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Plants have a number of ways to resist viruses. Innate
responses, such as those triggered by dominant resis-
tance gene products, include local cell death and sys-
temic acquired resistance and have been studied for
decades. Adaptive responses in plants, on the other
hand, were recognized only a few years ago. This brief
review focuses on RNA silencing, a fascinating adaptive
response to invasive or mobile RNAs, and the counter-
defensive strategies used by viruses to overcome the
silencing response.

RNA silencing refers to the related processes of
posttranscriptional gene silencing (PTGS) in plants,
RNA interference in animals, and gene quelling in
fungi. A unifying principle of RNA silencing is that a
target RNA is inactivated by degradation in a se-
quence-specific manner. RNA silencing can be trig-
gered efficiently by nuclear transgenes that form a
high degree of double-stranded (ds) structure or that
express a highly abundant or aberrant transcript. RNA
silencing in plants can also be triggered by replicating
RNA- and DNA-containing viruses. In some cases,
RNA silencing during infection results in a “recovery”
phenotype, in which new leaves that emerge are sub-
stantially free of virus and lack symptoms of infection.
Additionally, RNA silencing in response to one virus
may cross-protect against infection by another closely
related virus. If a recombinant virus containing se-
quences homologous to a nuclear gene is used for
infection, then silencing triggered by the virus will
target the transcript of the nuclear gene. Conversely,
RNA silencing triggered by a nuclear gene will target
an incoming virus if that virus contains genome se-
quences homologous to the nuclear gene. Thus, vi-
ruses can be both triggers and targets of RNA silenc-
ing.
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MECHANISMS OF RNA SILENCING

A general mechanistic model for the cell autonomous
steps of the RNA silencing pathway(s) derives from plant,
animal, and fungal systems, as well as from in vitro
systems using Drosophila cell extracts (Fig. 1). This
model explains induction of silencing by diverse types of
nuclear transgenes, dsRNA constructs, and viruses. Nu-
clear transgenes or DNA viruses that encode functional
or aberrant transcripts may activate RNA silencing to
various degrees, although the efficiency with which si-
lencing is triggered may depend on the extent of sec-
ondary structure in the RNA transcript. The initiator
mRNA is likely recognized by a cellular RNA-dependent
RNA polymerase (RdRp)-like protein (termed SDE1/SGS2
in plants). Arabidopsis thaliana plants with sde1/sgs2

utations are RNA silencing-defective using mRNA-pro-
ucing transgenes. Although exactly how the inducer
NA is recognized, transcribed, or processed by the
dRp is not clear, it is postulated that the complementary
NA product anneals with the template to form limited
mounts of dsRNA. In fact, the critical role of dsRNA in

he process is underscored by the high initiator activity of
sRNA in virtually all RNA silencing systems examined in
etail. DsRNA-containing intermediates are likely recog-
ized by a dsRNA-specific nuclease. Bass (2000) pro-
osed that this dsRNase might belong to a class of
roteins containing RNaseIII-like, helicase, and dsRNA
inding domains. This nuclease would process the
sRNA-containing initiator molecules to small RNAs of
1–23 nucleotides in length. Such small RNAs that cor-
espond to sense and antisense polarities of RNA silenc-
ng targets are consistently found in silencing cells and
an be produced in the in vitro silencing systems that are

programmed by dsRNA. The small RNAs are proposed to
associate with either the initiator-specific dsRNase or a
different RNase-like protein, converting the enzyme into

a sequence-specific nuclease that recognizes targets via
hybridization to the small RNAs. Thus, initiation of silenc-
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ing with one inducer will result in sequence-specific
cleavage of all RNAs containing high levels of sequence
homology with the inducer.

RNA silencing triggered by replicating positive-strand
RNA viruses shares several of the features described for
silencing activated by nuclear genes. For example, small
RNAs of 21–25 nucleotides corresponding to the viral
genome are formed during infection, and sequence-spe-
cific RNA degradation occurs to inactivate RNAs with
high homology to sequences within the viral genome.
Positive-strand RNA viruses are particularly efficient trig-
gers of RNA silencing. Indeed, recombinant viruses con-
taining host gene sequences have been used effectively
as functional genomics tools to induce knockout pheno-
types in plants. Recent evidence suggests that silencing
of RNA viruses may be initiated through a branch path-
way that differs from that used for silencing of nuclear
genes. At least one virus (tobacco rattle virus) can induce
RNA silencing in Arabidopsis plants containing a sde1/

gs2 mutation that inactivates RNA silencing of a nuclear
ene. Also, a virus-encoded silencing suppressor (p25)
ppears to specifically affect cell autonomous silencing
f a nuclear gene, but not a replicating virus (see below).
hese data suggest that replicating RNA viruses can

rigger the effector stages (sequence-specific RNA deg-
adation) of RNA silencing, but through a mechanism that
ypasses the SDE1/SGS2-dependent steps. A reason-
ble hypothesis to explain these observations states that
sRNA formed during genome replication on cytoplasm-
xposed surfaces of membranes serves directly as the
ubstrate for the dsRNase that catalyzes formation of the
mall RNAs. In effect, the viral RdRp may functionally

