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Abstract Rice grassy stunt virus (RGSV), a member of the
genus Tenuivirus, causes serious rice disease in Southeast
Asian countries. In this study, a green fluorescent protein
(GFP)-based transient expression assay was conducted to
show that p5, encoded on RNAS in the viral sense, is a viral
suppressor of RNA silencing (VSR). Protein-protein inter-
actions (PPIs) between p5 and all RGSV proteins except pC1
and pC2 were investigated using Gal4-based yeast two-hy-
brid (Y2H) experiments. The results demonstrated that p5
interacts with itself and with p3 encoded on RNA3 in the
viral sense. p5-p5 and p5-p3 interactions were detected by
bimolecular fluorescence complementation (BiFC) assay,
and the p5-p3 interaction was confirmed by subcellular co-
localization and co-immunoprecipitation (Co-IP) assays.
Using the Y2H system, we demonstrated that the p5-p3
interaction requires both the N-terminal (amino acid residues
1 to 99) and C-terminal (amino acid residues 94 to 191)
domains of p5. In addition, either p5 or p3 could enhance the
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pathogenicity of potato virus X (PVX) in Nicotiana ben-
thamiana plants. A much more significant enhancement of
PVX pathogenicity and accumulation was observed when p5
and p3 were expressed together. Our data also showed that
RGSYV p3 does not function as a VSR, and it had no effect on
the VSR activity of p5 or the subcellular localization pattern
of p5 in plant cells from Nicotiana benthamiana.

Introduction

Rice grassy stunt virus (RGSV) causes rice grassy stunt
disease in rice in many Southeast Asian countries [11]. The
RGSV was first found in the Philippines in 1963 [17,20]. The
virus is transmitted by the brown planthopper (BPH; Nila-
parvata lugens Stal) in a circulative and propagative manner
[25]. RGSV infects rice and induces symptoms including
leaf yellowing, stunting, and excess tillering [20, 21]. The
RGSYV genome has six ambisense RNA segments containing
12 open reading frames (ORFs) [18, 23]. RNAs 1, 2,5 and 6
of RGSV correspond to RNAs 1, 2, 3 and 4, respectively, of
rice stripe virus (RSV), the type member of the genus
Tenuivirus [3]. The functions of three RGSV-encoded pro-
teins are known. The protein pC1 (339.1-kDa), encoded on
RNA 1 in the viral complementary sense (vcRNA1), may
function as an RNA-dependent RNA polymerase (RdRp)
and is similar to the RdRp of RSV, with 37 + 9 % amino
acid sequence identity over 2140 amino acid residues [23,
24]. The protein pC5 (35.9 kDa), encoded by veRNAS, is the
nucleocapsid protein (N) and accumulates in both RGSV-
infected rice and viruliferous brown planthoppers [3]. The
protein pC6 (36.4 kDa), encoded on vcRNAG6, can trans-
complement the cell-to-cell spread of a movement-detective
TMYV, suggesting that it may act as a movement protein [12].
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The functions of some other RGSV proteins can be deduced
by comparison with their counterparts in RSV. However,
functional verification is essential, given the low amino acid
sequence identity between these proteins [3, 23, 24].

Protein-protein interactions (PPIs) play a crucial role in
many cellular processes. Identification and characterization
of PPIs can provide important insights into protein functions
at the cell level. For viruses, mapping the interaction net-
works of viral proteins contributes considerably to under-
standing the mechanisms of viral pathogenicity, the virus
infection cycle, and virus-host interactions. Intra-viral PPIs
have been reported for southern rice black-streaked dwarf
fijivirus (SRBSDV) and RSV [13, 14]. It is reasonable to
assume that the intra-viral PPIs play fundamental roles in the
replication cycle of SRBSDV and RSV, as in the case of
many other viruses. Thus, it is of interest to test whether these
PPIs are conserved among members of the genus Tenuivirus
and to investigate whether PPIs exist between RGSV-
specific proteins and proteins shared with RSV. RSV is a
well-studied tenuivirus. It causes dramatic loss in rice pro-
duction in China, Japan, and Korea [5, 11, 29]. It has been
reported that the RSV infects not only rice plants but also
maize, wheat, oat, foxtail millet, weeds and Arabidopsis [7,
15, 22]. Until now, several host factors have been identified
that interact with RSV proteins or RNA, and those factors are
thought to be recruited or manipulated by RSV and used to
complete its life cycle [6, 16, 33]. Notably, the RSV non-
structural protein p2, a viral silencing suppressor, can bind to
a rice host protein that is homologous to the suppressor of
gene silencing in Arabidopsis (AtSGS3) [6]. Previously, is
was shown that the nonstructural protein p3 of RSV, encoded
by RNA3, also functions as a viral suppressor of RNA
silencing [31]. Wu and colleagues hypothesized that the p3
protein has the dual functions of facilitating viral infection as
a VSR and inhibiting pathogenic development as an inducer
of the host defense system [27].

