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RNA silencing is a potent mechanism of antiviral defense response in plants and other organisms. For
counterdefense, viruses have evolved a variety of suppressors of RNA silencing (VSRs) that can inhibit distinct
steps of a silencing pathway. We previously identified Pns10 encoded by Rice dwarf phytoreovirus (RDV) as a
VSR, the first of its kind from double-stranded RNA (dsRNA) viruses. In this study we investigated the
mechanisms of Pns10 function in suppressing systemic RNA silencing in the widely used Nicotiana benthamiana
model plant. We report that Pns10 suppresses local and systemic RNA silencing triggered by sense mRNA,
enhances viral replication and/or viral RNA stability in inoculated leaves, accelerates the systemic spread of
viral infection, and enables viral invasion of shoot apices. Mechanistically, Pns10 interferes with the perception
of silencing signals in recipient tissues, binds double-stranded small interfering RNA (siRNAs) with two-
nucleotide 3� overhangs, and causes the downregulated expression of RDR6. These results significantly deepen
our mechanistic understanding of the VSR functions encoded by a dsRNA virus and contribute additional
evidence that binding siRNAs and interfering with RDR6 expression are broad mechanisms of VSR functions
encoded by diverse groups of viruses.

RNA silencing is an important defense mechanism against
viral infection, overexpressed transgenes, and transposon ac-
tivities in multiple organisms (23, 34, 36). Silencing is triggered
by double-stranded RNAs (dsRNAs) generated from replicat-
ing viral RNAs, transgenes, or endogenous transposons. The
dsRNAs are cleaved into duplexes of small interfering RNAs
(siRNAs) of 20 to 24 nucleotides (nt) by specific DICERS (1,
7, 10, 11, 13, 18, 41). One strand of a duplex is subsequently
incorporated into an Argonaute (AGO)-containing RNA-in-
duced silencing complex to guide cleavage of homologous
RNA molecules or inhibition of translation (1, 8, 14).

DICERs, AGOs, and cellular RNA-dependent RNA poly-
merases (RDRs) all play critical roles in RNA silencing against
viruses (7, 8, 20, 28, 37). The roles of some RDRs in antiviral
defense have been extensively studied. In Nicotiana benthami-
ana, NbRDR1 is associated with increased susceptibility to
viruses (44). NbRDR6 has a role in plant defense against a
broad spectrum of viruses including prevention of shoot apex
invasion (27, 30). Recent work demonstrated that secondary
siRNAs generated through the activities of NbRDR6 are most
important for antiviral responses (32). RDRs also influence the
extent to which silencing moves from cell to cell through plas-
modesmata and over long distances through the phloem (34).

NbRDR6 is required for a cell to respond to, but not to
produce, systemic silencing signals (30).

Many plant viruses encode viral suppressors of RNA silenc-
ing (VSRs) to counteract host RNA silencing (8). The VSRs
identified thus far can interfere with silencing at different steps.
For instance, the helper component-proteinase (HC-Pro) of
potyviruses inhibits silencing at a step upstream of the produc-
tion of siRNAs (19, 24, 25, 46). In particular, the HC-Pro of
Sugarcane mosaic potyvirus and the Tav2b of Tomato aspermy
cucumovirus downregulate the accumulation of RDR6 mRNA,
leading to lower accumulations of 3� or 5� secondary siRNAs
(46). The 2b of Cucumber mosaic virus can prevent spread of
RNA silencing signals by blocking their long-distance translo-
cation (12). p21 of Beet yellows virus, p14 of Pothos latent virus,
and p19 of tombusviruses bind and presumably inactivate
siRNAs (4, 6, 24, 33). The p25 of Potato virus X (PVX) inter-
rupts transmission of RNA silencing signals by preventing their
formation (35). The p69 of Turnip yellow mosaic virus targets a
step upstream of dsRNA formation by RDRs (5).

We have been using Rice dwarf virus (RDV) as a model to
investigate how a virus with double-stranded genomic RNAs
counteracts host silencing. Given that dsRNA genomes could
be direct targets of host RNA silencing, an intriguing question
is whether RDR6 is still important for generating dsRNAs for
producing secondary siRNAs, as it is for single-stranded RNA
viruses, and whether the dsRNA nature of the viral genomes
would render its VSR function differently from those encoded
by single-stranded RNA viruses. Thus, determining the full
extent of VSR functions encoded by a dsRNA virus will help
uncover unique and/or common mechanisms among different
virus groups.
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RDV is a member of the genus Phytoreovirus in the family
Reoviridae (2). It is transmitted by insect vectors (Nephotettix
cincticeps or Resilia dorsalis) in a circulative manner and causes
severe dwarf diseases of rice (31). The RDV genome com-
prises 12 segmented dsRNAs, which encode seven structural
proteins and at least six nonstructural proteins (48). The seven
structural proteins are products of segments S1, S2, S3, S5, S7,
S8, and S9 (48, 50). The six nonstructural proteins are products
of S4, S6, S10, S11, and S12, respectively (3, 21). The functions
of some nonstructural proteins are already known. Pns6 is a
cell-to-cell movement protein that can increase RDV accumu-
lation and symptom severity (21). Pns11 binds nucleic acids
(42). Pns6, Pns11, and Pns12 together form viroplasm (38).
Pns10 functions as a VSR (3, 49).