FIG. 1. RNA silencing pathways in plants. The key steps in RNA sile
proposed to be inhibited by the virus-encoded silencing suppressors 2
SDE1/SGS2-dependent, p25-sensitive part of the silencing pathway tha
RNA virus replication complex on a membrane surface exposed to
SDE1/SGS2-dependent reaction or viral RNA replication are processe
associate with the dsRNase or another nuclease-like protein to form t
ubstitute for the cellular RdRp.
Plants also have a systemic signaling component to
RNA silencing. Silencing induced in one part of a plant
can trigger silencing in another part or in tissues across
a graft union. Because silencing at distant sites is de-
pendent on sequence homology with the inducer, a sys-
temic, mobile signal containing nucleic acid correspond-
ing to the silencing target is probably produced. Dissem-
ination of the signal occurs by cell-to-cell movement
through plasmodesmata linking adjacent cells and
through the phloem which carries photoassimilates and
macromolecules to distal tissues. Furthermore, transport
of the signal appears to use the same intercellular route
(plasmodesmata and phloem) as do viruses for cell-to-
cell and long-distance movement (Fig. 2). Although the
composition of the systemic signal has yet to be identi-
fied, analysis of a silencing suppressor protein from
potato virus X (PVX) suggests that formation of the signal
requires the SDE1/SGS2-dependent branch of the RNA
silencing pathway.

RNA SILENCING SUPPRESSORS

Early evidence that viruses encode RNA silencing sup-
pressor proteins came from experiments in which si-
lenced transgenes in plants were reactivated after virus
infection or after introduction of genes encoding candi-
date suppressor proteins using virus vectors or addi-
tional transgenes. Silencing suppressors have been
identified from positive-strand RNA viruses and DNA-
containing viruses. In a number of cases, silencing sup-
pressors have general pathogenicity-enhancing activi-
ties. As a group, the plant viral silencing suppressors are

of nuclear or viral RNAs are shown schematically. The steps that are
, and HC-Pro (italicized) are shown. The boxed segment indicates the
leads to production of the systemic silencing signal. A positive-strand
ytoplasm is shown. Double-stranded RNAs produced by either an
all RNAs of 21–23 nucleotides in length by a dsRNase. These RNAs

uence-specific RNase that degrades target sequences.
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diverse in sequence and evolutionary origin. They are
also functionally diverse, with some targeting cell auton-
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omous steps and others targeting systemic signaling
steps.

Before focusing on specific silencing suppressors, it is
important to consider the biological consequences of
viral silencing suppression. At first glance, there would
appear to be a conflict. On the one hand, many viruses
encode suppressor proteins that arrest cell autonomous
or signaling steps. On the other hand, many viruses that
encode functional suppressors will trigger RNA silencing
during infection. This apparent paradox may be ex-
plained, in some cases, by the step(s) in the silencing
pathway affected by a particular suppressor. For exam-
ple, a suppressor may interfere specifically with sys-
temic signaling (see below) but not the cell autonomous
reactions. In other cases, the suppressor may be shut off
late in the infection cycle, or the silencing apparatus may
simply overcome the suppressor if sufficient inducer
RNA is produced. In any event, it seems reasonable to
propose that silencing suppression might be a transient
event during the infection process. A transient window of
suppression might be sufficient to allow a virus to es-
tablish a systemic infection.

Potyviral HC-Pro

Numerous functions have been assigned to the poty-

FIG. 2. Systemic signaling of RNA silencing and long-distance mo
GFP-expressing transgenic or tobacco etch virus–GFP (TEV–GFP)-in
Regions of the leaves that contain GFP fluorescence appear pale gre
cence. (Left) Systemic RNA silencing of the GFP sequence in an upp
injection of a dsRNA inducer in lower leaves. The leaf shows uniform
due to RNA silencing that was triggered by systemic movement of a sile
a nontransgenic plant that was inoculated in lower leaves. Note that bot
viral HC-Pro protein. It has a cysteine-type proteinase
domain, which catalyzes autoproteolytic cleavage be-
tween HC-Pro and the neighboring protein within the
large viral polyprotein. Among other functions, HC-Pro is
required for long-distance movement through the phloem
and for maintenance of genome amplification. Tobacco
etch potyvirus mutants with defects in the central region
of HC-Pro are able to move cell to cell, but are restricted
to initial infection foci in inoculated leaves. At the single
cell level, these mutants are unable to maintain genome
amplification, which shuts down prematurely. In addition,
HC-Pro enhances pathogenicity and amplification levels
of heterologous viruses. Each of these properties is likely
the consequence of the RNA silencing suppressing func-
tion of HC-Pro.