In this paper, we investigate whether the p5 protein of
RGSYV has silencing suppressor activity. Additionally, PPIs
between the p5 protein and 10 other proteins encoded by the
RGSYV genome were examined to explore the functions of
these proteins. We found that the p5 protein is a functional
homologue of the p3 protein of RSV and interacts with the
RGSV-specific protein p3. The RGSV p5 and p3 proteins
could function additively to enhance the pathogenicity of
potato virus X (PVX) in Nicotiana benthamiana.

Materials and methods
Plant materials, virus, and vectors

Rice plants infected with the RGSV were collected from
Fuzhou, Fujian Province, China, in 2010. RGSV was
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maintained by serial passages, transmitted by brown
planthoppers, in rice plants (Oryza sativa var. Taichung
Native 1) in the greenhouse at the Institute of Plant
Virology at the Fujian Agriculture and Forestry University.
The seeds of N. benthamiana plants and line 16¢ plants
were stored in our lab and cultured in an illumination
incubator. All of the transient expression vectors used in
our experiments, including pDONR221, pEarleyGatel01,
pEarleyGate102, pEarleyGate201, pYFPN, and pYFPC,
were kindly provided by Professor Wang from the South-
ern Canada Agriculture Plant Protection and Food
Research Center, and the vectors were not modified. The
yeast expression vectors pGBKT7, pGADT7, and PVX
vector pGR107 were stored in our lab and were not mod-
ified. The vectors driven by the CaMV 35S promoter had
an HA-tag and a Myc-tag sequence inserted at the Kpnl
and Smal sites at the N-terminus of the multiple cloning
site (MCS).

Plasmid construction

To perform the GFP-based transient expression assay, full-
length ORFs of p5 and p3 were amplified by using specific
primers containing homologous recombination sequences
at the 5° termini of both the forward and reverse primers.
PCR products were inserted into the entry vector
pDONR221 using BP Clonase™ II Enzyme (Invitrogen,
USA). Positive recombinant plasmids were identified by
colony PCR and were sequenced. Subsequently, extracted
plasmids were digested with Mlul (Takara, Japan), and the
purified product containing p5 or p3 gene was inserted into
the plant transient expression vector pEarleyGate201. The
potyvirus VSR HC-Pro was used as a positive control, and
the original vector was used as a negative control. Another
control was constructed with an untranslatable mutant of
pS in which the second codon TCT was replaced with a
TAG stop codon. The five constructs were named RGSV
p5, RGSV p3, HC-Pro, Vector and RGSV ApS5.

To investigate PPIs using a Y2H assay, full-length ORFs
of each RGSV gene, except pCl and pC2, were amplified
using primers with the appropriate restriction sites (Sup-
plementary Table 1). PCR products were cloned into the
vector pMDI18T (Takara, Japan) and sequenced. Plasmids
that were verified by sequencing were digested with the
corresponding restriction enzymes. The purified enzyme-
digested products were inserted into the yeast expression
vectors, pGBKT7 and pGADT7, using T4 DNA ligase
(Beijing TransGen Biotech Co., Ltd., China), creating
pGBK-p5, pGAD-pl, pGAD-p2, pGAD-p3, pGAD-pC3,
pGAD-p4, pGAD-pC4, pGAD-p5, pGAD-pCS5, pGAD-p6,
pGAD-pC6 and pGBK-p3. To identify the regions of p5
that are necessary for interaction with p3, pS was separated
into three overlapping domains: the N-terminus of p5
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(pSN) containing amino acid residues 1-99; p5M, con-
taining amino acid residues 49-140; and p5C, containing
amino acid residues 94-191. Each domain of p5 was
inserted into the pGBKT7 vector, and the constructs were
named pGBK-p5N, pGBK-p5M and pGBK-p5C.

By using the same method described for the GFP-based
transient expression assay, full-length ORFs of p5 and p3
were recombined into pYFPN, pYFPC, pEarleyGatelO1
and pEarleyGate102, respectively, for BiFC and cellular
localization studies, creating pYFPN-pS, pYFPN-p3,
pYFPC-p5, pYFPC-p3, YFP-p3 and CFP-p5. A construct
expressing SV40NLS-mCherry was used in cotransfection
experiments to label the nucleus [32]. In the Co-IP assay,
the full-length ORFs of p5 and p3 were inserted into the
Myc-tagged and HA-tagged expression vectors, respec-
tively, driven by the CaMV 35S promoter.

To study the roles of pS and p3 in viral infection in the
context of plant-virus interaction, pGR107, a PVX vector,
was utilized to express pS and p3. Full-length ORFs of p5
and p3 were cloned into the PVX vector, creating PVX-p5
and PVX-p3. The primers used in plasmid construction are
listed in Supplementary Table 1.

