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Recovery of plants from virus-induced symptoms is often described as a consequence of RNA silencing, an
antiviral defense mechanism. For example, recovery of Nicotiana clevelandii from a nepovirus (tomato black ring
virus) is associated with a decreased viral RNA concentration and sequence-specific resistance to further virus
infection. In this study, we have characterized the interaction of another nepovirus, tomato ringspot virus (ToRSV),
with host defense responses during symptom induction and subsequent recovery. Early in infection, ToRSV induced
a necrotic phenotype in Nicotiana benthamiana that showed characteristics typical of a hypersensitive response. RNA
silencing was also activated during ToRSV infection, as evidenced by the presence of ToRSV-derived small inter-
fering RNAs (siRNAs) that could direct degradation of ToRSV sequences introduced into sensor constructs.
Surprisingly, disappearance of symptoms was not accompanied by a commensurate reduction in viral RNA levels.
The stability of ToRSV RNA after recovery was also observed in N. clevelandii and Cucumis sativus and in N.
benthamiana plants carrying a functional RNA-dependent RNA polymerase 1 ortholog from Medicago truncatula. In
experiments with a reporter transgene (green fluorescent protein), ToRSV did not suppress the initiation or
maintenance of transgene silencing, although the movement of the silencing signal was partially hindered. Our
results demonstrate that although RNA silencing is active during recovery, reduction of virus titer is not required
for the initiation of this phenotype. This scenario adds an unforeseen layer of complexity to the interaction of
nepoviruses with the host RNA silencing machinery. The possibility that viral proteins, viral RNAs, and/or virus-
derived siRNAs inactivate host defense responses is discussed.

RNA silencing is an innate and ubiquitous defense mecha-
nism that is activated by double-stranded RNAs (dsRNAs) and
has been implicated in antiviral defense (6, 7, 60, 61). The
vast majority of plant viruses possess a positive-sense single-
stranded RNA genome that is replicated through dsRNA in-
termediates (31). In addition, folding of self-complementary
stretches within the single-stranded RNA genome allows the
formation of stem-loop structures, which provide local regions
of dsRNA (66). Once detected by the surveillance machinery
of the plant cell, viral dsRNAs are cleaved by dicer-like (DCL)
RNase III enzymes into 21- to 24-nucleotide (nt) small inter-
fering RNAs (siRNAs) (20, 23, 59). The siRNAs guide RNA-
induced silencing complexes (RISCs) to the target RNA in
a sequence-specific manner (61). The target RNA is then
cleaved by argonaute (AGO) proteins, which are RNase H-like
enzymes and are associated with the RISC (9, 74). In addition,
host RNA-dependent RNA polymerases (RDRs) have been
proposed to play a crucial role in amplifying the RNA silencing
signal (5, 8, 60, 65). They bind the cleaved fragment released by
RISC and produce a new generation of dsRNAs. This is prob-
ably followed by a new round of dicer cleavage to produce
secondary siRNAs. siRNAs are also likely to be the mobile

signal that spreads the defense response with or ahead of the
invading virus, thus preventing viral accumulation in systemic
leaves (26).

In plants, several pathways associated with RNA silencing of
viruses, transgenes, or endogenous genes have been identified
(11, 58). These pathways are distinct but interconnected and
include common as well as specific components. Genes for 4
DCL enzymes, 6 RDRs, and 10 AGO proteins have been
identified in the Arabidopsis genome (11). Although specific
DCL enzymes have been implicated in the response to differ-
ent viruses, they also exhibit redundant effects in virus-infected
plants (10, 20). Similarly, the biochemical activity of RDRs
appears to be both virus specific and redundant (6, 7).

The characterization of recovery phenotypes observed in
some natural virus infections or in transgenic plants engi-
neered for viral resistance provided the first experimental ev-
idence for a link between RNA silencing and an antiviral
defense mechanism (17, 25, 36, 44, 45). Recovery was first
described nearly 80 years ago and is characterized by an initial
symptomatic infection that is followed by attenuation or elim-
ination of the symptoms in newly emerging leaves (68). In
plants infected with tobacco ringspot virus (a nepovirus), re-
covered leaves were resistant to secondary infection with the
same virus, although the sap extracted from these leaves
readily induced typical symptoms on young healthy plants (68).
It was later shown that host recovery from symptoms induced
by another nepovirus (tomato black ring virus [TBRV]), a
caulimovirus, and a tobravirus is accompanied by a reduction
in viral RNA concentration (17, 44, 45). Moreover, sequence-
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specific resistance to further virus infection was also observed,
suggesting that RNA silencing is activated prior to recovery
and may be responsible for the reduced virus accumulation and
surveillance phenotype (17, 44, 45).

Many viral proteins are able to suppress the plant RNA
silencing response (60). Inactivation of suppressors of silencing
in mutant viruses can induce a recovery phenotype in plants
that would otherwise respond with systemic symptoms to in-
fection by the wild-type viruses (21, 54). Furthermore, incuba-
tion of plants at an elevated temperature correlates with in-
creased RNA silencing activity, lowered virus accumulation,
and attenuation of symptom development or induction of re-
covery phenotypes (15, 55). Thus, recovery of plants from
natural virus infection is often described as a consequence of
RNA silencing (7, 38). However, recovery is not necessarily
accompanied by virus clearance, as recently demonstrated for
plants infected with an ilarvirus (tobacco streak virus) (70).
Therefore, other factors are likely to be involved in the induc-
tion of recovery.

Tomato ringspot virus (ToRSV; a nepovirus) is an important
pathogen of small fruit and fruit trees in North America (48,
53). On herbaceous hosts, it induces necrotic lesions, followed
by the emergence of symptom-free new leaves. In this study,
we have characterized host responses induced in Nicotiana
benthamiana plants during the course of infection with
ToRSV. We determined that initial development of symptoms
was accompanied by the induction of a necrotic response with
characteristics of the hypersensitive response (HR). Later dur-
ing infection, the disappearance of symptoms was accompa-
nied by ToRSV-specific RNA silencing but not by a significant
reduction in viral RNA levels. Our results demonstrate that
induction of recovery does not require a reduction in viral titer
and suggest that viral proteins, RNAs, or virus-derived siRNAs
function to counteract the host defense responses.

MATERIALS AND METHODS

Plants and viruses. Transgenic N. benthamiana lines 16c (63) and RDR6i (51)
were kindly provided by David Baulcombe (Sainsbury Laboratory, Norwich,
United Kingdom). Transgenic homozygous N. benthamiana plants containing the
RDR1 gene from Medicago truncatula (R0 15-1 4-41) or the T-DNA without the
RDR1 transgene (V12-1 5-3) (72) were generously provided by Richard Nelson
(Samuel Robert Noble Foundation, Ardmore, OK). Plants were cultivated under
greenhouse conditions except for experiments with RDR6i plants, which were
conducted in Conviron climatic chambers set at 21 and 27°C with a 16-h day
length. For virus inoculations, infected tissues were macerated in 0.5 M NaPO4

buffer (pH 7.2), and the extracts were rub inoculated onto Carborundum-dusted
plants.