Although RDV causes systemic infection in rice, functional
studies of RDV proteins have been hampered by (i) the lack of
infectious RDV cDNA clones and (ii) the intractability of rice
as an experimental system. Therefore, expressing individual
RDV proteins in heterologous plant models remains a major
approach of characterizing the functions of many RDV pro-
teins, including Pns10. We investigated the mechanisms of
Pns10 function in suppressing systemic RNA silencing in the
widely used N. benthamiana model plant. We report that Pns10
suppresses local and systemic RNA silencing triggered by sense
mRNA, enhances viral replication and/or viral RNA stability in
inoculated leaves, accelerates systemic spread of viral infec-
tion, and enables viral invasion of shoot apices. Mechanisti-
cally, Pns10 interferes with the perception of silencing signals
in recipient tissues, binds ds-siRNAs with 2-nt 3� overhangs
and causes downregulated expression of RDR6. These results
significantly deepen our mechanistic understanding of the
VSR functions encoded by a dsRNA virus and contribute ad-
ditional evidence that binding siRNAs and interfering with
RDR6 expression are broad mechanisms of VSR functions
encoded by diverse groups of viruses.

MATERIALS AND METHODS

Plasmid construction. Plasmids pE3-S10, pE3-GFP, pJawohl8-RNAi-GFP and
Pns10 and its mutant proteins expressed from the chimeric PVX vector were con-
structed as described previously (3). pPVX-GFP, which carries mGFP5 under the
control of a duplicate coat protein promoter, was as described previously (30).

Transgenic plants and grafting procedures. The transgenic line Nb/Pns10 was
generated by transformation of N. benthamiana with a construct pE3-S10 (3)
expressing Pns10. N. benthamiana line GFP16c was described as line 16c previ-
ously in which the green fluorescent protein (GFP) transgene was constitutively
expressed in the N. benthamiana plant (29). Pollen grains from line 16c were used
to pollinate Nb/Pns10 plants (49) to generate 16c/Pns10. A wedge-grafting
method (12, 26) was used to generate graft unions. N. benthamiana plants that
were 5 to 6 weeks old were used for grating. A scion stem was cut into a wedge
shape that was then inserted into a vertical slit cut into the rootstock stem �4 cm
above the soil level. The graft junction was wrapped with Parafilm. All grafted
plants were kept humid under a plastic cover for 1 week (30). All plants were
grown in a greenhouse with 16-h light and 8-h dark periods at a temperature
regime of 24/22°C (day/night).

Agroinfiltration and GFP imaging. Agrobacterium infiltration operation was
carried out according to the method described previously (13, 16). For coinfil-
tration, equal volumes of individual Agrobacterium tumefaciens cultures (optical
density at 600 nm of 1) were mixed prior to infiltration. GFP expression was
visualized with a 100-W handheld long-wave UV lamp (Black Ray model B
100A; UV Products) and photographed with a Nikon D70 digital camera (46).

Northern blots. Total RNA from leaves was isolated by using TRIzol reagent
(Invitrogen) according to the manufacturer’s protocol. For gel blot analysis of
high-molecular-weight RNA, 10 �g of total RNA was extracted from leaves and
separated on 1% agarose-formaldehyde gels, transferred to Hybond-N� mem-

branes, and hybridized with digoxigenin (DIG)-labeled probes according to the
instructions of the DIG system user’s guide (Roche). For the detection of small
RNA, 20 �g of total RNA sample were separated on 15% polyacrylamide gels
containing 0.5� Tris-borate-EDTA (TBE) and transferred onto Hybond-N�

membranes. The membranes were hybridized with DIG-labeled DNA probes
corresponding to the full-length open reading frames (ORFs) of Pns10, PVX
coat protein (CP), or GFP. Hybridization and detection of siRNAs were per-
formed as described previously (3). Western blotting analysis of Pns10 expression
was performed as described previously (47).