Y2H assay

A Gal4-based yeast two-hybrid system was used for the
investigation of PPIs between p5 and 10 other proteins. The
plasmids pGBKT7-p5 and pGADT7-X were used to co-
transform 100 pL of freshly prepared AH109 competent
cells simultaneously with the help of 5 pL of herring car-
rier DNA (Takara, Japan) using the lithium acetate method
[2, 8, 9]. The transformants were uniformly plated onto the
double dropout (DDO) medium SD/-Leu-Trp. Plates were
incubated in a constant-temperature incubator at 30 °C.
Yeast cells co-transformed with pGBK7-53/pGAD7-T and
pGBKT7-Lam/pGADT7-T were used as positive and
negative controls, respectively. Yeast co-transformants that
grew on the DDO medium were selected to plate on triple
dropout (TDO) medium SD/-Leu-Trp-His and quadruple
dropout (QDO) medium SD/-Leu-Trp-His-Ade, respec-
tively. Interactions were detected using an o-galactosidase
activity assay on QDO medium containing the substrate o-
galactosidase (X-a-gal).

Agrobacterium infiltration, GFP imaging
and confocal microscopy

Agrobacterium infiltration was carried out as described
previously [6, 26, 28, 31]. Briefly, each of the plant
expression constructs was introduced individually by
transformation into Agrobacterium strain EHA105 by
freeze-thawing with liquid nitrogen. Cultures of EHA105
harboring each binary plasmid were grown in LB medium

containing rifampicin (50 mg/ml) and kanamycin (50 mg/
ml) at 28 °C for 48 h. Positive transformants were identi-
fied using colony PCR with the corresponding primers.
Cultures of EHA105 strains containing each recombinant
plasmid were resuspended and diluted to an optical density
at 600 nm (ODg) of 0.8 with infiltration medium (5 mg of
glucose per mL, 10 mM MES, 10 mM NazPO,4, 200 mM
acetosyringone). For the GFP-based transient expression
assay, five-week-old transgenic N. benthamiana plants of
line 16¢ were used. Nicotiana benthamiana line 16c¢ plants
were kept in growth chambers at 22-24 °C. Agrobacterium
containing the RGSV p5 protein, the RGSV p3 protein,
HC-Pro, the original vector, or RGSV Ap5 was mixed with
a strain containing the green fluorescent protein (GFP)
transgene (35S-ssGFP) at a volume ratio of 1:1 and co-
infiltrated into leaf epidermal cells of transgenic N. ben-
thamiana line 16¢c. GFP fluorescence in the co-infiltrated
leaves was visualized using a hand-held UV light (Black
Ray model B 100A; UV Products) and photographed using
a Nikon D70 digital camera at two and five days post-
infiltration (dpi). To perform the BiFC assay, five- to eight-
week-old N. benthamiana plants were used [10, 30].
Agrobacterium cells transformed with pYFPN-p5/pYFPC-
pS, pYFPN-p3/pYFPC-p5 or pYFPN-p5/pYFPC-p3 were
mixed at a volume ratio of 1:1 and inoculated into the leaf
epidermal cells of N. benthamiana. For co-localization
assays, Agrobacterium cells transformed with YFP-p3/
CFP-p5 were mixed as described above and inoculated into
the leaf epidermal cells of N. benthamiana. To examine the
localization pattern of p5 or p3, Agrobacterium cells
transformed with YFP-p3 or CFP-p5 were individually
inoculated into the leaf epidermal cells of N. benthamiana.
The infiltrated epidermal cells of N. benthamiana were
examined for fluorescence under a Leica DS6000 confocal
microscope at 48 h post-infiltration. For Co-IP assay,
Agrobacterium cells transformed with RGSV HA-p3/
RGSV p5-Myc were mixed as described above and inoc-
ulated into the leaf epidermal cells of N. benthamiana, and
HA-GFP/RGSV p5-Myc were used as a negative control.

RNA extraction, RT-qPCR analysis and northern
blot analysis

Total RNA from leaves of rice plants or N. benthamiana
plants was isolated following the directions of the manu-
facturer of the Plant RNA Kit (OMEGA, USA). The first-
strand complementary DNA (cDNA) was synthesized fol-
lowing the instructions of the manufacturer of the First
Strand cDNA Synthesis Kit (TOYOBO CO., LTD., Japan).
To analyze the transcript levels of the PVX CP gene by
quantitative real-time reverse transcription PCR (RT-
gPCR), ReverTra Ace® gPCR RT Master Mix with a
gDNA Remover Kit (TOYOBO CO., LTD., Japan) was
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used for cDNA synthesis. gPCR was performed according
to the manufacturer’s instructions using the THUNDER-
BIRD SYBR gPCR Mix (TOYOBO CO., LTD., Japan).

A northern blot analysis with total RNAs or sSRNAs was
performed as described previously [19, 29]. **P-end-la-
beled oligonucleotide probes complementary to GFP
mRNA or sRNAs were used for northern blots (Supple-
mentary Table 1).