Agroinfiltration experiments and detection of proteins. Plasmids containing
green fluorescent protein (GFP) and tomato bushy stunt virus p19 have been
described previously (73). Sensor constructs were created by replacing the KpnI-
SstI fragment of plasmid pGFP-cNV3 (73) with an 81-nt fragment of ToRSV
RNA 1 (nt 3713 to 3794) or Prunus necrotic ringspot virus (PNRSV) RNA 3 (nt
258 to 339), generated by PCR and containing the corresponding restriction sites.
Agroinfiltration experiments were conducted as described previously (64). Five
days after infiltration, �100 mg of leaf tissue was crushed in liquid nitrogen,
supplemented with 500 �l of protein extraction buffer (10 mM KCl, 5 mM
MgCl2, 400 mM sucrose, 100 mM Tris-HCl, pH 8.1, 10% [vol/vol] glycerin,
0.007% [vol/vol] �-mercaptoethanol), and centrifuged at 4°C for 5 min at
20,000 � g. Separation of proteins by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblotting were conducted as described previously
(27), using a mouse monoclonal anti-GFP antibody (BD Bioscience) or an
anti-ToRSV coat protein (CP) rabbit polyclonal antibody (47). The secondary
antibody was goat anti-mouse or goat anti-rabbit immunoglobulin G conjugated

with horseradish peroxidase (Bio/Can). Coomassie staining of rubisco protein is
shown as a loading control.

Isolation and detection of RNA. Total RNA was extracted with TRIzol reagent
(Invitrogen) as recommended by the manufacturer.

(i) Northern blot analysis. Five micrograms of total RNA was separated in a
1.2% formaldehyde-agarose gel as described previously (2). Unless otherwise
indicated, the 25S rRNA stained with ethidium bromide (EtBr) was used as a
loading control. RNAs were blotted onto a nylon membrane (Hybond-N�;
Amersham) by capillary action in 10� SSC buffer (1.5 M NaCl, 0.15 M trisodium
citrate, pH 7.0). The membrane was incubated on a gel drier (Bio-Rad) at 80°C
for 2 h. For probe preparation, 25 ng of DNA was labeled with [�-32P]dCTP
(3,000 Ci/nmol; Perkin-Elmer), using a random-priming DNA labeling system
(Invitrogen). Membranes were soaked in 1� PerfectHyb Plus buffer (Sigma) and
hybridized at 65°C for 16 h. Two posthybridization washes were performed at
65°C for 30 min, using 2� SSC containing 0.5% sodium dodecyl sulfate. Hybrid-
ization signals were collected using a Cyclone Plus storage phosphor system
(Perkin-Elmer).

(ii) siRNA detection. Low-molecular-weight plant RNAs were enriched from
total RNA by differential precipitation as described previously (56). The purified
RNAs were separated by denaturing polyacrylamide gel electrophoresis and
transferred to Hybond-N� membranes by electroblotting as described previously
(2). The RNAs were cross-linked to the membrane under UV light (310 nm) for
3 min, and hybridizations with radiolabeled probes were performed as described
above, with the exception that the hybridization and washes were conducted at
40°C.

(iii) Mapping of siRNAs. Fragments of approximately 1,000 nt were amplified
from the ToRSV genome by reverse transcription-PCR using suitable primers
(sequences are available upon request). The amplified cDNA fragments were
separated in 1% agarose gels, eluted, and precipitated with ethanol (EtOH).
Equal amounts of each fragment (140 ng) were separated in a new 1% agarose
gel. The gel was equilibrated in transfer solution (120 mM NaCl, 80 mM NaOH)
for 30 min, and the cDNA fragments were transferred to a Hybond-N� mem-
brane by capillary action for 12 h. The membrane was then incubated in neu-
tralizing solution (1.5 M NaCl, 0.5 M Tris-HCl, pH 7.5) for 15 min. The probe
was prepared using low-molecular-weight RNAs purified from ToRSV-infected
N. benthamiana plants as described previously (15). Approximately 8 �g of
low-molecular-weight RNAs was dephosphorylated with calf intestinal alkaline
phosphatase (Invitrogen) and end labeled with [�-32P]dATP (3,000 Ci/nmol;
Perkin-Elmer), using polynucleotide kinase (Invitrogen). Hybridizations were
conducted as described for siRNA detection.

Diagnosis of HR, cell death, and transport blockage. Detection of hydrogen
peroxide by 3,3�-diaminobenzidine (DAB) staining (57) and staining of starch
(46) were done as described previously. Cell death diagnosis by trypan blue
staining was modified from a previously described method (33) as follows.
Leaves were boiled for 1 minute in trypan blue solution (12.5% phenol
[wt/vol], 12.5% glycerol [vol/vol], 12.5% [vol/vol] lactic acid, 48% [vol/vol]
EtOH, and 0.025% [wt/vol] trypan blue) and incubated overnight at room
temperature. Samples were repeatedly destained in 70% chloral hydrate. For
microscopic imaging, samples were analyzed with an Axiophot/Photomicro-
scope (Zeiss, Germany) under bright-field optics.

Electron microscopy. Leaf sections were fixed in glutaraldehyde, postfixed in
osmium tetroxide (OsO4), dehydrated in EtOH, and embedded in Spur’s resin
(Polyscience) following standard protocols (available upon request). Ultrathin
sections were sliced with a Reichert-Jung Ultracut microtome (AO Instrument
Company, NY), mounted on Formvar-coated nickel grids, stained with uranyl
acetate, and examined using a JEM-1000CX II transmission electron microscope
(JEOL Ltd., Japan).

Photography. DAB-, trypan blue-, and iodine potassium iodide (JJK)-stained
samples were photographed under trans-illumination. In the last case, plants
were placed to float on water. For GFP imaging, plants were illuminated with a
long-wavelength UV light (model B 100 A; Black Ray, Upland, CA) and pho-
tographed with a medium-wavelength yellow filter (Rodenstock, Munich, Ger-
many). For microscopic imaging of GFP, we used an epifluorescence microscope
(Axiophot) with the following settings: excitation filter, 450 to 490 nm; dichroic
mirror, 510 nm; band-pass barrier filter, 515 to 565 nm; and beam splitter, 510
nm. Images were captured with a Nikon D-200 digital camera and processed
using Nikon Capture NX software.

Nucleotide sequence accession number. The sequence of a 700-nt fragment
from the RDR1 gene of Nicotiana clevelandii was deposited in the NCBI database
under accession number EF594060.
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RESULTS

ToRSV induces an HR-like necrotic response in N.
benthamiana. N. benthamiana plants infected with ToRSV ex-
hibit the following two characteristic symptoms: (i) inoculated
leaves show concentric necrotic ring spots (Fig. 1a) and (ii)
depending on the intensity of the infection, the leaves imme-
diately above develop chlorotic and/or necrotic lesions sur-
rounding the veins (Fig. 1b). Shortly after the appearance of
the second symptom, plants recover and newly emerged leaves
resemble healthy ones (Fig. 1c). The severity of infection is
variable and is influenced by temperature, light, and relative
humidity. If infection is severe (under conditions of low tem-
perature, short illumination periods, and high humidity),
plants may die or develop strong necrosis that usually follows
the above-mentioned spatial pattern surrounding the veins.
Moreover, ring spots may fail to develop if infection proceeds
quickly.