Real-time RT-PCR analysis. Transcript levels of RDR and Argonaute genes
were analyzed by quantitative real-time reverse transcription-PCR (RT-PCR)
using a Chromo4 detector in combination with a PTC-200 thermal cycler (MJ
Research/Bio-Rad). For each plant line, total RNA was extracted from three
plants at the six-leaf stage using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. Total cDNA was first synthesized by using the
oligo(dT) 15 primer (Promega) and Superscript III reverse transcriptase (In-
vitrogen) according to the manufacturer’s instructions. Reactions without re-
verse transcriptase or without template were included as negative controls. For
quantitative real-time PCR, cDNA corresponding to 100 ng of total RNA was
used in 20-�l reactions using DyNAmo HS SYBR green qPCR kit (Finnzymes,
Finland) according to the manufacturer’s instructions. Primers were designed to
amplify similar-sized regions of GAPDH (glyceraldehyde-3-phosphate dehydro-
genase), serving as an internal standard, and the N. benthamiana orthologs of
RDR6, RDR1, AGO1, and AGO4. Primer sequences were as follows: GAPDH,
5�-GGAGGAGGGAACAACAAGAGG-3� and 5�-AGATGCCGTCAGTGCC
GA-3�; RDR6, 5�-CTCAGCTTGGGGACCTCA-3� and 5�-CAGC CTCCAGA
ATCCTCAC-3�; RDR1, 5�-GCATTGAACACGCCTTGGA-3� and 5�-GCAGA
ACCCGATTGGATACG-3�; AGO1, 5�-CATACCCAGTGGCCTTGTCT-3�
and 5�-CTCCTTCGCATATGGGTCAT-3�; and AGO4, 5�-CCAGGCTGGAT
CTCCTGATA-3� and 5�-AACTTACCGGAGCCACAATG-3�. The primer se-
quences in rice were as follows: Os-actin, 5�-CCCTTAGCACCTTCCAACAG-3�
and 5�-TAGAAGCACTTCCGGTGGAC-3�; Os-RDR1, 5�-TGTCGTCTTTCC
ACAGCAAG-3� and 5�-GAGATGGGTCCCAAGAAACA-3�; Os-RDR6, 5�-C
CTGACTTCATGGGAAAGGA-3� and 5�-TGGAGTGCAAACCTCTTGTG-
3�; Os-AGO1, 5�-AAGAGGGCAACTGGACAGAA-3� and 5�-CGCTGGTCC
TTGTGGTTATT-3�; and Os-AG4, 5�-GTGGGCACATTCCTCAAGTT-3� and
5�-GTATGACCTCCTTGGCTGGA-3�. Amplicons were also analyzed on aga-
rose gels to verify single PCR products.

Gel mobility shift assay. siRNA binding experiments were carried out based
on the procedure of Duan et al. (9) with modifications. Synthetic 21- and 24-nt
RNA duplexes with 2-nt 3� overhangs were used as probes for RNA binding
assays. The sequences of the 21- and 24-nt RNA duplexes were as follows: 21-nt
sequence, 5�-pCGUACGCGGAAUACUUCGAUU-3� and 3�-UUGCAUGCG
CCUUAUGAAGCUp-5�; and 24-nt sequence, 5�-pCGUACGCGGAAUACU
UCGAAAGUU-3� and 3�-UUGCAUGCGCCUUAUGAAGCUUUCp-5�. The
Pns10 and Pns10 mutants of RDV were cloned into pMAL-p2x vector containing
a maltose-binding protein (MBP) at the N terminus and expressed in Escherichia
coli TB1. The recombinant proteins were purified by using an amylose prepacked
column according to the manufacturer’s protocols (New England Biolabs). The
typical binding reaction (20 �l) contained 50 pmol of dsRNA, 10 mM HEPES/
KOH (pH 7.6), 10 mM KCl, 1 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM MgCl2,
and 10 �g of purified wild-type Pns10 protein or mutant proteins. His-P19 was
used as a positive control. The binding reaction mixture was incubated at room
temperature for 30 min, and the complexes was separated from the free duplex
in a 5% nondenaturing polyacrylamide 0.5� TBE gel. The gel was stained with
ethidium bromide. Images were captured by using the fluorescence imaging
system (Alpha Innotech Corp.).

In situ hybridization. Procedures for the preparation of plant shoot meristem
sections and in situ hybridization using a DIG-labeled RNA probe complemen-
tary to the CP sequence of PVX were carried out according to a previously
described method (43). A specific sequence of PVX CP was amplified as a probe
using the primers 5�-ACAGGCTGCTTGGGACTTAG-3� and 5�-TCTAGGCT
GGCAAAGTCGTT-3� in PCR. The fragment was cloned into the T-Easy vector
for labeling. The sense and antisense probes were synthesized using linear plas-
mid templates according to the DIG RNA labeling kit manual (Roche, Mann-
heim, Germany). The stained sections were examined under a BX-50 light
microscope (Leica DMRE).

CD spectroscopic assays. All circular dichroism (CD) spectra of the wild-type
and mutant Pns10 proteins were recorded on a Jobin Yvon CD 6 spectrometer
(Longjumeau, France) at 298K according to a previously described method (9).
The CD spectra of all proteins were recorded in phosphate-buffered saline (pH
7.5). For the near-UV/CD spectrum, a cell with a path length of 1 mm was used.
Each spectrum was the average of four scans corrected by subtracting a spectrum
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of the buffer solution in the absence of proteins recorded under identical con-
ditions. Each scan in the range of 195 to 260 nm was obtained by taking data
points every 0.5 nm with a 2-nm bandwidth and an integration time of 1 s.