Protein extraction, immunoprecipitation
and western blot analysis

Infiltrated leaf tissue (100 mg) from N. benthamiana was
excised and homogenized in 200 pL of extraction buffer
(50 mM Tris-HC1 [pH 6.8], 9 M urea, 4.5 % SDS and
7.5 % B-mercaptoethanol). The crude extracts were cen-
trifuged for 15 min at 12,000 g. The supernatant was pre-
cipitated with two volumes of acetone and centrifuged at
12,000 g for 5 min. The pellets were resuspended in double
distilled water. Proteins were separated by 12 % SDS-
PAGE and transferred to PVDF membranes. In the GFP-
based transient expression assay to detect the accumulation
of GFP, the PVDF membranes were probed with a com-
mercially available mouse anti-GFP monoclonal antibody
(Abmart Inc., Shanghai) and with anti-actin antibodies
(Abmart Inc., Shanghai) to detect the expression of actin
proteins, which were used as an internal reference. The
secondary antibody was a goat anti-mouse IgG conjugated
with alkaline phosphatase (Sigma, St. Louis, MO, USA)
and used at a 1:8000 (v/v) dilution. Proteins were visual-
ized by incubating the membranes in an NBT-BCIP solu-
tion (Promega, USA). For the Co-IP assay, an
Immunoprecipitation Kit (Life, USA) was used according
to the manufacturer’s instructions. Anti-HA antibodies
(Abmart Inc., Shanghai) were first cross-linked with Dyn-
abeads Protein A, and the target antigen complex was then
immunoprecipitated. Anti-Myc antibodies (Abmart Inc.,
Shanghai) were used to perform Western blot analysis to
verify the expression of p5 and the p5-p3 interaction. In the
study on the pathogenicity of p5 and p3, protein expression
was detected with anti-p5 and anti-p3 polyclonal antibod-
ies, and the secondary antibody was a goat anti-rabbit IgG.

Results

RGSY p5, but not p3, functions as a viral suppressor
of RNA silencing

A green fluorescent protein (GFP)-based transient expres-
sion assay was used to test whether p5 has silencing sup-
pressor activities. Each of the five plasmids (RGSV p5,
RGSV p3, HC-Pro, Vector and RGSV Ap5) was co-
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agrointroduced with a plasmid carrying the 35S-ssGFP
segment into leaves of 16¢ transgenic N. benthamiana
plants through an Agrobacterium-mediated infiltration
procedure described previously. Notably, 16c plants co-
infiltrated with an Agrobacterium harboring 35S-ssGFP
and an Agrobacterium harboring either an original vector
or a vector containing HC-Pro were used as negative and
positive controls in this study. GFP fluorescence in the co-
infiltrated leaves was observed at two and five days post-
infiltration (dpi). At 2 dpi, the strong fluorescence of GFP
was observed in all leaves of transgenic N. benthamiana
line 16¢. By 5 dpi, however, the fluorescence was signifi-
cantly diminished in the leaves co-infiltrated with
Agrobacterium carrying 35S-ssGFP and Agrobacterium
carrying the RGSV p3, the original vector, or the RGSV
ApS5, but strong GFP fluorescence was also seen in the
leaves co-expressing 35S-ssGFP and the RGSV p5 or HC-
Pro at 5 dpi (Fig. 1A).

Northern blot analysis showed negligible accumulation
of GFP-specific siRNAs and high accumulation of GFP
mRNA in leaves infiltrated with 35S-ssGFP plus either
RGSV p5 or HC-Pro (Fig. 1B) at 5 dpi, further demon-
strating that the RGSV p5 could indeed suppress local
RNA silencing triggered by GFP ssRNA. Conversely,
leaves infiltrated with 35S-ssGFP plus the RGSV p3, the
original vector, or the RGSV Ap5 showed high accumu-
lation of GFP siRNA, and the accumulation of GFP mRNA
was not detected in these samples by 5 dpi (Fig. 1B),
indicating that the RGSV p3 was not a VSR.

A Western blot was used to examine the expression
levels of GFP. The results showed that the accumulation of
GFP was similar at 2 dpi in all of the co-infilterated leaves.
However, by 5 dpi, the GFP protein levels dramatically
decreased in leaves co-infiltrated with the Agrobacterium
carrying 35S-ssGFP/RGSV p3, 35S-ssGFP/vector or 35S-
ssGFP/RGSV Ap5. In contrast, the GFP protein levels were
markedly higher in leaves that were co-infiltrated with the
Agrobacterium carrying either 35S-ssGFP/RGSV p5 or
35S-ssGFP/HC-Pro than in those carrying 35S-ssGFP/
RGSV p3, 35S-ssGFP/vector, or 35S-ssGFP/RGSV Ap5.
The actin protein was used as an internal reference, and its
accumulation remained unchanged throughout the experi-
ments (Fig. 1C). These results indicated that RGSV p5
could suppress local RNA silencing triggered by GFP
ssSRNA, suggesting that it functions as a VSR, whereas the
RGSV p3 did not possess a congruent function with the
RGSV ps.