DAB staining revealed colocalization of hydrogen peroxide
with ring spots in the inoculated leaves (Fig. 1d and e; specific
DAB staining in Fig. 1e colocalizes with the symptoms shown
in Fig. 1d) and necrotic veins in the first systemically infected
leaves (data not shown). In addition, uptake of trypan blue was
observed in cells with concentric ring spots (Fig. 1f, g, and i)
and necrotic veins (Fig. 1j and data not shown). This is a sign
of plasma membrane disruption, indicating that cell death had
occurred. Microscopic analysis of two adjacent ring spots sep-
arated by an area of living cells (Fig. 1i) confirmed the speci-
ficity of this assay. Trypan blue uptake was not observed in
leaves from mock-inoculated plants (Fig. 1h). Symptoms also
correlated with the induction of mRNA of pathogenicity-
related protein 1a (PR1a) (Fig. 1k). Plants exhibiting a mild
symptomatic (5 days postinoculation [dpi]), strong symptom-
atic (14 dpi), or recovered (19 dpi) phenotype were sampled at
the indicated time points. PR1a transcripts were first detected
in the apical leaves of infected plants at 5 dpi (Fig. 1k, lane 3).
By 14 dpi, PR1a mRNA levels increased in both the first
systemically infected leaves (showing necrotic veins) and the
uppermost leaves (Fig. 1k, lanes 5 and 6). By 19 dpi, PR1a
mRNA was abundant only in the uppermost recovered leaf
and had almost vanished from lower symptomatic leaves (Fig.
1k, lanes 7 to 9). In summary, PR1a induction moved with or
ahead of the virus infection front and was present after the
plants recovered. The induction of hydrogen peroxide, the
transcriptional activation of PR1a, and the cell death associ-
ated with the initial stages of ToRSV infection are common
features of the HR that some plants exhibit upon pathogen
attack (28).

ToRSV infection causes starch transport blockage. ToRSV-
infected N. benthamiana plants are frequently shorter than
healthy ones, and their leaves exhibit a darker, more coria-
ceous appearance. Staining of leaves from ToRSV-infec-
ted (Fig. 1n) or mock-inoculated (Fig. 1o) plants with JJK
revealed a higher level of starch accumulation in ToRSV-
infected leaves. Closer examination showed that in ToRSV-
infected leaves, the area surrounding the veins was not loaded
with starch (Fig. 1n, close-up). However, starch traces were
visible inside the veins, suggesting that uploading of starch into
the vasculature was impaired in ToRSV-infected leaves. Inter-
estingly, the spatial pattern of starch exclusion bears a resem-

blance to that of the necrotic veins shown in Fig. 1b (inset).
One possible interpretation of this result is that the boundary
between bundle sheath and vascular parenchyma and/or com-
panion cells is a checkpoint that hinders transport in symptom-
atic leaves infected with ToRSV. This suggestion is supported
by the observation that starch grains accumulate in the vicinity
of cells of the vasculature in ToRSV-infected plants (compare
Fig. 1l and m). The blockage of starch transport was consis-
tently observed at 14 dpi, when symptoms were strongest (Fig.
1n), but was largely alleviated by 45 dpi, when plants had
recovered from symptoms (compare infected and healthy
plants in Fig. 1p and q).

Chlorophyll degradation is a mechanism to stop the produc-
tion of photosynthates, thereby preventing toxicity resulting
from accumulation of carbohydrates in plants that suffer from
transport blockage (30). The concentration of chlorophyll was
found to be lower in ToRSV-infected leaves than in healthy
ones (1.25 	 0.16 mg/g versus 5.69 	 0.51 mg/g), which cor-
relates with the extreme chlorosis observed upon severe infec-
tion with ToRSV (data not shown). This result is consistent
with the temporary transport blockage observed in ToRSV-
infected N. benthamiana plants.

Recovery is not accompanied by a commensurate reduction
in ToRSV RNA concentration. We sought to investigate the
role of RNA silencing during recovery of N. benthamiana from
ToRSV infection. A time course analysis was performed to
measure the steady-state concentration of ToRSV RNA dur-
ing infection. Although samples were analyzed at 5, 14, 19, 24,
and 30 dpi, only three representative time points are shown in
Fig. 2a. To estimate the variation between plants, three plants
were chosen for each sampling time. To assess the variation
within plants, the inoculated leaves as well as the third and first
leaves from the top were analyzed. The size of the first leaf was
approximately one-eighth the size of fully expanded leaves. At
24 and 30 dpi, inoculated leaves were omitted from the analysis
due to their evident senescence. The results indicated that
ToRSV RNA accumulation did not significantly change be-
tween 5 and 30 dpi (Fig. 2a and data not shown). In this
particular experiment, recovery was observed after 15 dpi.
Only minor variations in viral RNA levels were detected be-
tween and within plants, which correlated with the amount of
RNA loaded in each lane (Fig. 2a). This result, although sur-
prising, is consistent with the fact that sap from recovered
leaves is highly infectious. In fact, the percentage of infected
plants, the time for symptom emergence, and the severity of
the symptoms observed were indistinguishable for plants inoc-
ulated with sap extracted from recovered leaves at 120 dpi or
from young symptomatic leaves at 7 dpi (data not shown).

The accumulation of viral RNA in systemic recovered leaves
could either reflect active viral replication or be the result of
transport of viral RNA from lower leaves. To determine
whether viral replication occurred in systemic recovered
leaves, we tested for the presence of ToRSV negative-strand
RNA, using a strand-specific RNA probe. As shown in Fig. 2a,
positive-strand RNA was readily detected at 5 and 30 dpi (Fig.
2b). Negative-strand viral RNA was also detected at both time
points (Fig. 2b). Detection of negative-strand RNA at 30 dpi in
systemic recovered leaves confirmed that viral replication is
active in these leaves.

