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Rice stripe virus (RSV) is the type member of the genus Tenuivirus. RSV has four single-stranded RNAs and
causes severe disease in rice fields in different parts of China. To date, no reports have described how RSV
spreads within host plants or the viral and/or host factor(s) required for tenuivirus movement. We investigated
functions of six RSV-encoded proteins using frans-complementation experiments and biolistic bombardment.
We demonstrate that NSvc4, encoded by RSV RNA4, supports the intercellular trafficking of a movement-
deficient Potato virus X in Nicotiana benthamiana leaves. We also determined that upon biolistic bombardment
or agroinfiltration, NSvc4:enhanced green fluorescent protein (eGFP) fusion proteins localize predominantly
near or within the walls of onion and tobacco epidermal cells. In addition, the NSvc4:eGFP fusion protein can
move from initially bombarded cells to neighboring cells in Nicotiana benthamiana leaves. Immunocytochem-
istry using tissue sections from RSV-infected rice leaves and an RSV NSvc4-specific antibody showed that the
NSvc4 protein accumulated in walls of RSV-infected leaf cells. Gel retardation assays revealed that the NSvc4
protein interacts with single-stranded RNA in vitro, a common feature of many reported plant viral movement
proteins (MPs). RSV NSvc4 failed to interact with the RSV nucleocapsid protein using yeast two-hybrid assays.
Taken together, our data indicate that RSV NSvc4 is likely an MP of the virus. This is the first report

describing a tenuivirus MP.

Rice stripe virus (RSV) is the type member of the genus
Tenuivirus (Association of Applied Biologists Descriptions of
Plant Viruses website [http://www.dpvweb.net/dpv/showdpv
.php?dpvno=375]). RSV causes severe diseases in rice fields,
especially in China, and is known to be transmitted by the small
brown plant hopper (Laodelphax striatellus) in a persistent,
circulative-propagative manner (8, 46). RSV is an RNA virus
with four segmented single-stranded genomes, contains seven
open reading frames (ORFs), and uses a negative and
ambisense coding strategy for replication and infection in
plants (Fig. 1) (32). RNA1 is negative sense and encodes a
putative protein with a molecular mass of approximately 337
kDa; this protein is reported to be part of the RNA-dependent
RNA polymerase and is associated with the RSV filamentous
ribonucleoprotein (42). RNAs 2 to 4 are ambisense, and each
RNA contains two ORFs, one in the 5’ half of the viral RNA
and the other in the 5’ half of the viral cRNA. RNA2 encodes
NS2 (about 22.8 kDa, with an unknown function) from the
viral RNA and NSvc2 (94 kDa, a putative membrane glyco-
protein) from the viral cRNA. RNA3 encodes a 23-kDa
protein that functions as a suppressor of gene silencing (R.
Xiong et al., unpublished data) and the nucleocapsid protein
(NCP) (35 kDa). The nonstructural disease-specific protein
(SP) (21.5 kDa) and NSvc4 (32.5 kDa, with unknown function)
are encoded by RNA4 (14, 15, 31, 38, 47, 48).

Numerous studies have indicated that plant viruses encode
specific proteins known as movement proteins (MPs) to con-
trol their spread through plasmodesmata (PD) in walls be-
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tween cells as well as from leaf to leaf via vascular-dependent
transport (24, 28, 35, 43). During this movement process, the
virally encoded MPs interact with viral genomes for transport
from the viral replication sites to the PDs in the walls of
infected cells along the cytoskeleton and/or endoplasmic retic-
ulum (ER) network. The virus is then thought to move through
the PDs in the form of MP-associated ribonucleoprotein com-
plexes or as virions (2, 21, 22, 25). The first model has been
studied most with the MP of Tobacco mosaic virus (TMV),
which interacts with the viral RNA and traverses the PD as a
ribonucleoprotein complex. Viral coat protein (CP) is not re-
quired for localized cell-to-cell movement in TMV and also is
not required for the systemic or localized movement of some
other viruses such as Tobacco rattle virus, Tomato bushy stunt
virus, or Barley stripe mosaic virus (9, 30, 36). However, CP is
required for the movement of other viruses that move as nu-
cleoprotein complexes through the PD, including the potexvi-
ruses (43), potyviruses (10), and several other viruses (4, 35).
The second model includes viruses that move through the PD
in the forms of encapsidated particles. This cell-to-cell move-
ment model normally requires interactions between the viral
MP and CP (5, 16, 17). Recently, it was shown that the ac-
tin/ER network is involved in viral intracellular trafficking to
PD (21, 45).