HC-Pro targets a cell autonomous step that is neces-
sary for maintenance of silencing triggered by both rep-
licating viruses and transgenes. RNA silencing is re-
versed in cells that express HC-Pro, regardless of
whether HC-Pro is delivered by injection of a transgene,
by a virus vector, or by a genetic cross. The silencing-
associated small RNAs from a silenced transgene are
absent when HC-Pro is introduced, suggesting that HC-
Pro targets a step coincident with, or upstream of, pro-
duction of small RNAs. One possibility is that HC-Pro
inhibits the dsRNase, or a factor required for dsRNase
activity, that is required for small RNA production from

t of viruses occur through the same intercellular route. Leaves from
plants were photographed under long-wavelength UV illumination.
reas regions lacking GFP appear red due to chlorophyll autofluores-

f from a GFP-expressing transgenic plant was triggered by localized
pression, except in areas proximal to major and minor veins (arrows)
ignal. (Right) Systemic accumulation of TEV–GFP in an upper leaf from

GFP and the silencing signal show similar patterns of systemic spread.
vemen
fected
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both silenced transgene and viral RNAs (Fig. 1). Recently,
HC-Pro was shown to interact with a calmodulin-related
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cellular protein, which itself functions as an RNA silenc-
ing suppressor. This raises the possibility that HC-Pro
functions indirectly by influencing a calcium-dependent
regulator of RNA silencing. The finding of a cellular
protein with suppressor activity also provokes the idea
that viral suppressor genes originated in host organisms
and were captured through host–virus recombination.

Cucumoviral 2b

Infection of plants containing a silenced reporter
transgene with cucumber mosaic virus (CMV) results in
silencing suppression, but only in newly emerged tis-
sues that develop after infection. In contrast to plants
infected by potyviruses, mature tissues that are silenced
at the time of CMV infection remain silenced after infec-
tion, indicating that potyviruses and cucumoviruses likely
target different components of the silencing response.
The CMV 2b protein, a nuclear protein that is required for
long-distance movement of the virus, functions as the
silencing suppressor. The fact that 2b suppresses silenc-
ing only in newly emerged tissue after infection suggests
that it targets either an initiation or a signaling step in the
silencing pathway (Fig. 1). Mechanistic details for how
2b suppresses silencing are lacking.

Potexviral p25

The p25 protein of the potexvirus, PVX, is one of three
cell-to-cell movement proteins (MPs) required for trans-
port of virus from one cell to the next. Transport occurs
through plasmodesmata, intercellular channels that tra-
verse the cell wall and provide cytoplasmic and endo-
membrane continuity between cells. The three MPs are
proposed to coordinate the interaction between encap-
sidated PVX and plasmodesmata, to modulate the aper-
ture or permissivity of the channel, and to facilitate move-
ment of virus to the adjacent cell. Fusion proteins con-
taining the p25 sequence linked to a GFP reporter are
able to move cell to cell after introduction (by micro-
projectile bombardment) into leaves, suggesting that p25
possesses plasmodesmal transport functions. The p25
protein catalyzes hydrolysis of ATP in vitro and contains
motifs that resemble superfamily I-type RNA helicases.

The effects of p25 on cell autonomous and systemic
silencing events have been tested using two types of
inducers, a GFP gene under the control of a strong 35S
promoter (35S-GFP) and replicating PVX–GFP recombi-
nant viruses, after injection into lower leaves of trans-
genic Nicotiana benthamiana plants expressing a func-
ional GFP transgene. Interestingly, p25 suppresses lo-
al, cell autonomous silencing (in the infiltration zone)
ith the 35S-GFP gene, but not with replicating PVX–
FP. Further, p25 suppresses systemic silencing trig-

ered by both 35S-GFP and PVX–GFP inducers. These
ata suggest that production of the systemic silencing
signal is a p25-sensitive step and that the signal requires
the transgene inducer pathway regardless of whether
the inducer is a transgene or a replicating virus. Perhaps
viral genomic RNA or viral mRNA can trigger silencing
(both local and systemic) through the SDE1/SGS2-de-
pendent pathway, whereas the dsRNA-containing viral
replication intermediates can trigger silencing (local
only) through the direct route (Fig. 1). Whether p25 sup-
presses production of the systemic signal or a step
upstream from signal production is not known. However,
the fact that a viral protein inhibits the pathway leading to
systemic signaling strongly implies that the systemic arm
of the silencing response is part of the antiviral defense
mechanism.

Given the large number of viruses in plants, there is a
high likelihood that additional classes of silencing sup-
pressors will be identified. The major challenges now lie
in understanding how they function to interdict the si-
lencing pathways. Finally, viewing RNA silencing as a
process that occurs in animals as well as plants begs
the following question: To what extent does RNA silenc-
ing contribute to antiviral defense in animals? The next
few years promise some excitement as the roles of RNA
silencing and silencing suppression in plants and ani-
mals are further defined.

Note added in proof. Bernstein et al. (Nature 409, 363–366) recently
identified Dicer, a silencing-associated dsRNase that catalyzes produc-
tion of 22-nucleotide RNAs, using an extract prepared from Drosophila
embryos. Dicer is biochemically distinct from the mRNA-degrading
activity. Dicer contains helicase-like and RNase III signature domains
and has similarity to the Zwille/ARGONAUTE/Piwi family of proteins.
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