We next wanted to investigate whether ToRSV RNA stabil-
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FIG. 1. Characterization of the recovery phenotype in N. benthamiana plants infected with ToRSV. (a to c) Symptom development in ToRSV-infected
plants. ToRSV-induced symptoms in inoculated (a) and first systemic (b) leaves are followed by the emergence of recovered leaves (c). (d and e) Colocalization
of hydrogen peroxide production and necrotic symptoms. Symptomatic leaves were stained with DAB and photographed before (d) and after (e) staining. (f to
j) Colocalization of cell wall collapse and necrotic symptoms. Symptomatic leaves were stained with trypan blue and photographed before (f) and after (g)
staining. Close-up examinations of trypan blue-stained healthy tissues (h) and ToRSV-infected tissues [two adjacent necrotic rings separated by a nonnecrotic
region (i) and a necrotic vein (j)] are shown. (k) Transcriptional activation of PR1a in ToRSV-infected tissues. For each sampling date, the inoculated leaf (lanes
1, 4, and 7), the first systemically infected leaf (lanes 2, 5, and 8), and the apical leaf (lanes 3, 6, and 9) were included. PR1a transcripts were detected by Northern
blotting using a full-length N. benthamiana PR1a cDNA probe. Lane M, mock-inoculated plant. (l and m) Accumulation of starch grains in ToRSV-infected cells.
Cells from mock-inoculated (l) or ToRSV-infected (m) plants were stained with uranyl acetate and analyzed by electron microcopy. Arrowheads indicate the
locations of starch grains. (n to q) Impairment of starch translocation in ToRSV-infected plants. Accumulation of starch was revealed by JJK staining of
ToRSV-infected or mock-inoculated plants at 14 or 45 dpi, as indicated. Lower insets are close-up magnifications of leaf sections from plants shown in panels
n and o. The arrow in panel p points to a leaf that was initially symptomatic.
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ity was a peculiarity of the N. benthamiana-ToRSV pathosys-
tem or was a more general phenomenon. We chose N. cleve-
landii because it was previously demonstrated to suppress
RNA accumulation of another nepovirus through a sequence-
specific RNA degradation mechanism (44). Symptoms induced
by ToRSV in N. clevelandii were severe but disappeared shortly
after their emergence, as described above for N. benthamiana.
A time course analysis of ToRSV RNA revealed that there
were no significant decreases in ToRSV RNA accumulation
between 14 and 102 dpi (Fig. 2c). Cucumber (Cucumis sativus)
is routinely used as an experimental host for ToRSV. ToRSV
induced well-defined ring spots in cucumber cotyledons, and a
vein-limited mosaic was visible in the first systemic leaf. Leaves
that emerged subsequently were symptom-free. Northern blots
revealed only a moderate reduction in virus RNA accumula-
tion in recovered cucumber leaves compared to mosaic ones
(Fig. 2d). Taken together, these results demonstrate that
ToRSV is able to maintain relatively high steady-state levels of
viral RNA in different families of plants.

N. benthamiana is known to be susceptible to a number of
plant viruses. It has been shown that the RDR1 gene (referred
to as NbRdRP1m or, here, as RDR1m) harbors an insertion
that includes tandem premature in-frame stop codons that
likely inactivate the encoded protein (72). The effect of
RDR1m or any active RDR1 ortholog on ToRSV accumulation
has not been determined. It was therefore possible that the
accumulation of the ToRSV viral RNA in recovered leaves was
due to a defect in the RDR1m gene which might reduce the
efficiency of the RNA silencing machinery. A previous study
has shown that an RDR1 ortholog from M. truncatula
(MtRDR1) can functionally complement the N. benthamiana

RDR1 mutation (72). Homozygous transgenic N. benthamiana
plants in which the MtRDR1 gene was integrated were chal-
lenged with ToRSV. Plants transformed with the empty vector
were used as a control. ToRSV-induced symptoms were not
attenuated in MtRDR1 plants (Fig. 3a) and were similar to
those observed in wild-type and empty vector control plants.
The MtRDR1 plants recovered from ToRSV infection at a
rate and time similar to those observed for the control plants
(data not shown). No differences in viral RNA accumulation
were observed between MtRDR1 and vector-transformed
plants (Fig. 3b, top panel). As a complementary approach, we
sequenced a 700-nt fragment from the RDR1 gene of N. cleve-
landii. In N. benthamiana, the homologous region contains the
insertion that inactivates the RDR1 gene. Sequence alignments
with tobacco (Nicotiana tabacum) and N. benthamiana RDR1
genes showed a high degree of identity among the three genes
and revealed that the insertion present in N. benthamiana is
not found in N. clevelandii (data not shown). Thus, it is likely
that RDR1 is a functional gene in N. clevelandii, but it appar-
ently does not affect ToRSV RNA accumulation.

Other host RDRs have been implicated in the silencing of
RNA viruses. The susceptibility of N. benthamiana to ToRSV
was tested in transgenic lines in which the RDR6 gene was
silenced (RDR6i lines) (51). The experiment was conducted at
21°C and 27°C, as it has been demonstrated that RDR6 activity
is increased at 27°C (43). ToRSV virulence was increased in
both wild-type and RDR6i lines at 21°C compared to that at
27°C (Fig. 3c and d). However, no obvious phenotypic differ-
ences were observed between RDR6i and wild-type plants
infected with ToRSV at each temperature. Under both condi-
tions, RNA hybridization experiments did not indicate any

FIG. 2. High steady-state levels of ToRSV RNA are found in time course experiments conducted on several plant species. (a) Time course
analysis of ToRSV RNA concentration in infected N. benthamiana plants. Leaves from three individual plants were analyzed for each time point.
Lane M, mock-inoculated plants; lanes i, inoculated leaf; lanes 3, third leaf from the top; lanes 1, apical leaf. (b) Detection of negative- and
positive-strand ToRSV RNA in symptomatic (5 dpi) or recovered (30 dpi) leaves. (c and d) Time course analyses of viral RNA levels in N.
clevelandii (c) and cucumber (d) plants. Fragments of ToRSV RNA corresponding to the CP and MP open reading frames (amplified with primers
p47F [5�-GTCCCATGGGGTCTTCTCTAGGAACTCCTGGT] and p51R [5�-GTCCTCCAGGCCACGCCCGAAAGGAT]) were used for hy-
bridization of blots in panels a, c, and d. The strand-specific probes used for panel b consisted of a 139-nt fragment from the 3�-nontranslatable
region of ToRSV (67), which is identical in RNA 1 and RNA 2. Sense and antisense radiolabeled transcripts were generated in vitro using the T7
and SP6 polymerases and the cDNA fragment inserted between the corresponding promoters. Because the probes were produced using different
polymerases, the ratio of positive- to negative-strand RNA could not be inferred directly.
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significant difference in virus accumulation between wild-type
and RDR6i plants (Fig. 3e). Although the blot presented in
Fig. 3e shows a lower concentration of ToRSV RNA in some
RDR6i plants maintained at 21°C, this difference was not
observed consistently in repeated hybridization experiments
(data not shown).

Taken together, these results suggest that ToRSV RNA
accumulation in recovered leaves is a general phenomenon
and is independent of the activity of RDR1 and RDR6. There
are at least two possible interpretations of these results, as
follows: (i) the RNA silencing machinery fails to efficiently
recognize ToRSV or (ii) ToRSV suppresses RNA silencing.
We conducted a series of experiments (described below) to
investigate these possibilities.

ToRSV triggers and is targeted by the RNA silencing ma-
chinery. To determine if ToRSV RNA triggers the RNA si-
lencing machinery, low-molecular-weight RNAs were purified
from ToRSV-infected N. clevelandii and N. benthamiana
plants. ToRSV-derived siRNAs were detected in both plant
species (Fig. 4a). The stronger signal on the N. benthamiana
blot was possibly due to the fact that a larger amount of RNA
was loaded into the gel (see the legend to Fig. 4). We next
compared the accumulation of viral siRNAs in plants infected
with ToRSV or with potato virus X (PVX), a virus known to

encode a weak suppressor of silencing (62). Under similar
conditions, PVX-specific siRNAs were readily detected while
the concentration of ToRSV-derived siRNAs was below the
detection limit (Fig. 4b). This experiment confirmed that al-
though ToRSV-derived siRNAs are present in infected plants
(Fig. 4a), they are there at a low concentration (Fig. 4b).