pS interacts with itself and p3 in yeast
The Y2H system was used to study the interaction of p5

with all RGSV proteins except pCl and pC2. Only the
yeast cells co-transformed with pGBK-p5 and pGAD-p5 or
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Fig. 1 The RGSV p5 protein, but not the p3 protein, inhibits local
silencing triggered by ssGFP. (A) Leaves shown in panel A were co-
infiltrated with 35S-ssGFP and each of the different plasmids
indicated around the images. “Vector” is the original vector that
was used as a negative control. HC-Pro, the first identified VSR of
potato virus Y, was used as a positive control. RGSV Ap5 is an
untranslatable mutant of p5 in which the second codon, TCT, was
replaced with a TAG stop codon. GFP fluorescence in the co-
infiltrated leaves was visualized with a hand-held UV light (Black
Ray model B 100A; UV Products) and photographed using a Nikon

pGBK-p5 and pGAD-p3 could grow on TDO and QDO
media. To confirm the interaction of p5 and p3 in yeast
cells, we constructed pGAD-p5 and pGBK-p3 and intro-
duced them into yeast cells by transformation. The co-
transformants could grow on TDO and QDO media as well.
p5-p5- and p5-p3-interactions were also confirmed by
detecting a-galactosidase activity. Blue yeast colonies were
observed on QDO medium containing X-o-gal, the sub-
strate of o-galactosidase, within four days, indicating that
p5-p5S and p5S-p3 interaction occurred in yeast cells
(Fig. 2A). We observed that the p5-p3 interaction was

p3
Ap5
p3+p5
HC-Pro

Vector
p5

GFP mRNA

tRNA

5 DPI

S © 9 2
T 2 2 2 &8
(] (30

S a £

D70 digital camera at five days post-infiltration (dpi). (B) Northern
blot analysis of the levels of GFP mRNA extracted from differently
infiltrated patches. The lanes (from left to right) contained samples
from leaves co-infiltrated with 35S-ssGFP and vector, p3, Ap5, p5, p5
plus p3 and HC-Pro, respectively. rRNA and tRNA were used as
loading controls for the detection of GFP mRNA and GFP siRNA,
respectively. (C) The accumulation of GFP in the infiltrated zones
was detected with anti-GFP antibody by Western blotting at 5 dpi.
The results were in agreement with those of the northern blot analysis.
Actin was used as an internal reference

weaker when pS was expressed in pGADT7 and when p3
was expressed in pPGBKT7. As shown in Fig. 2B, the same
amount of yeast cells transformed with pGBK-p5/pGAD-
p3 or pGAD-p5/pGBK-p3 from DDO medium was resus-
pended in 20 pL of sterile water and diluted in sterile water
at ratios of 1:1, 1:10, 1:102, 1:10° and 1:10* Five puL of
each dilution was placed in QDO-X-a-gal medium. Inter-
estingly, the interaction between pGBK-p5 and pGAD-p3,
but not the interaction between pGAD-p5 and pGBK-p3,
could be detected at the 1:10* dilutions (Fig. 2B). Fol-
lowing the method used previously for the Y2H assay, the
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Fig. 2 The RGSV p5 protein A
interacts with itself and p3 in

yeast. (A). Yeast strain AH109

was transformed with the bait

plasmid pGBKT7 (pGBK)

carrying p5 or p3 together with

the prey plasmid pGADT7

(pGAD) carrying p3 or p5.

Transformants were selected on

TDO, QDO and QDO-X-a-gal

minimal medium: 1) pGAD-p5/

pGBK-p5, 2) pGBK-p5/pGAD-

p3, 3) pGAD-p5/pGBK-p3, 4)
pGBKT7-Lam/pGADT7-T, and

5) pGBKT7-53/pGADT7-T.

Samples 4 and 5 were used, B

TDO medium

QDO medium QDO-X-a-gal

medium

Constration Gradient

respectively, as negative and
positive controls.

(B) Concentration gradient tests 1:1
examining the different

interaction strength between
pGBK-p5/pGAD-p3 (top) and

AD-p5/BD-p3 interaction

(bottom) were conducted as

described in the text. (C) pSN

and p5C interacted with p3 but

not pSM. pSN, p5SM and p5C are

truncated mutants of p5

corresponding to the N-, middle,

and C-terminal portions of the

protein, respectively. pSN, c

Chromogenic Reaction

1:10° 1:10
y pGBK-p5
P
Moy pGAD-p3

pGBK-p3

pGAD-p5S

Constration Gradient

amino acids residues 1-99; pSM,
amino acids residues 49-140;
pSC, amino acids residues
94-191

interaction between the three deletion mutants of p5 and p3
was analyzed. The results showed that p3 interacts with
both p5SN and pSC, but no interaction was detected between
p3 and p5M (Fig. 2C). Taken together, these observations
indicated that RGSV p5 not only interacts with itself but
also interacts with protein p3 through its N-terminal and
C-terminal regions in yeast.