RESULTS

Transgenically expressed Pns10 in N. benthamiana sup-
presses local and systemic RNA silencing triggered by sense
mRNA. We previously showed that transiently expressed Pns10
suppressed local and systemic silencing induced by a sense
mRNA but did not interfere with local and systemic silencing
induced by a dsRNA in N. benthamiana 16c (3). To facilitate
further investigation into the role of Pn10 in systemic RNA
silencing suppression, it will be convenient to use transgenic
plant lines that stably express this protein. To this end, we
generated transgenic N. benthamiana 16c/Pns10 plants in
which Pns10 was constitutively expressed by crossing a trans-
genic line Nb/Pns10 (46) with line 16c (see Materials and
Methods). Expression of Pns10 in 16c/Pns10 lines was con-
firmed by Western blots. One example is shown in Fig. 1A.

To test the VSR function of Pns10 in 16c/Pns10 transgenic
plants, we infiltrated the leaves with an Agrobacterium strain
carrying 35S-GFP. Infiltration of 16c plant leaves served as a
control. GFP fluorescence intensity in the infiltrated leaves of
16c plants started to decline at 3 days postinfiltration (dpi)
(data not shown) and became hardly visible at 5 dpi (Fig. 1B,
left panel). In contrast, GFP fluorescence in the infiltrated
16c/Pns10 leaves reached the highest level at 3 dpi (data not

shown) and remained strong at 5 dpi (Fig. 1B, right panel). At
28 dpi, GFP fluorescence was lost in the systemic leaves (in-
cluding newly emerged leaves) of infiltrated 16c plants (Fig.
1C, left panel) but remained strong in the systemic leaves of
infiltrated 16c/Pns10 plants (Fig. 1C, right panel). Northern
blots showed no accumulation of GFP mRNA in infiltrated
patches and systemic leaves of 16c plants but an abundant
presence in the 16c/Pns10 plants (Fig. 1D). GFP siRNAs
showed reverse accumulation patterns, with relatively high lev-
els in the infiltrated 16c leaves and low levels in the infiltrated
16c/Pns10 leaves (Fig. 1D). Furthermore, they were abun-
dantly present in the systemic leaves of 16c plants but were not
detectable in the systemic leaves of 16c/Pns10 plants (Fig. 1D).

These data indicate that the stably expressed Pns10 in the
transgenic 16c/Pns10 line suppresses RNA silencing induced
by a sense mRNA as it does when transiently expressed (3).
Therefore, the transgenic 16c/Pns10 plants were suitable for
further studies on the mechanisms of Pns10 function.

The presence of Pns10 enhanced viral infection and inva-
sion of shoot apices in transgenic N. benthamiana plants. Our
previous work showed that expression of Pns10 from a chi-
meric PVX (PVX-S10) enhanced viral systemic infection and
symptom expression in N. benthamiana (3). To better under-
stand the influence of Pns10 on the temporal and spatial in-
fection patterns of viral infection, we used transgenic N.
benthamiana plants expressing Pns10 (Nb/Pns10) (49) and then
monitored the infection of these plants by chimeric PVX-GFP.

FIG. 1. RDV Pns10 suppressor activity in transgenic N. benthamiana 16c/Pns10, in which GFP and Pns10 were stably expressed. (A) Western
blot of total proteins extracted from 16c and 16c/Pns10 plant leaves, probed with polyclonal antisera specific for Pns10. Coomassie blue-stained
Rubisco proteins were used as the loading control. (B) N. benthamiana 16c and 16c/Pns10 plants were infiltrated with Agrobacterium carrying
35S-GFP. GFP fluorescence was imaged under long-wavelength UV light at 5 dpi. (C) GFP fluorescence was monitored for the onset of systemic
silencing at 28 dpi. Of 12 infiltrated 16c/Pns10 plants, 11 showed GFP fluorescence indicative of suppression of silencing by Pns10. All 13 infiltrated
16c plants, as controls, lacked GFP fluorescence, a finding indicative of GFP silencing. (D) Northern blots showing the steady-state levels of GFP
mRNAs and siRNAs extracted from the different infiltrated patches shown in panels B and C. The bottom panel shows rRNA or tRNA stained
with ethidium bromide as a loading control.
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As shown in Fig. 2A, the GFP fluorescence intensity in
inoculated leaves of Nb/Pns10 plants was much stronger than
that in nontransgenic plants at 5 to 7 dpi, reflecting more active
replication of the virus in the Pns10 transgenic plants. This was
further confirmed by Northern blots showing a higher accumu-
lation of viral RNAs in infected Nb/Pns10 plants than in in-
fected nontransgenic plants (Fig. 2B).