To further characterize ToRSV-derived siRNAs, we ampli-
fied �1,000-nt cDNA fragments covering the entire ToRSV
genome (Fig. 4c). Small RNAs from ToRSV-infected N.
benthamiana plants were gel purified and end labeled with
[�-32P]dATP (54). In this assay, if ToRSV-derived siRNAs are
present in the labeled pool, they will hybridize to the fragment
of the virus genome from which they were derived. As a neg-
ative control, an excess of DNA corresponding to the move-
ment protein (MP) of PNRSV was loaded in the rightmost
lane. Reproducible results were obtained for three replicates
of this experiment, and a typical result is shown in Fig. 4c. The
labeled siRNAs hybridized more strongly to RNA 2-derived
fragments, in particular to fragments 11, 12, 13, and 14, which
correspond to the open reading frames for X4 (a protein of
unknown function), MP, and CP and to a small stretch of the
3�-untranslated region. No specific signal was detected for
PNRSV MP. Such an asymmetrical spatial distribution of
siRNAs along the ToRSV genome might be congruent with

FIG. 3. ToRSV accumulation is not affected by Medicago truncatula RDR1 or N. benthamiana RDR6 activity. (a) Symptoms induced by ToRSV
on N. benthamiana plants expressing MtRDR1 or on plants transformed with an empty vector. (b) Concentration of ToRSV RNA in MtRDR1
or control (vector) plants, as determined by Northern blotting (top). Transcription of MtRDR1 was confirmed by reverse transcription-PCR, using
primers mtPm5 and mtPm3 (72) (bottom). (c and d) ToRSV-induced symptoms in RdR6i or wild-type (WT) N. benthamiana plants grown at 21
or 27°C. (e) Northern blot of ToRSV RNA in RDR6i and wild-type plants cultivated at 21 or 27°C. ToRSV-specific probes for hybridization were
prepared as described in the legend to Fig. 2. In every case, the topmost leaf was sampled at 14 dpi.
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the presence of local regions of secondary structure on the
ToRSV genome. To explore this possibility, the secondary
structure of the ToRSV RNA was predicted using the Mfold
program (76). Fragments of approximately 800 nt covering the
whole ToRSV genome were folded, and their secondary struc-
tures were compared visually. We did not find any obvious
feature that would promote preferential generation of siRNAs
from the MP and CP regions. Though nearly perfect hairpin
structures were predicted in these regions, similar structures
were also present in other regions that produced only weak
signals in our siRNA mapping experiment.

Collectively, the results of these experiments provide the
first evidence that ToRSV does not completely evade silencing
of its genome and is susceptible to at least DCL activity, which
is believed to be the initial step of programmed RNA silencing.

ToRSV does not prevent RISC assembly. We next investi-
gated whether active RISCs are specifically assembled in re-
sponse to ToRSV infection. To do this, we used a sensor
transgene approach. Eighty-one-nucleotide fragments derived
from ToRSV RNA 1 or PNRSV RNA 3 (control) were fused
to the 3� end of the GFP open reading frame (Fig. 5a). Neither
fragment possesses a predicted secondary structure that is
likely to be a DCL substrate, since internal loops truncate the
extension of double-stranded regions to a maximal length of 7
bp (Fig. 5a). These constructs were coinfiltrated with the to-
mato bushy stunt virus p19 protein into mock-inoculated N.
benthamiana plants or N. benthamiana plants that had recov-
ered from ToRSV infection (ToRSV-recovered N. benthami-
ana plants). The p19 protein binds double-stranded siRNAs in
a nonspecific fashion, thereby preventing RISC assembly (49).
However, it does not affect the activity of preassembled RISCs.
Thus, preassembled RISCs should be solely responsible for
degradation of the sensor constructs. The PNRSV fragment
used as a control shares only 42.4% homology with the ToRSV
fragment and does not include any 21-nt stretch in common
with the ToRSV genome. Therefore, it is not a potential target
of RISCs assembled in response to ToRSV infection.

The activity of p19 was confirmed by evaluating its effect on
the transient expression of unfused GFP. As expected, p19
increased GFP accumulation (data not shown). In mock-inoc-
ulated plants, both fusion proteins were expressed at high
levels, as indicated by the bright fluorescence in the agroinfil-
trated leaves observed under UV light (Fig. 5b). In ToRSV-
recovered plants, fluorescence resulting from expression of the
GFP-PNRSV control was decreased only slightly compared to
that observed in mock-inoculated plants (Fig. 5b). In contrast,
a severe reduction in the fluorescence resulting from expres-
sion of the GFP-ToRSV construct was observed in ToRSV-
recovered leaves (Fig. 5b). Northern and Western blots re-
vealed that reductions of GFP-PNRSV mRNA and protein in
ToRSV-recovered plants were moderate in comparison to
those in mock-inoculated plants (Fig. 5c) and may be attrib-
uted to the depressed physiological condition of infected
plants. However, the accumulation of GFP-ToRSV protein
and mRNA was significantly reduced in ToRSV-recovered
plants. These results support the idea that ToRSV RNA is
recognized by dicer and that ToRSV is unable to prevent the
assembly of RISCs formed in response to virus infection. The
results also indicate that while mRNAs containing ToRSV
sequences are targeted by preassembled RISCs, ToRSV viral
RNA accumulates to high levels throughout infected plants
(Fig. 5c, bottom panel).

Systemic movement of the silencing signal is partially hin-
dered in ToRSV-infected plants. Many viral suppressors of si-
lencing have been identified based on their ability to suppress
silencing of the GFP reporter gene (4, 12, 18, 22, 24, 39, 41, 63, 71,
75). We decided to test if ToRSV could suppress the establish-
ment, systemic spread, and/or maintenance of GFP silencing.

Several viral suppressors of silencing (including the potyvi-
rus HC-Pro protein) have the ability to revert preestablished
silencing (63). We took advantage of a previously described
silencing reversion assay using N. benthamiana plants harbor-
ing a GFP transgene (line 16c) (63). Silencing of the GFP
transgene can be induced by agroinfiltration of the same GFP
cassette into the 16c plants (Fig. 6a1). After GFP silencing is

FIG. 4. Characterization of ToRSV-derived siRNAs. (a) Detection
of ToRSV-derived siRNAs in N. benthamiana and N. clevelandii
plants. Thirty- and 45-�g samples of low-molecular-weight RNA from
ToRSV-infected N. clevelandii (lanes 1 to 3) and N. benthamiana
(lanes 4 to 6) plants, respectively, were analyzed. Lane M, equivalent
amounts of low-molecular-weight RNA extracted from mock-inocu-
lated plants. ToRSV-specific probes for hybridization were prepared
as described in the legend to Fig. 2. The position of a 20-nt oligonu-
cleotide used as a size marker is indicated to the left of the gel. (b)
Comparison of viral siRNA concentrations in plants infected with
ToRSV and with PVX. Eight micrograms of low-molecular-weight
RNA was loaded into each well. As a loading control, 1/10 of each
sample was run in a 1% agarose gel and stained with EtBr. For
hybridization, labeled 1,000-nt cDNA fragments corresponding to nt
1001–2000 of the PVX or ToRSV genome were used as probes. The
following primers were used for amplification: for PVX, p117F (5�-
CGATTCTTAAGAAAACTATG) and p118R (5�-TCCCTCTGAAT
CTCCAGCGC); and for ToRSV, p122F (5�-TGTTGTCGCCCCCCT
TGCC) and p123R (5�-CACTAGCCCATCGCCAATAG). An equal
amount of labeled probe (0.15 � 109 cpm/�g) was added to each
membrane. Membranes were processed in parallel, and hybridization
signals were collected simultaneously using a single phosphorimage
screen. (c) Mapping of siRNAs along the ToRSV genome. Amplified
fragments of approximately 1,000 nt covering the entire RNA 1 and
RNA 2 are depicted in the diagram. Each fragment (140 ng) was run
in a 1% agarose gel. As a negative control, 1 �g of a fragment con-
taining PNRSV MP was loaded in the rightmost lane. Fragments 8 and
15 correspond to the 3�-untranslated region, which is identical in
ToRSV RNA 1 and RNA 2 (lane 8). Hybridization was conducted as
described in Materials and Methods. EtBr staining of PCR-generated
fragments is shown as a loading control.
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established systemically (plants appear completely red under
UV light), plants are inoculated with viruses (Fig. 6a2) and the
ability of these viruses to revert silencing and reinstate GFP
expression is tested. Fully silenced GFP transgenic lines were