Due to the lack of a reverse genetics system, there is no
direct genetic information about the spread of tenuiviruses in
their host plants, and no tenuivirus-encoded proteins have
been identified as being viral MPs. We recently analyzed six
RSV-encoded proteins for their abilities to traffic the viral
genome between cells. Our results presented here demonstrate
for the first time that the RSV NSvc4 protein, but not the other
five RSV proteins, can move between cells and complement
the cell-to-cell movement of a movement-defective mutant of
potato virus X (PVX) in N. benthamiana leaves. The NSvc4:
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FIG. 1. Genome organization of RSV. ORFs are displayed as white
boxes on viral-sense RNAs and shaded boxes on viral complementary-
sense RNAs. Arrowheads indicate the direction of translation. RdRp,
RNA-dependent RNA polymerase; SP, disease-specific protein.

enhanced green fluorescent protein (GFP) (eGFP) fusion pro-
tein was also found to accumulate predominantly near or
within the walls of bombarded or agroinfiltrated onion and
tobacco epidermal cells. We propose that the RSV NSvc4
protein is an MP of RSV, and the role of the protein in RSV
intercellular movement is discussed.
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MATERIALS AND METHODS

Constructs and procedures for complementation experiments. The move-
ment-defective PVX tagged with the B-glucuronidase (GUS) gene (pPVX.GUS-
Bsp) (27) was used for complementation experiments. Construct pBI-P25, ex-
pressing the PVX p25 protein, was provided by R. X. Fang (Institute of
Microbiology, Chinese Academy of Sciences) (11). Six ORFs of RSV (i.e., NS2,
NSvc2, NS3, NCP, NSvc4, and SP) were amplified individually from total RNA
extracted from RSV-infected rice tissues collected from a rice field in the Jiangsu
province using Pfu DNA polymerase and specific primer pairs (NS2-F/NS2-R for
NS2, NSvc2-F/NSvc2-R for NSve2, NS3-F/NS3-R for NS3, NCP-F/NCP-R for
NCP, NSvc4-F/NSvc4-R for NSvc4, and SP-F/SP-R for SP) (Table 1). The re-
sulting reverse transcription (RT)-PCR products were cloned individually into
the BamHI/Sall site in a transient expression vector, pBin438, under the control
of a Cauliflower mosaic virus 35S promoter (6). The recombinant plasmids con-
taining various RSV ORFs were designated 35S-NS2, 35S-NSvc2, 35S-NS3,
35S-NCP, 35S-SP, and 35S-NSvc4, respectively. To prepare a mutant NSvc4
construct, the start codon for the NSvc4 ORF was altered to ATC by PCR with
primers NSvc4M-F and NSvc4-R. The amplified PCR product was ligated into
the pBin438 vector that had been previously digested with the BamHI and Sall
restriction enzymes, and the resulting plasmid was designated 35S-NSvc4M. All
constructs were sequenced to confirm their authenticity using an automated dye