The systemically infected leaves of Nb/Pns10-transgenic
plants also exhibited stronger GFP fluorescence than those
from nontransgenic plants as early as 5 dpi (Fig. 2A). At 7 dpi,
the GFP fluorescence spread throughout the leaf blades in
Nb/Pns10 plants compared to the appearance of a few patches
of fluorescent areas in the nontransgenic plants (Fig. 2A,
leaves t2 and t3 at 5 and 7 dpi). By 15 dpi, the GFP fluores-
cence decreased significantly in the older leaves of Nb/Pns10
plants, but the newly emerged leaves of these plants exhibited
GFP fluorescence, indicating continuous viral replication (Fig.
2A, t1 at 15 dpi). In contrast, GFP fluorescence almost com-
pletely disappeared in all leaves of nontransgenic plants, indi-
cating suppressed viral replication throughout the plant (Fig.
2A, t1 at 15 dpi). At 28 dpi, some level of GFP fluorescence
recovered in the nontransgenic plants, but it was still weaker

than that in the Nb/Pns10 plants. This conclusion was further
supported by Northern blot data (Fig. 2C) and RT-PCR anal-
ysis of GFP-CP derived from PVX-GFP (data not shown).

The presence of Pns10 not only enhanced the temporal
spread of PVX-GFP but also the spatial invasion of tissues.
Most significantly, strong GFP fluorescence was observed in
the shoot apices of infected Nb/Pns10 plants (Fig. 3, top row),
compared to its absence from the shoot apices of infected
nontransgenic plants (Fig. 3, middle row). The GFP fluores-
cence in the stems was also much stronger in the infected
transgenic plants than in the infected nontransgenic plants. To
understand the cellular basis of these differences, we examined
transverse sections of stems and longitudinal sections of shoot
apices with fluorescence microscopy. As shown in panel 3 of
Fig. 3, strong GFP fluorescence was present in the stem cortex
of an infected Nb/Pns10 plant (top image) but barely visible in
the cortex of an infected nontransgenic plant (middle image),
indicating effective viral invasion of stem cortex facilitated by
Pns10. Furthermore, panel 5 shows bright GFP fluorescence in
the shoot apex of an infected Nb/Pns10 plant (top) and its
absence from the apex of an infected nontransgenic plant
(middle image). Pns10-enabled viral invasion of shoot apices

FIG. 2. Pns10-enhanced PVX-GFP infection and spread in N. benthamiana Nb/Pns10 plant lines. (A) PVX-GFP-infected nontransgenic N.
benthamiana (Nb) and Nb/Pns10 plants under UV light at 5, 7, 15, and 28 dpi. The inoculated leaves (inoc) and successive systemic leaves (t1 to
t3) are indicated. (B) Northern blots of PVX-GFP RNA accumulations in inoculated leaves of N. benthamiana (Nb) and Nb/Pns10 plants at 3 and
7 dpi. The membranes were hybridized with DIG-labeled probes corresponding to the full-length ORF of PVX CP. (C) Northern blot of PVX-GFP
RNA in top systemic leaves of N. benthamiana (Nb) and Nb/Pns10 plants at 5, 15, and 28 dpi.
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was further confirmed by in situ localization of PVX CP
mRNA (Fig. 3, panel 6).

Collectively, these data indicate that Pns10 enhanced (i)
viral replication and/or viral RNA stability in inoculated leaves
and (ii) temporal and spatial spread of viral infection. In the
latter case, the most important finding is that presence of
Pns10 enabled effective invasion of the stem cortex and shoot
apices.

The presence of Pns10 interfered with the perception in
recipient tissues, but not the production in source tissues, of
mobile RNA silencing signals triggered by GFP dsRNA. To
gain insights into the mechanisms of Pns10 function in inter-
fering with systemic RNA silencing, we first sought to deter-
mine whether Pns10 blocks the production of mobile RNA
silencing signals. To this end, we analyzed systemic RNA si-
lencing triggered by GFP dsRNA produced by agroinfiltration
in 16c/Pns10, as well as 16c control plants.

In both lines, GFP fluorescence (Fig. 4A) and GFP mRNA
(data not shown) were hardly detectable at 3 dpi. At 5 dpi,
RNA silencing emerged in systemic leaves of both lines (Fig.
4B, bottom left panel). Detailed analyses, however, revealed
some clear differences between the two lines. In 100% (30/30)
of the 16c plants GFP silencing occurred throughout an entire
leaf blade, whereas in more than 70% (21/29) of the 16c/Pns10
plants GFP silencing was restricted to the veins. At 28 dpi, the
newly emerged leaves from these plants exhibited the same
differences of silencing patterns (Fig. 4B, top panel). Northern
blots with RNA samples taken from the GFP-silenced vein
tissues of systemic leaves showed a much higher accumulation

of GFP siRNAs in 16c plants than in 16c/Pns10 plants (Fig.
4C). These data indicate that stably expressed Pns10 in trans-
genic N. benthamiana did not block initiation of local RNA
silencing triggered by dsGFP RNA.