inoculated with ToRSV or potato virus Y (PVY; a potyvirus
used as a positive control) or were mock inoculated. As de-
scribed by others (63), mock-inoculated plants remained red
under UV light until the end of the observation period (16

FIG. 5. ToRSV does not prevent assembly and/or affect the activity of RISCs. (a) Design of sensor constructs. Fragments (81 nt long) from PNRSV
RNA 3 or ToRSV RNA 1 were fused in frame to the 3� end of the GFP coding sequence and expressed under the control of the 35S promoter. The
putative secondary structures of the fragments (as predicted by the Mfold program) are shown. (b) Relative fluorescence obtained after expression of
sensor constructs in mock-inoculated or ToRSV-recovered leaves 5 days after agroinfiltration. (c) Comparative analysis of the concentrations of GFP
(top), GFP mRNA (middle), and ToRSV RNA (bottom) in mock-inoculated or ToRSV-recovered plants 5 days after agroinfiltration. For detection of
GFP mRNA and ToRSV RNA, a full-length GFP cDNA (amplified with primers p18F [5�-ATGAGTAAAGGAGAAGAACT] and p19R [5�-CAAA
CTCAAGAAGGACCATG]) and the ToRSV CP open reading frame (amplified with primers p52F [5�-GTCTCTAGATGGGGCGGGTCCTGGCA
AGAAGG] and p51R [described in the legend to Fig. 2]) were used as probes, respectively. For relative quantification of band intensities, digital light
units were measured from each lane from both EtBr-stained gel pictures and phosphorimages from Northern blots, using OptiQuant 5.0 software
(Perkin-Elmer). The relative RNA concentration was corrected using the following formula: values from the blots (intensities of RNA signals)/values
from the EtBr-stained gel pictures (amounts of RNA loaded). The results were divided by the maximum value so that the relative concentrations of RNA
are presented on a scale of 0 to 1 (shown above each lane of the GFP mRNA and ToRSV RNA Northern blots).
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weeks after inoculation) (data not shown), while PVY-infected
plants gradually recovered their fluorescence (Fig. 6a3).
ToRSV-infected plants phenocopied mock-inoculated plants
(Fig. 6a4). In three independent experiments, none of the 54
ToRSV- or mock-inoculated plants recovered GFP fluores-

cence, while all plants infected with PVY did (48/48 plants).
Thus, ToRSV was not capable of reverting fully established
silencing against the GFP transgene. This is consistent with a
previous report on TBRV, another nepovirus that is also un-
able to revert established GFP silencing (63).

FIG. 6. ToRSV does not prevent the establishment or maintenance of silencing of a GFP transgene but partially hinders systemic movement
of the silencing signal. (a) Inability of ToRSV to revert fully established silencing of a GFP transgene. Silencing of the GFP transgene was induced
in N. benthamiana 16c plants by agroinfiltration of a sense GFP transgene (a1). Systemically silenced GFP plants were challenged by inoculation
with ToRSV or PVY (a2). Three to four weeks after inoculation, PVY-infected plants displayed green fluorescence (a3), while ToRSV-inoculated
plants remained red (a4). PTGS, posttranscriptional gene silencing. (b) Delay of systemic silencing of the GFP transgene in ToRSV-infected plants.
Silencing of GFP in 16c plants was induced as described for panel a1, and plants were inoculated with ToRSV or PVY when systemic leaves
exhibited red veins under UV light, indicating that silencing was progressing into mesophyll cells (b1). By 35 dpi, all PVY-inoculated plants had
completely green fluorescent leaves in the apical zone (b2), while all mock-inoculated plants had turned completely red (not shown). At 35 dpi,
a subpopulation of ToRSV-infected plants showed various degrees of green fluorescence (b3), but it vanished a few days later (b4). (c) Partial
inhibition of systemic silencing of GFP triggered in ToRSV-infected symptomatic leaves. Silencing of GFP was induced in leaves showing the initial
symptoms associated with ToRSV infection (c1). Systemic silencing was assumed to have occurred when red veins were observed in systemic leaves
under UV light (c2). Plants that did not show any red fluorescent veins in systemic leaves (c3) were counted as nonsilenced plants. (c4) According
to this criterion, the systemic occurrence of silencing was evaluated in 36 ToRSV- or mock-inoculated plants at the intervals indicated.
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Next, we investigated whether ToRSV could interfere with the
systemic movement of the silencing signal. Plants were inoculated
with virus at an earlier time point, before complete silencing was
established (as shown by the partial silencing of GFP in Fig. 6b1).
In this experiment, all mock-inoculated plants appeared red un-
der UV light by 35 dpi (data not shown). PVY-infected plants
never became completely red under UV light and, instead, only
allowed silencing of areas in and around the veins of systemic
leaves. A few weeks later, newly emerged PVY-infected leaves
were completely green under UV light, indicating that the virus
had suppressed silencing of GFP in these leaves (Fig. 6b2). Two
different phenotypes were observed in ToRSV-infected plants. A
subpopulation of plants that exhibited milder symptoms appeared
red under UV light, indicating extensive silencing of GFP. A
second subpopulation that showed more severe symptoms de-
ployed a phenotype similar to that observed for PVY-infected
plants at 35 dpi (Fig. 6b3). However, by 45 dpi, all ToRSV-
infected plants had turned completely red under UV light
(Fig. 6b4).

We also tested the ability of ToRSV to interfere with the
establishment of local and systemic GFP silencing. In this new
set of experiments, 16c plants were first inoculated with vi-
ruses. The GFP cassette was agroinfiltrated into symptomatic
leaves shortly after the onset of symptoms (Fig. 6c1). All
agroinfiltrated leaves in mock-inoculated plants showed the
characteristic red spots associated with establishment of RNA
silencing against the GFP transgene (data not shown). ToRSV-
and PVY-infected agroinfiltrated leaves displayed similar
phenotypes, indicating that they did not interfere with the
establishment of silencing (data not shown). By 10 days after
agroinfiltration, all mock-inoculated plants (n 
 36) exhibited
some degree of systemic GFP silencing, as indicated by the red
veins on the green fluorescent background of systemic leaves
(Fig. 6c2). As expected, none of the plants infected with PVY
(positive control) showed any visual trace of systemic silencing
(no red veins were observed) (data not shown). Only 40% of
the ToRSV-infected plants became systemically silenced. The
remaining plants did not show any signs of systemic silencing,
as evidenced by the bright green fluorescence observed on these
leaves (Fig. 6c3). The number of ToRSV-infected plants that
became systemically silenced increased slightly over time but was
still lower than 60% by 39 days after infiltration (Fig. 6c4).