TABLE 1. Sequences and restriction sites of PCR primers

Primer and purpose Sequence (5'—=3")" Modification(s)
Construction of expression vectors
NS2-F TCGGATCCATGGCATTACTCCTTTTCAATG BamHI
NS2-R GCGTCGACTCACATTAGAATAGGACACTCA Sall
NSvce2-F GAGAATTCATGCATTTTAAATCATATTTC EcoRI
NSvc2-R TGGTCGACTTAATCAACCTGTCTGATGTC Sall
NS3-F TCGGATCCATGAACGTGTTCACATCGTC BamHI
NS3-R CAGTCGACCTACAGCACAGCTGGAGAG Sall
NCP-F GAGGATCCATGGGTACCAACAAGCCAG BamHI
NCP-R TCGTCGACCTAGTCATCTGCACCTTCTG Sall
SP-F TGGGATCCATGCAAGACGTACAAAGGAC BamHI
SP-R CTGTCGACCTATGTTTTATGAAGAAGAGGT Sall
NSvc4-F GCGGATCCATGGCTTTGTCTCGACTTTT BamHI
NSvc4-R ACGTCGACCTACATGATGACAGAAACTTC Sall
NSvc4m-F GCGGATCCATCGCTTTGTCTCGACTTTT BamHI
Construction of NSvc4-GFP
fusion clones

NSve4-Kpn-F GCGGTACCATGGCTTTGTCTCGACTTTT Kpnl
NSvc4-Bam-R ACGGATCCCATGATGACAGAAACTTC BamHI
GFP-Bam-F GCGGATCCATGAGTAAAGGAGAAGA BamHI
GFP-Pst-R CCCTGCAGTTATTTGTATAGTTCAT Pstl

Production of in vitro
transcription templates

RNAI1-T7-F
RNA1-T7-R
RNA2-T7-F
RNA2-T7-R
RNA3-T7-F
RNA3-T7-R
RNA4-T7-F
RNA4-T7-R
PVX-T7-F
PVX-T7-R
GFP-T7-F

GFP-F

GFP-T7-R

Construction of YTHS plasmids

NSvc4-EcoR-F
NCP-Nde-F
NCP-Bam-R

TAATACGACTCACTATAGGGGGATCCGTCACTTGAGACAGATTTTGATC
TAATACGACTCACTATAGGGGTTTTTCAGAGGGTCTGGC
TAATACGACTCACTATAGGGGGATCCGTATGCATGAGTGAACCTATTG
TAATACGACTCACTATAGGGAATTCATATACTCTGGTGATAC
TAATACGACTCACTATAGGGGGATCCGTGATCTATATAGAGTCTTCC
TAATACGACTCACTATAGGGGATCTGGATTCTGTCCCATGA
TAATACGACTCACTATAGGGGGATCCACACAAAGTCCAGGGCATTTG
TAATACGACTCACTATAGGGATGAAAAGGGTGTCAGTCTCC
TAATACGACTCACTATAGGGGGATCCGTTCGACAGAGAGATCCACTC
TAATACGACTCACTATAGGGAAGCTTCCCAGACCTCTTGTG
TAATACGACTCACTATAGGGATGAGTAAAGGAGAAGAAC
ATGAGTAAAGGAGAAGA
TAATACGACTCACTATAGGGCGGGCATGGCACTCTTG

GC GAATTC ATG GCT TTG TCT CGA CTT TT
GA CATATG ATG GGT ACC AAC AAG CCA G
TC GGATCCCTA GTC ATC TGC ACC TTC TG

T7 promoter, BamHI
T7 promoter
T7 promoter, BamHI
T7 promoter
T7 promoter, BamHI
T7 promoter
T7 promoter, BamHI
T7 promoter
T7 promoter, BamHI
T7 promoter
T7 promoter

T7 promoter
EcoRI

Ndel
BamHI

“ Boldface type indicates a T7 promoter, and underlining indicates a restriction enzyme site.



12306 XIONG ET AL.

terminator sequencing system (model 377; PE Applied Biosystems, Foster City,
CA) according to the manufacturer’s protocol.

