be widespread.

An antiviral role for silencing in vertebrates?
Cultured human cells can be immunized against incom-
ing viruses by pre- or co-transfection with siRNAs100,104.
More recently, systemic RNAi effectively cured adult
mice of aggressive influenza strains105,106. Besides their
significance for prophylaxis and therapy, these biotech-
nological breakthroughs raise a fundamental question:
does RNA silencing naturally limit viral infections in
vertebrates as it does in plants and insects?

An indirect approach to answering this question is
the investigation of putative RNA-silencing suppressors
that are encoded by vertebrate viruses. Recently, the
influenza virus NS1 protein and the vaccinia virus E3L
protein were found to have such inhibitory activity in
plants and insect cells36,107,108. However, the interpreta-
tion of these results requires caution. First, both proteins
are known to bind to dsRNA, a property that is directly
related to their PKR-antagonizing function in mam-
malian cells. PKR, an RNA-dependent protein kinase, is
activated by RNAs with double-stranded features such
as those produced by viruses86. On auto-phosphoryla-
tion, PKR catalyses the intermolecular phosphorylation
of the protein synthesis initiation factor eIF-2α, which
shuts down translation of both host and viral mRNAs

MERISTEM

A plant tissue that is usually
made up of small cells that can
divide indefinitely. Meristems
give rise either to similar cells or
to cells that differentiate into
mature tissues, including
reproductive tissues that
produce seeds and pollen.

INTERFERONS

(IFNS). A group of glycoproteins,
produced by various cell types,
that prevent viral replication in
newly infected cells and, in some
cases, modulate specific cellular
functions. They are produced in
response to a range of stimuli,
including exposure to dsRNA.

HUMORAL IMMUNE RESPONSE

A bodily defence reaction that is
mediated by antibodies
(produced by B cells) that
specifically neutralize invading
antigens.
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of RNA silencing and the realization that many of the
symptoms that are caused by viruses might result
from usurpation of or interference with the regulatory
functions of silencing.

The mechanisms that are involved in VIGS pathways
are also becoming clearer, although the genetic
approaches to understanding these pathways are quickly
showing their limits and indicate that our initial views
of the process were probably far too simplistic: VIGS
probably consists of a multitude of intricate and partially
redundant reactions. The sheer number of Argonaute-
family proteins in several organisms is another challeng-
ing reminder of the complexity that is expected to
emerge from the further genetic dissection of defensive
RNA silencing.

Another challenge for the future will be to fully
determine the extent to which RNA silencing is inte-
grated within the interlinked and numerous layers of
innate host defences, and to understand the impact of
silencing suppression on these pathways. It also remains
to be determined how many of the concepts and prin-
ciples that have been developed in plant and insect
models will apply to vertebrate systems. In any case, it
is anticipated that immune systems that are based on
small RNAs, either of pathogenic or cellular origin, are
likely to be widespread.

participation of RNA-silencing in antiviral responses. It
could just be that vertebrate miRNAs, rather than
siRNAs or vsRNAs, are the molecules that are involved
in such responses, as shown for EBV. There are also
indirect models that might implicate miRNAs in verte-
brate antiviral defence. These include the negative con-
trol by miRNAs of basic viral compatibility factors, such
as host proteins that are required for replication, or the
recruitment of miRNAs in the mammalian innate
immune response to viruses. Perhaps even more
appealing is the recently proposed idea112 that miRNAs
and other endogenous small RNAs, in addition to their
cellular functions, might constitute a repertoire of
antiviral molecules by complementarity to incoming or
resident parasitic nucleic acids. The perfect comple-
mentarity of miR127 and miR136 to the mouse retro-
transposon Rtl1 (REFS 113,114) is a striking example that
supports this concept.
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