We next examined the levels of GFP mRNA and GFP-
specific siRNAs in the infiltrated leaf (using the silenced region
of the leaf, i.e., the spot that appeared red under UV light) and
in systemic leaves at 18 days postagroinfiltration. In mock-
inoculated plants, both the infiltrated (i) and systemic (s)
leaves showed a high concentration of short-class siRNAs and
a moderate abundance of long-class siRNAs (Fig. 7a, bottom
panel, lanes 3 and 4). A concomitant reduction of GFP mRNA
levels was observed (Fig. 7a, top panel, lanes 3 and 4). PVY did
not prevent the establishment of silencing in infiltrated leaves
but suppressed silencing in systemic leaves of all plants tested,
as indicated by the high levels of GFP transcripts and low levels
of the corresponding siRNAs in the systemic leaves (Fig. 7a,
lanes 5 and 6). ToRSV did not prevent production of GFP-
derived siRNAs or degradation of the GFP mRNA in agroin-
filtrated leaves (Fig. 7a, lane 1), confirming the suggestion that
ToRSV does not interfere with the establishment of silencing.
As mentioned above, systemic GFP silencing was apparently

inhibited in 40% of the plants infected with ToRSV. In these
plants, red veins were not observed under UV light in systemic
leaves, GFP-specific siRNAs were not detected, and GFP
mRNA was abundant (Fig. 6c3 and 7a, lane 2). We concluded
that in this subpopulation of plants, systemic movement of the
GFP silencing signal was prevented. However, this effect was
partial, as 60% of the ToRSV-infected plants did show signs of
systemic silencing at 39 days postinfiltration (Fig. 6c4).

FIG. 7. Evaluation of GFP and ToRSV concentrations in ToRSV-
infected plants at various times after induction of GFP silencing. (a)
Analysis of GFP mRNA and siRNAs in a subpopulation of ToRSV-
infected plants in which silencing of GFP was hindered in systemic
leaves. Plants (16c line) were first mock inoculated or inoculated with
ToRSV or PVY. Silencing of the GFP transgene was induced after
initial development of virus-induced symptoms as described in the
legend to Fig. 6c. Plants were tested for the presence of GFP mRNA
and siRNA in the agroinfiltrated (i) and systemic (s) leaves at 18 days
postagroinfiltration. RNAs from GFP transgenic plants that had not
been silenced (lane 7) and from wild-type plants (lane 8) were used as
controls. (b) Accumulation of ToRSV in a subpopulation of ToRSV-
infected plants in which systemic silencing of GFP was active. Concen-
trations of GFP protein, GPF mRNA, and GFP-derived siRNAs (lanes
1 to 3) and of ToRSV CP, ToRSV RNA, and ToRSV-derived siRNAs
(lanes 6 to 8) were analyzed in three individual plants at 120 dpi.
Mock-inoculated silenced (lane 5) or nonsilenced (lane 4) plants were
used as controls for the analysis of GFP protein and RNAs. Mock-
inoculated (lane 9) or ToRSV-infected (7 dpi) (lane 10) plants were
included as controls for the analysis of ToRSV CP and RNAs. Detec-
tion of GFP mRNA and ToRSV RNA was done as described in the
legend to Fig. 5. Five- and 50-�g samples of total RNA were used for
Northern blotting and siRNA detection, respectively. (c) Accumula-
tion of ToRSV in GFP-silenced or -nonsilenced branches late in in-
fection. At 120 dpi, levels of GFP protein and ToRSV CP in red
fluorescent (silenced) or green fluorescent (nonsilenced) branches of
ToRSV-infected 16c plants were tested by Western blotting.
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To investigate a possible correlation between virus concen-
tration and the extent of transgene silencing, we examined the
accumulation of ToRSV and GFP at a later time during infec-
tion. In this experiment, we used the subpopulation of ToRSV-
infected 16c plants in which the GFP transgene had been
silenced systemically. At 120 dpi, systemic leaves from these
plants appeared completely red under UV light. In these
leaves, the GFP protein was present at a very low concentra-
tion and the GFP mRNA was not detected, while GFP siRNAs
were present at a high concentration (Fig. 7b, lanes 1 to 3).
Similar results were obtained when mock-inoculated plants
were examined (Fig. 7b, lane 5). In contrast, both the GFP
protein and mRNA were abundant in nonsilenced plants of the
same age, and GFP-derived siRNAs were not detected (Fig.
7b, lane 4). Virus accumulation was also examined in these
plants. At 120 dpi, the viral concentration was high (Fig. 7b,
lanes 6 to 8), as indicated by the detection of ToRSV CP and
genomic viral RNA. Indeed, the levels of ToRSV RNA were
similar at 120 dpi and in young plants at 7 dpi (Fig. 7b, com-
pare lanes 6 to 8 with lane 10). ToRSV-specific siRNAs were
detected at 7 and 120 dpi, but at a very low concentration. This
result confirmed that ToRSV accumulates at high levels in
leaves in which the silencing machinery is active, as demon-
strated by silencing of the GFP transgene.

In some plants, both GFP-silenced and non-GFP-silenced
branches were observed. Interestingly, ToRSV CP accumula-
tion was comparable in silenced (red fluorescent) and non-
silenced (green fluorescent) branches of 16c plants (Fig. 7c, top
panel), suggesting that movement of the systemic transgene
silencing signal can be separated mechanistically from virus
movement and/or accumulation.

Collectively, our results suggest that ToRSV does not carry
a strong suppressor of transgene silencing. The partial inhibi-
tion of the systemic progress of silencing observed in ToRSV-
infected plants could be attributed to the presence of a weak
suppressor of silencing encoded by ToRSV. Alternatively, it
could be an indirect result of the transport blockage observed
in symptomatic leaves.

DISCUSSION

Induction of defense responses in ToRSV-infected plants. In
this study, we have characterized the host responses that are
activated in N. benthamiana during infection with ToRSV.
Symptom development was accompanied by induction of hy-
drogen peroxide, transcriptional activation of PR1a, cell death,
and inhibited carbohydrate transport (Fig. 1). The fact that
ToRSV induces a necrotic phenotype that recapitulates the
HR suggests that ToRSV RNAs or proteins are perceived by
the plant cell as elicitors of the HR. Increased transcription of
the PR1a gene, which belongs to a cluster of salicylic acid
(SA)-induced defense genes (19), was found in inoculated and
distal leaves and seemed to accumulate with or ahead of the
virus infection front.