We then asked the question of whether Pns10 inhibits per-
ception of silencing signals in recipient tissues by grafting ex-
periments. We carried out one-way grafting assays with a 16c/
Pns10 or 16c plant as scion and a silenced 16c as rootstock (Fig.
5A). We produced silenced 16c rootstocks by agroinfiltrating
these plants with 35S-dsGFP at the four-leaf stage. When si-
lenced expression of GFP was confirmed by red fluorescence
under UV illumination at the eight-leaf stage (28 dpi), the16c/
Pns10 or 16c scions were grafted onto rootstocks of these
silenced plants. At 21 days after grafting, GFP silencing spread
into more than 80% (21/26) of the 16c scions (Fig. 5B, left). In
contrast, GFP silencing was restricted to a few spotty veins of
the lower leaves that emerged in more than 85% (23/27) of the
16c/Pns10 scions (Fig. 5B, right). Consistent with these results,
GFP-derived siRNAs were detected in strongly silenced 16c
scions but not in weakly silenced 16c/Pns10 scions (Fig. 5C).
These data indicate that the presence of Pns10 in the 16c/
Pns10 scions interfered with the perception of systemic silenc-
ing signals.

The ability of Pns10 to bind ds-siRNAs with 2-nt 3� over-
hangs was required for silencing suppressor activity. Many
viral RNA silencing suppressors bind siRNAs as a means of
suppressing RNA silencing (8). Therefore, one potential
mechanism of Pns10 function is to bind siRNAs to interfere
with the spread of RNA silencing. To test this possibility, we

FIG. 3. Distribution of PVX-GFP in infected stems and shoot apices of N. benthamiana (Nb) and Nb/Pns10 plants at 15 dpi. Column 1 shows
GFP fluorescence under long-wavelength UV light at 15 dpi, and columns 3 and 5 show fluorescent images of transverse sections of stems and
longitudinal sections of shoot apices. Columns 2 and 4 show the corresponding bright-field images. Column 6 shows PVX CP signals in shoot apices
detected by in situ hybridization.
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first investigated whether Pns10 binds siRNAs. We synthesized
21- and 24-nt RNA duplexes with 2-nt 3� overhangs as probes
for RNA binding assays. As shown in Fig. 6A, gel mobility shift
assays demonstrated retarded mobility of siRNAs in the pres-
ence of MBP-Pns10, but not in the presence of MBP, indicat-
ing the binding of Pns10 to the siRNAs.

We then addressed the question of whether the siRNA-

binding capacity of Pns10 is required for its silencing suppres-
sion activity by analyzing several types of Pns10 mutants. As
shown in Fig. 6B, several mutations were designed to target (i)
the basic amino acids (263R and 280R) that are conserved in
homologous proteins from other phytoreoviruses; (ii) the
WXXW motif, which in P19 is crucial for siRNA binding and
silencing suppression activity (6, 33, 40); and (iii) the putative

FIG. 4. Effect of Pns10 on systemic RNA silencing induced by 35S-dsGFP. (A) N. benthamiana 16c and 16c/Pns10 plants were infiltrated with
Agrobacterium carrying 35S-dsGFP. GFP fluorescence was imaged under long-wavelength UV light at 3 dpi. (B) GFP fluorescence was monitored
for the onset of systemic silencing at 5, 8, 14, and 28 dpi. (C) Northern blots of siRNAs extracted from the veins of the different infiltrated plants
shown in panels A and B. The bottom panel shows tRNA stained with ethidium bromide as a loading control.

FIG. 5. Grafting of N. benthamiana 16c or 16c/Pns10 scions onto 35S-dsGFP silenced N. benthamiana 16c stocks. (A) Schematic representation
of the grafting experiments. (B) Young 16c rootstocks were infiltrated with Agrobacterium carrying 35S-dsGFP. At 14 dpi, 16c or 16c/Pns10 scions
were wedge grafted onto the rootstocks. GFP silencing in the scions was monitored by UV illumination. In the 16c scions GFP silencing spread
into the entire leaves of more than 80% (21/26) of the plants. In the 16c/Pns10 scion plants, more than 85% (23/27) showed GFP fluorescence in
the new leaves, and GFP silencing was restricted to a few veins of lower leaves. The images were taken 3 weeks after grafting. The arrows indicate
the graft scions. (C) Northern blots of small RNAs in the grafts. The samples in lanes IS (infiltration silenced) were from rootstock leaves of N.
benthamiana 16c exhibiting local silencing after infiltration with Agrobacterium carrying 35S-dsGFP. Lanes SS (systemic silencing) were from
systemic, upper scion leaves. “3X” indicates the amounts of RNAs loaded in the SS lanes relative to those loaded into the IS lanes.
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transmembrane motif (TM; 98 to 119 amino acids), which is
essential for the formation of tubular structure (mutation with
the deletion of this motif disrupts the tubular structures, which
resembled the tubules observed in RDV-infected insect vector
monolayers) (39). In addition, the Pns10 mutation with the
deletion of this motif lost the ability to display Pns10 out the of
the cell membrane (39). Gel mobility shift assays showed that,
among all mutants, Pns10W279A/W282A and Pns10�TM
failed to bind 21- and 24-nt siRNAs (Fig. 6A). All of these
results are summarized in Table 1.