pS interacts with itself and p3 in plant cells
A bimolecular fluorescence complementation (BiFC) assay

was conducted to confirm the p5-p5 and p5-p3 interactions.
pYFPN-p5 and pYFPC-pS, pYFPN-p3 and pYFPC-p5 or
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1:10 1:10

pGBK-p5N+pGAD-p3

pGBK-p5M+pGAD-p3

pGBK-p5C+pGAD-p3

pYFPN-p5 and pYFPC-p3 were used to co-agroinfiltrate V.
benthamiana plants. By 48 hours post-infiltration (hpi), the
strong fluorescence of yellow fluorescent protein (YFP) in
cells co-infiltrated with pYFPN-p5/pYFPC-p5 or pYFPN-
p3/pYFPC-p5 was observed under a confocal microscope.
Similar results were obtained when p3 was fused with the
C-terminal and p5 with the N-terminal fragment of YFP
(Fig. 3). A construct expressing SV40NLS-mCherry was
cotransfected to label the nucleus of N. benthamiana epi-
dermal cells. The BiFC assay indicated that the self-inter-
action of p5 occurred in the nucleus and plasma membrane
(PM) of N. benthamiana epidermal cells, whereas the
interaction between p5 and p3 was not fully consistent with



Suppression of RNA silencing by rice grassy stunt virus p3

2775

YFP

pYFPN-p5
+
pYFPC-p5

pPYFPN-p3
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pYFPC-p5
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+
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Fig. 3 Bimolecular fluorescence complementation analysis showing
p5-p5- interaction, primarily in the nuclei of plant cells, and p5-p3-
interaction, mainly in cytoplasmic granular structures. pYFPN-p5/
pYFPC-p5, pYFPN-p3/pYFPC-p5, and pYFPN-p5/pYFPC-p3 were
co-expressed in N. benthamiana through agroinfiltration. Fluores-
cence was detected by confocal microscopy at 48 hours post-

the interaction between p5 and itself. The p5-p3 interaction
was mostly found in the cytoplasm in granular structures.
Nevertheless, using the BiFC assay, we confirmed the self-
interaction of p5 and the p5-p3 interaction.

Subcellular co-localization of pS and p3 protein

To further characterize the p5-p3 protein complex in plant
cells, a subcellular co-localization assay was conducted. N.
benthamiana plants were co-agroinfiltrated with YFP-p3,
CFP-p5 or YFP-p3/CFP-p5. The cells were cotransfected a
construct expressing SV40NLS-mCherry with to label the
nucleus of N. benthamiana epidermal cells. By 48 hpi, cyan
fluorescence was exclusively observed in the nucleus and
the plasma membrane of N. benthamiana epidermal cells
infiltrated with CFP-p5. This localization of RGSV p5 is
consistent with the localization of RGSV p3, which was
also mainly observed in the nucleus and the plasma
membrane in N. benthamiana epidermal cells infiltrated
with YFP-p3. Moreover, the co-localization of p5 and p3
was monitored in N. benthamiana leaf epidermal cells co-
expressing YFP-p3/CFP-p5 (Fig. 4). The subcellular co-

BF Merged

infiltration (hpi). Cells were co-transfected with a construct express-
ing SV40ONLS-mCherry was to label the nucleus. These experiments
were repeated three times with similar results. The scale bars
represent 12 um. YFP, yellow fluorescent protein; BF, bright field

localization assay showed that RGSV p5 has a localization
pattern similar to that of RGSV protein p3, which also
indirectly suggested a p5-p3 interaction.

Co-immunoprecipitation assay confirming the p5-
p3-interaction

The p5-p3-interaction was confirmed by a co-immunopre-
cipitation assay in vivo. N. benthamiana plants were co-
agroinfiltrated with RGSV HA-p3 and RGSV p5-Myc or
HA-GFP and RGSV p5-Myc. As shown in Fig. 5, p5-Myec,
with a size of almost 22 kDa, was significantly enriched in
the HA-p3 precipitates (lane 1), but not the HA-GFP pre-
cipitate (lane 2), pulled down by using anti-HA-tag mouse
monoclonal antibody (Fig. 5, top). Furthermore, using the
Western blotting with the anti-HA-tag mouse monoclonal
antibody, the expression of HA-p3 (lane 1) and HA-GFP
(lane 2), of almost 23 kDa and 28 kDa in size, respectively,
were detected from the anti-HA immunoprecipitate (Fig. 5,
middle). Additionally, the expression of RGSV p5-Myc in
leaves of N. benthamiana was verified by Western blotting
with anti-Myc antibodies (Fig. 5, bottom). As expected,
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YFP-p3

CFP-p5

YFP-p3

CFP-p5

HA-tagged p3
+
CFP-p5

Fig. 4 Subcellular localization assay exhibiting the localization of p5
and p3 in the cells of N. benthamiana plants. N. benthamiana plants
were infiltrated with Agrobacterium harboring plasmids as indicated
at the left of the images. Fluorescence was detected by confocal
microscopy at 48 hours post-infiltration (hpi). Cells were co-
transfected with a construct expressing SV40NLS-mCherry to label

these results also suggested that RGSV p5 can associate
with RGSV p3 in plant cells.