The constructs were introduced into cells of N. benthamiana leaves through
particle bombardment as described previously (18). The bombarded leaves were
harvested at 40 h postbombardment (hpb) and examined for GUS expression
using a histochemical GUS detection method with specific modifications as
indicated below. Leaf samples were infiltrated with 600 p.g/ml 5-bromo-4-chloro-
3-indolyl-B-p-glucuronide (X-Gluc) diluted in a solution containing 0.115 M
phosphate buffer (pH 7.0), 3 mM potassium ferricyanide, and 10 mM EDTA.
The phosphate-ferricyanide-EDTA mixture was used to limit the diffusion of the
intermediate products of the reaction. After overnight incubation at 37°C, the
leaf samples were fixed in 70% ethanol and examined under a light microscope
to assess GUS staining.

Localization of the NSvc4 protein in tobacco and onion cells. To determine the
localization of RSV NSvc4 in cells, we PCR amplified the eGFP gene (18) using
primers GFP-Bam-F and GFP-Pst-R (Table 1). The PCR product was digested
with the BamHI and PstI enzymes and inserted into the BamHI/PstI site within
the pCHF3 vector as described previously (3) to produce pCHF3-eGFP. We then
amplified the NSvc4 gene without the stop codon using primers NSvc4-Kpn-F
and NSvc4-Bam-R. After digestion with the Kpnl and BamHI restriction en-
zymes, the PCR product was cloned into the Kpnl/BamHI site within the
pCHF3-eGFP construct to produce pCHF3-NSvc4:eGFP. These constructs
(pCHF3-eGFP and pCHF3-NSvc4:eGFP) were bombarded individually into N.
benthamiana epidermal cells as described above or into onion epidermal cells as
described previously (6). The bombarded tobacco or onion cells were harvested
at 24 hpb and examined for free eGFP or NSVc4:eGFP fusion expression using
a Leica TCS SP5 inverted confocal imaging system (Leica Microsystems, Mann-
heim, Germany).

To further confirm the localization of NSvc4:eGFP in cells, pCHF3-eGFP and
pCHF3-NSvc4:e GFP were also introduced individually into Agrobacterium tume-
faciens strain EHA105 using an electroporation method (6). Leaves of 4-week-
old N. benthamiana plants were infiltrated with 4. tumefaciens cells harboring the
constructs as previously described (39). At 2 days postinfiltration, the infiltrated
leaves were harvested and examined for eGFP fluorescence under the Leica
confocal microscope set at 488 nm.

Expression and purification of recombinant NSvc4. The NSvc4 gene was PCR
amplified, cloned into vector pET-32a according to the manufacturer’s instruc-
tions (Novagen, Madison, WI), and expressed as a recombinant protein with an
N-terminal His, fusion in Escherichia coli BL21(DE3) cells after induction with
isopropyl-B-p-thiogalactopyranoside. The E. coli cells were lysed in a solution
containing 50 mM NaH,PO,, 300 mM NaCl, and 10 mM imidazole (pH 8.0), and
the fusion protein was purified through affinity chromatography on Ni-nitrilotri-
acetic acid agarose according to the manufacturer’s instructions (Qiagen, Hilden,
Germany). The His,-tagged NSvc4 (His-NSvc4) fusion protein was determined
by immunoblotting with an anti-His monoclonal antibody followed by an alkaline
phosphatase-conjugated anti-mouse immunoglobulin G according to instructions
provided by the manufacturer (Sigma, St. Louis, MO). The detection signal was
developed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate
according to instructions provided by the manufacturer (Promega, Madison,
WI).