The silencing suppression activity of each mutant was then
directly tested by agroinfiltrating a mixture of 35S-GFP and a
35S-Pns10 mutant in N. benthamiana leaves. Both GFP fluo-
rescence and mRNA analyses showed that, among all mutants,
Pns10W279A/W282A and Pns10�TM lost their silencing sup-

pression activities (Fig. 6C). The promotion of virus infection
was demonstrated by agroinfiltrating PVX-Pns10 or mutant in
N. benthamiana leaves. The mRNA analyses showed, that
among all mutants, only PVX-Pns10W279A/W282A and PVX-

FIG. 6. Gel mobility shift assay of recombinant Pns10 binding to ds-siRNA. (A) EMSA showing binding of Pns10 and its mutants to 21- and
24-bp siRNAs. A total of 10 �g of protein was used in each lane. His-P19 was used as a positive control. Expressed MBP or buffer (�) were used
as negative controls. (B) Schematic representation of Pns10 amino acid sequence and mutations. (C) Suppressor activities of Pns10 and its mutants.
N. benthamiana leaves either were infiltrated with mixtures of agrobacteria harboring a GFP construct, an empty vector as control, and a GFP
construct with Pns10 or Pns10 mutants, or PVX containing Pns10 or its mutants. The upper fluorescent images were taken 7 days after infiltration.
The lower left Northern blot image showed the steady-state levels of GFP mRNAs extracted from the different infiltrated patches as shown in the
upper panels. The lower right Northern blot image showed the steady-state levels of PVX-Pns10 and related Pns10 mutant mRNAs from the
chimeric PVX vector in extracted from the different infiltrated patches. rRNA stained with ethidium bromide was used as a loading control.
(D) CD analysis of MBP-Pns10 and MBP-Pns10 mutants. Different proteins are distinguished from each other by colors. The protein concentration
was 0.16 mg/ml in 20 mM Tris-HCl buffer (pH 7.4). The spectrum is background corrected, and the observed optical activity is expressed as the
mean residue molar ellipticity [�] (degrees cm2 dmol�1).

TABLE 1. VSR and binding activities of Pns10 mutants

Pns10 mutant VSR activity Binding activity

R263A � �
W279A � �
R280A � �
W282A � �
W279A/282A – –
�TM – –
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Pns10�TM lost their promotion of virus infection activities
(Fig. 6C). Thus, there is a direct correlation between the ability
of a mutant to bind siRNAs and its ability to suppress RNA
silencing and the promotion of virus infection.

Because mutants Pns10W279A/W282A and Pns10�TM lost
both siRNA-binding and silencing suppression functions, it was
important to test whether this was attributed to altered con-
formations of the mutant proteins. We analyzed the confor-
mations of all of these mutants, as well as the wild-type Pns10,
by using CD. The CD spectra of these mutants were similar to
that of the wild-type Pns10, indicating that they were still
folded correctly (Fig. 6D). Therefore, protein conformation
change was unlikely the cause of dysfunction for these two
mutants. All data thus indicate that the siRNA-binding func-
tion of Pns10 is necessary for its silencing suppression activity.

The presence of Pns10 led to decreased expression of RDR6.
To gain further insights into the mechanisms of Pns10 func-
tion, we sought to determine whether the presence of Pns10
would affect the expression of any components of the RNA
silencing machinery, besides binding siRNAs. We used real-
time RT-PCR to examine the mRNA levels for NbRDR1,
NbRDR6, NbAGO1, and NbAGO4. As shown in Fig. 7, the
accumulation of NbRDR6 was reduced to 47% in Nb/Pns10
transgenic plants compared to that in nontransgenic plants.
The mRNAs of NbRDR1, NbAGO1, and NbAGO4 did not
show significant differences between the transgenic and non-
transgenic plants (Fig. 7). Therefore, the presence of Pns10
appeared to specifically contribute to the downregulated ex-
pression of NbRDR6.

To determine whether downregulated expression of RDR6
in the presence of Pns10 has relevance to RDV infection in the
natural host of rice, we examined the rice OsRDR6 mRNA
levels in RDV-infected rice plants. As shown in Fig. 7, the
OsRDR6 mRNA level in RDV-infected plants decreased to
nearly 34% of that in noninfected plants, whereas the
OsRDR1, OsAGO1, and OsAGO4 levels did not differ signif-
icantly between the infected and noninfected plants.

These data suggest that presence of Pns10 can cause down-

regulated expression of RDR6 in N. benthamiana and RDV-
infected rice plants. This function may be an important coun-
terdefense mechanism for the virus, allowing efficient systemic
infection of a host.