pS and p3 are pathogenicity determinants
in the PVX heterologous system

To explore the biological role of p5 and p3 in RGSV
infection, the PVX system was applied because the bio-
logical roles of proteins encoded by tenuiviruses cannot be
investigated directly due to the lack of infectious RSV
cDNA clones for reverse genetics studies of gene functions
[31]. N. benthamiana plants were agroinfiltrated with PVX
empty vector, PVX-p5 or PVX-p3. By 9 dpi, mild symp-
toms such as chlorosis and necrotic mottling were observed
on N. benthamiana plants inoculated with Agrobacterium
containing PVX-p5 or PVX-p3. However, plants inocu-
lated with the empty PVX showed no visible symptoms. As
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the nucleus. The yellow or cyan fluorescence indicates accumulation
of p3: YFP fusion or p5: CFP fusion in the nucleus and the plasma
membrane in N. benthamiana epidermal cells. These experiments
were repeated three times with similar results. The scale bars
represent 12 pm (color figure online)

shown in Fig. 6, by 12 dpi, severe necrotic spots appeared
on the leaves of N. benthamiana plants inoculated with
PVX-p5 or PVX-p3, whereas symptoms on N. benthami-
ana plants inoculated with PVX were much milder than in
those inoculated with PVX-p5 or PVX-p3. To analyze the
biological role of the pS-p3 interaction in plants, the leaves
of N. benthamiana plants were co-inoculated with PVX-p5/
PVX-p3. When compared with the symptoms induced by
PVX, PVX-p5 or PVX-p3, more-severe symptoms with
necrotic spots and leaf deformity was observed in some
cases in leaves co-inoculated with PVX-p5 together with
PVX-p3 (Fig. 6A). To verify that the symptoms were
indeed induced by the expression of RGSV p5 and p3, the
accumulation of p5 and p3 was detected by Western blot-
ting (Fig. 6B). RT-qPCR also conducted to examine dif-
ferences in the expression levels of PVX CP mRNA in
leaves infiltrated with PVX, PVX-p3, PVX-p5 and PVX-p3
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RGSV HA-p3 + -
HA-GFP - +
RGSV p5-Myc + +
IP:anti-HA pre—
WB:anti-Myc
IP:anti-HA =
WB:anti-HA

Loading Input -
WB:anti-Myc

Fig. 5 Co-immunoprecipitation assay confirming the p5-p3 interac-
tion. Total proteins were extracted from N. benthamiana leaves co-
expressing RGSV HA-p3 together with RGSV p5-Myc and leaves co-
expressing HA-GFP and RGSV p5-Myc. HA-GFP/RGSV p5-Myc
was used as a negative control. The immune complexes were pulled
down by using anti-HA-tag mouse monoclonal antibody, and
subsequently, the 22-kDa RGSV p5-Myc was detected by Western
blotting with an anti-Myc-tag mouse monoclonal antibody from the
co-precipitation of RGSV HA-p3 (lane 1, top). HA-tagged RGSV p3
(lane 1) and GFP (lane 2), approximately 23 kDa and 28 kDa in size,
respectively, were detected in the anti-HA immunoprecipitate (mid-
dle). The expression of p5-Myc (approximately 22 kDa) in co-
inoculated leaves of N. benthamiana was detected by Western
blotting with an anti-Myc-tag mouse monoclonal antibody (bottom)

plus PVX-p5. The results indicated that the PVX CP
mRNA accumulation level was about five times higher in
plants co-inoculated with PVX-p5/PVX-p3 than in plants
inoculated with the empty PVX, and nearly 1.8 times as
high as those in plants inoculated with PVX-p5 or PVX-p3
(Fig. 6C). There was a significant difference in the PVX
CP mRNA accumulation level between PVX and either
PVX-p3 or PVX-p5 (P < 0.05). There was also a highly
significant difference between PVX and PVX-p3/PVX-p5
(P < 0.01). These results indicated that either pS or p3
could enhance the pathogenicity of potato virus X (PVX) in
N. benthamiana plants, and it appears that these two pro-
teins could work synergistically by interacting together.

Discussion

It was suggested previously that RGSV should be classified
as a member of a new genus because the proteins encoded
by RNAS and RNAG6 are distantly related to the corre-
sponding proteins of other members of the genus Tenui-
virus [23]. Phylogenetic analysis of the nucleocapsid