Recently, an interplay between RNA silencing and more
general defense mechanisms, such as the HR mediated by SA,
has been suggested (60). Several findings support this notion.
First, the activity of an RDR in N. tabacum (NtRDR1) is
enhanced by treatment with SA or by virus infection (69).
Second, several viral suppressors of silencing induce an HR-

like phenotype (35, 50). Third, at least two suppressors of
silencing have been shown to influence SA-mediated responses
(32, 40). SA-mediated resistance and RNA silencing have been
shown to cooperate in restricting the movement of plum pox
virus in tobacco plants (3). It was suggested that the SA-
mediated defense response prevents cell-to-cell movement of
the virus from the site of inoculation (resulting in ring spots),
while RNA silencing combined with the SA-mediated defense
response prevents unloading of the virus from the vasculature
into mesophyll cells (producing vein clearing). Analogously,
both HR and RNA silencing may be implicated in symptom
development in ToRSV-infected plants. Interestingly, al-
though ToRSV elicited both an HR-like response and RNA
silencing, these combined defense mechanisms were unable to
restrict virus movement and the virus accumulated to high
levels throughout the plant.

Interaction of ToRSV with the RNA silencing pathway. The
stable accumulation of ToRSV RNA in infected plants sug-
gests that it evades or suppresses one or several steps of the
RNA silencing machinery. For example, ToRSV RNA might
be a poor substrate for dicer, AGO, and/or RDR enzymes. In
addition, ToRSV RNA may evade recognition by dicer en-
zymes by hiding in sheltered subcellular compartments. In fact,
this could explain the low abundance of ToRSV-derived
siRNAs in infected cells (Fig. 4). Replication of ToRSV RNA
probably occurs in membranous vesicles derived from the en-
doplasmic reticulum (27, 48), which may protect viral RNA
against degradation (1). The RNA genome is thought to move
from cell to cell as a virus-like particle through tubular struc-
tures that are induced by the virus and traverse the cell wall
(67). Thus, exposure of the viral RNA to the silencing machin-
ery could be rather limited during the course of infection.
However, many other viruses use similar subcellular compart-
ments for their replication and movement, including TBRV, a
nepovirus that is apparently susceptible to RNA silencing, as
indicated by the reduced concentration of viral RNA observed
in recovered leaves (44). Thus, it is perhaps more likely that
sufficient accumulation of a viral product (RNA or protein) is
necessary to suppress or saturate the silencing machinery.

The viral suppressors of silencing characterized to date de-
ploy diverse modes of action, including siRNA inactivation and
direct inhibition of DCL and AGO proteins (42, 52, 60). The
results from our experiments using the GFP reporter transgene
indicate that the ToRSV genome does not encode a strong
suppressor of silencing. ToRSV was unable to prevent the
initiation of local silencing or to suppress fully established
RNA silencing in the GFP reporter transgene assay (Fig. 6).
Although systemic movement of the GFP silencing signal was
delayed or hampered in ToRSV-infected N. benthamiana 16c
plants (Fig. 6), this effect was partial and may have been the
result of the transport blockage induced by ToRSV during the
symptomatic phase (as shown in Fig. 1). However, we cannot
disregard the possibility that a weak viral suppressor would
affect systemic silencing. Although many viral suppressors of
silencing have been identified based on their ability to suppress
silencing of GFP, it has also been noted that such assays are
not always able to identify suppressors that affect the systemic
progress of silencing or that only weakly inhibit transgene
silencing (34). Using an experimental setup similar to the one
described in this study, three suppressors of silencing have
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been reported to affect systemic but not local silencing of a
GFP transgene. These include citrus tristeza virus (CTV) CP,
the rice yellow mottle virus P1 protein, and apple chlorotic leaf
spot virus (ACLSV) MP (29, 37, 71). Ectopic expression of the
rice yellow mottle virus P1 protein reduced accumulation of
the 25-nt species of GFP-derived siRNAs (29), which has been
implicated in systemic movement of the silencing signal (26).
However, CTV CP and ACLSV MP did not have apparent
effects on the accumulation of siRNAs (37, 71). Further ex-
perimentation will be required to determine if the ToRSV
genome encodes a suppressor of systemic silencing that acts in
a manner similar to that of CTV CP and ACLSV MP.

ToRSV did not have a strong effect on the silencing of the
GFP transgene. However, in infected plants, the concentration
of ToRSV-derived siRNAs was low (Fig. 4 and 7), and degra-
dation of a sensor construct containing a ToRSV fragment was
incomplete (Fig. 5). These observations raise the possibility
that ToRSV suppresses a virus-specific silencing pathway. It
has been demonstrated that different classes of siRNAs are
produced in response to RNA viruses or transgenes, owing to
the action of distinct DCL enzymes (20, 23). Thus, if ToRSV
partially suppresses the activity of a virus-specific DCL, this
effect will be undetectable in the GFP experimental system.
Moreover, given the multiplicity of AGO proteins found in
plants, it is also possible that ToRSV interferes with the func-
tion of one or several virus-specific AGO proteins, thereby
preventing silencing of its genome. Interestingly, we found that
ToRSV accumulation was not susceptible to N. benthamiana
RDR6 or to M. truncatula RDR1 activity. Thus, the apparent
resistance of ToRSV to the RNA silencing machinery may
result from the inability of RDRs to mediate iterative degra-
dation of ToRSV genomic RNA. It would be of interest to test
if ToRSV has the ability to synergistically enhance the repli-
cation of other viruses and to determine if a ToRSV suppres-
sor of silencing is directed to a virus-specific silencing enzyme.

In a previous study, it was shown that recovery of N. cleve-
landii from TBRV infection is accompanied by a reduced titer
of the virus, suggesting that the virus is degraded by the silenc-
ing machinery (44). ToRSV (a subgroup C nepovirus) differs
from TBRV (a subgroup B nepovirus) in that it has larger
3�-noncoding regions in the two RNAs and an additional pro-
tein domain in the N-terminal region of the RNA 2-encoded
polyprotein (13). Further experiments will be necessary to de-
termine if these or other differences can account for the diver-
gent susceptibilities of the two viruses to RNA silencing.

Reassessing the role of RNA silencing in the recovery phe-
notype. In our experiments, the concentration of ToRSV RNA
did not correlate with the presence or absence of symptoms on
infected leaves (Fig. 2), providing further support for earlier
suggestions that virus clearance is not a strict requirement for
the induction of recovery (14, 70). In fact, as early as 1928, it
was suggested that although recovered leaves are asymptom-
atic and resistant to reinfection by the same virus, the sap from
these leaves is highly infectious (68). More recently, a natural
tobacco streak virus variant that does not induce recovery was
characterized (70). Interestingly, the authors of that study no-
ticed that the variant, which carried a single nucleotide substi-
tution, accumulated to much lower levels than its wild-type
counterpart, and they proposed that high levels of viral RNA
and/or viral proteins may be required to suppress a symptom-

atic defense response. Interestingly, although a reduction of
virus titer is not necessarily required for the induction of the
recovery phenotype, in all cases studied to date, activation of
virus-specific RNA silencing has been observed (15, 16, 44, 45,
70; this study). What, then, is the role, if any, of RNA silencing
during recovery? An intriguing hypothesis is that virus-derived
siRNAs down-regulate host genes implicated in the defense
response. We are currently exploring this possibility.
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