DISCUSSION

We previously identified the RDV Pns10 as a VSR by using
a transient agroinfiltration expression system (3). In the
present study, we confirmed this finding with Pns10 stable-
expressing transgenic N. benthamiana plants. More impor-
tantly, this new experimental system, in combination with mul-
tiple approaches, has enabled us to further investigate the
mechanisms of Pns10 function. The findings described above
significantly extend our understanding of Pns10 function and
broaden our knowledge of VSR functions in general.

The secondary siRNAs generated through the activities of
NbRDR6 are most important for antiviral responses (32), and
NbRDR6 has a role in preventing viral invasion of shoot apices
(27, 30). Furthermore, both NbAGO1- and NbAGO4-like
genes are required for full systemic silencing (17). In most
studies, the roles of these host proteins were demonstrated
through RNA interference-based downregulation of gene ex-
pression. To understand better the roles of these proteins, it
will be useful to determine how their expression might be
affected by VSRs. We presented here evidence that the pres-
ence of Pns10 in transgenic N. benthamiana led to downregu-
lated expression of NbRDR6. This observation is significant in
several aspects. First, this downregulated expression appears to
be specific to NbRDR6, because the expression of NbRDR1,
NbAGO1, and NbAGO4 was not affected. However, we can-
not rule out the possibility that the expression of other genes in
the RNA silencing machinery is also affected. Second, the
expression of RDR6 is also reduced significantly and specifi-
cally in RDV-infected rice, the natural host, supporting the
biological relevance of findings from N. benthamiana. Third,
Pns10 did not have direct interactions with RDR6 in our yeast
two-hybrid and coimmunoprecipitation experiments (data not
shown). Therefore, Pns10 likely affects the expression of
RDR6 gene rather than its activity. These findings set the stage
for further studies on the mechanisms underlying Pns10 mod-
ulation of RDR6 expression.

Crystal structural studies on the tombusvirus p19-siRNA
complex revealed several conserved basic and polar residues as
binding sites for siRNAs (33, 45). Specifically, the end-capping
interaction was made by two conserved tryptophan residues
(WXXW) in the N terminus of p19. Interestingly, amino acid
sequence alignments for Pns10 of different Phytoreoviruses also
revealed a conserved WXXW motif (WRGW) (data not
shown). The substitution mutants Pns10W279A/W282A lost
both siRNA binding and silencing suppression activities. Fur-
thermore, p19 binds siRNA as a dimer, with two molecules of
p19 per siRNA duplex. Although the structure of Pns10 is not
yet known, this protein interacts with itself and forms a tubular
structure in insect host cells that plays a major role in RDV
cell-to-cell movement in insect vector cells (39). The possibility
that Pns10 binds siRNAs as a dimer or multimer is therefore
worth further investigation. Nonetheless, our findings, together
with those on p19, suggest that WXXW is an important bind-
ing site for siRNAs from diverse virus groups.

FIG. 7. Quantitative real-time RT-PCR analysis of RDR1, RDR6,
AGO1, and AGO4 transcript levels in N. benthamiana (Nb), Nb/Pns10,
RDV-infected rice and mock-inoculated healthy rice. Each mean value
is derived from three pools of plants, with each pool comprising three
plants. Error bars represent SEs of the mean. Relative transcript levels
were calculated by using the DDC(t) method (22) with N. benthamiana
GAPDH or Oryza sativa actin transcripts serving as an internal stan-
dard.
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The putative TM motif of Pns10 is essential for the forma-
tion of tubular structure and cell-to-cell movement in insect
vector cells (39). Our results showed that deleting this motif
led to the loss of siRNA binding and silencing suppression
functions. Because this motif is not reported for other VSRs, it
is likely a unique function associated with Pns10. The specific
mechanisms remain to be determined.

Taken together, our results show that RDV Pns10 plays
important roles in enhancing viral replication, systemic move-
ment, and invasion of new tissues and especially the shoot
apices. The siRNA binding activity is required for the silencing
suppression function. Significantly, Pns10 uses a unique TM
and a conserved WXXW for siRNA binding, both being func-
tionally important for silencing suppression. In addition, Pns10
can downregulate the expression of RDR6, a critical enzyme
for the generation of secondary siRNAs for antiviral responses.
Our data suggest that this particular activity appears to be
critical for viral invasion of shoot apices. Indeed, our recent
work showed that downregulated expression of RDR6 by an-
tisense method in rice enhanced the infection and disease
symptoms of RDV, as well as Rice stripe virus (D. Q. Jiang Lin,
L.-Y. Meng, J. Chen, W.-J. Le, T. Zhou, J.-C. Tian, L. Liang,
Y.-J. Zhou, G.-Y. Ye, C.-H. Wei, and Y. Li, unpublished data).
Thus, our data, together with published studies from other
labs, demonstrate that RDR6 homologues from different
plants play a conserved role of inhibiting infection by viruses of
different genome types.
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