protein and the 94-kDa virion membrane-glycoprotein-like
protein of RGSV, RSV, MStV and RHBV showed that
RGSYV is a monophyletic group that is set apart from the
other members of the genus Tenuivirus [24]. Early studies
demonstrated that the properties of the RGSV were prob-
ably different from those of other members of the genus
Tenuivirus. We found that the RGSV p5 protein shares low
sequence similarity with the RSV p3 protein (13.6 %
amino acid sequence identity). However, we found that
several general characteristics of were shared between
RGSYV and RSV, the type member of the genus Tenuivirus.
First, the RGSV p5 functions as a silencing suppressor with
its counterpart, p3 of RSV. Second, the two proteins have a
similar subcellular localization pattern. A previous report
demonstrated that the RSV p3 has a functional nuclear
localization signal (NLS) that consists of four amino acids
IBKKRH'® and targets the nucleus of plant cells [31]. We
show that RGSV p5 is also localized in the nucleus, and the
predicted NLS '“KNKMVNKASTKNCWICSLYKR'*®
may be required for nuclear localization. Additionally, we
found that the two proteins are pathogenicity determinants
in the heterologous PVX system, resulting in leaf chlorosis
and necrotic mottling in N. benthamiana plants [31]. It has
been shown that the two silencing suppressors, RGSV p5
and RSV p3, can interact with themselves [4, 14]. We
confirmed that self-interaction of pS by BiFC and subcel-
lular co-localization assays. However, whether the VSR
self-interaction is required for silencing suppressor activity
remains unclear. Taken together, we hypothesize that
RGSV and RSV have a common ancestor and that their
proteins evolved to adapt to the changing environment in
different ways, while their silencing suppressors possess a
conserved mechanism to defend against host RNA
silencing.

In a previous study conducted by Chomchan and col-
leagues, no interaction between p5 and p3 was reported [4].
The most plausible explanation to this discrepancy is that
different Y2H systems were employed in their study and
our study [1]. Another interesting observation is that the
interaction between pGBK7-p5 and pGAD7-p3 was much
stronger than the interaction between pGAD7-pS and
pGBK7-p3. This was also observed by Sen and colleagues
in their study on the interactions between the nucleocapsid
protein (NP) of RSV and its mutants [14]. This was perhaps
due to the PPIs being affected by the position of the fusion,
which may have an effect on protein folding or the expo-
sure of binding sites. Also, there is a discrepancy between
the subcellular localizations of p5-p3 interactions based on
the BiFC assay and the co-localization assay. In the BiFC
assay, it appeared that the p5-p3 interaction changed the
cellular localization pattern of p5. In the subcellular co-
localization assay, however, this alteration in the cellular
localization of p5 in the presence of p3 was not observed.
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PVX

PVX-p5

PVX-p3

PVX-p5
+

PVX-p3

Fig. 6 Analysis of the pathogenicity p5 and p3 in the heterologous
PVX system. (A) Symptoms on N. benthamiana plants infiltrated with
PVX, PVX-p5, PVX-p3 and PVX-p5/PVX-p3, respectively, were
observed and photographed at 12 days post-infiltration (dpi). (B) The
22-kDa p5 (top) and 23-kDa p3 (middle) were detected in leaves
infiltrated with PVX, PVX-p3, PVX-p5 and PVX-p3/PVX-p5 by
Western blotting with anti-p5 and anti-p3 polyclonal antibodies,
respectively. Actin protein was used as an internal reference (bottom).

We also confirmed this result by expressing the HA-tagged
p3 together with p5 in N. benthamiana plants, which
showed that the localization of p5 alone is in agreement
with that of the HA-tagged p3 together with p5. This
suggests that p3 cannot change the subcellular localization
pattern of p5 in the subcellular localization assay. These
experiments were repeated three times with similar results.
A possible explanation is that the expression vectors used
in these experiments and the principle of the two assays are
quite different. The results obtained with the BiFC assay
were more reliable because the fluorescence can be moni-
tored only if p3 and p5, fused with the two protein frag-
ments of YFP, interacted in N. benthamiana. Another
possibility is that pS and p3 fused with full-length fluo-
rescent proteins in the subcellular localization assay are
expressed constitutively.

Although the RGSV p5 protein shares several similar
characteristics with RSV p3, it is possible that p5 has some
specific functions. In our study, p5 interacts with another
viral protein, p3, through the N-terminus and C-terminus. It
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(C) RT-gPCR was conducted to detect the relative expression levels
of the PVX CP gene at 12 dpi in the indicated plants. Data were
analyzed by one-way ANOVA. The average (+ standard deviation)
values from three biological repeats of qRT-PCR are shown.
P < 0.05 indicates a significant difference between the two exper-
imental treatments, and P < 0.01 indicates a highly significant
difference between the two experimental treatments

remains to be determined whether p3 has an effect on the
silencing suppressor activity and localization pattern of p5
by interacting with it. The silencing suppressor activity of
pS was not affected by p3 (Fig. 1A), and neither was the
subcellular localization pattern of p5 (Fig. 4). The biolog-
ical function of the p5-p3 interaction is still unclear, but we
found that p3 is also a pathogenicity determinant in the
heterologous PVX system. The co-expression of p5 and p3
in N. benthamiana plants caused a more serious infection,
which suggested that the pathogenicity effects of p5 and p3
are additive. Ongoing work in our laboratory has shown
that p3 is also a pathogenic factor in the native host of
RGSV. Transgenic rice plants overexpressing p3 show an
apparent alteration in plant growth and morphology (data
not published). Thus, it is important to investigate whether
pS and p3 work synergistically to generate the conditions
for virus infection, replication, and induction of symptoms
in rice.
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