Gel retardation assay. For gel retardation assays, we prepared several DNA
fragments through RT-PCR. Four fragments (275 bp per fragment) representing
partial RSV RNAs 1, 2, 3, and 4 were chosen arbitrarily and amplified individ-
ually using primer pairs RNA1-T7-F/RNA1-T7-R (for the RNAI1 fragment),
RNA2-T7-F/RNA2-T7-R (for RNA2), RNA3-T7-F/RNA3-T7-R (for RNA3),
and RNA4-T7-F/RNA4-T7-R (for RNA4). Each resulting PCR fragment con-
tains a T7 promoter and a BamHI site (Table 1) at its 5’ end and a second T7
promoter at its 3" end. Radioactive double-stranded RNAs (dsSRNAs) were made
from the PCR fragments through in vitro transcription using [«-*>*P]JUTP and T7
RNA polymerase according to instructions provided by the manufacturer
(Takara, Dalian, China). The contaminating cDNA templates were removed
through DNase digestion according to instructions provided by the manufacturer
(NEB Co., Beverly, MA). RNA transcripts were then further purified using G-50
Nick columns according to the manufacturer’s instructions (GE Healthcare,
Bucks, United Kingdom). The quality of each RNA transcript was determined
using sequencing gels. RNA transcripts prepared from a construct carrying a
partial PVX sequence (nucleotides 3183 to 3457) were used as a control for the
assay. To prepare radioactive single-stranded RNA, the PCR products were
digested with BamHI to remove one T7 promoter prior to in vitro transcription.
Long double-stranded or single-stranded GFP RNA (268 bp) was transcribed
from the PCR fragments amplified with primers GFP-T7-F and GFP-T7-R or
GFP-F and GFP-T7-R (Table 1). The resulting radioactive RNA transcripts
were mixed with purified His,-tagged NSvc4 in 13.5 pl binding buffer containing
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83 mM Tris-HCI (pH 7.5), 0.8 mM MgCl,, 66 mM KCl, 100 mM NaCl, 10 mM
dithiothreitol, and 5 U RNasin. The mixtures were incubated at room temper-
ature for 60 min and then separated by electrophoresis on a native 8% poly-
acrylamide gel in 0.5X TBE (90 mM Tris base-90 mM boric acid-EDTA [pH
8.0]). The gels were dried and analyzed using a Typhoon 9200 imager according
to instructions provided by the manufacturer (GE Healthcare). The radioactive
RNA transcripts were also mixed with bovine serum albumin (BSA) and used as
negative controls during the assay.

Immunocytochemistry and electron microscopy. Small tissue samples (approx-
imately 1 mm by 3 mm) were excised from RSV-infected and mock-inoculated
Oryza sativa cv. Wuyujing 3 leaves and fixed in 1% (vol/vol) glutaraldehyde and
2% (vol/vol) formaldehyde in 50 mM phosphate-buffered saline (PBS) (pH 6.8)
for 3 h at 4°C. After dehydration in a graded ethanol series (30%, 50%, 70%,
90%, and 100%), the fixed samples were embedded in Lowicryl K4M agar
(Electron Microscopy Sciences, Fort Washington, PA) as described previously
(6). For immunogold labeling, ultrathin tissue sections (about 70 nm thick) were
cut from the embedded tissues and placed onto 200-mesh nickel grids. After
blocking for 30 min at room temperature with 50 mM PBS (pH 6.8) containing
1% (wt/vol) BSA and 0.02% polyethylene glycol 2000 (blocking solution), the
grids were incubated for 1 h at room temperature with a polyclonal antibody
raised against the RSV NSvc4 protein for 20 to 60 min at room temperature. The
grids were washed with several changes of PBS followed by 1 h of incubation in
protein A-gold (Sigma) diluted in blocking solution. After incubation, the grids
were washed several times with PBS followed by double-distilled H,O. The grids
were stained with uranyl acetate and then lead citrate prior to examination under
an electron microscope (JEM-1200EX; Jeol, Japan). RSV-infected tissue sec-
tions probed with a preimmune serum and then protein A-gold conjugate were
used as negative controls during the experiment.

YTHS. To prepare plasmids for a yeast two-hybrid screen (YTHS), the full-
length coding sequence of RSV NSvc4, which had been fused to the GAL4
DNA-binding domain or the GAL4 activation domain, was amplified by RT-
PCR with primers NSvc4-EcoR-F and NSvc4-Bam-R. The product was then
cloned into pGBKT7 or pGADT?7 at the EcoRI/BamHI digestion site to produce
pGAD-NSvc4 and pGBK-NSvc4, respectively. The full-length coding sequences
of RSV NCP were amplified by RT-PCR with primers NCP-Nde-F and NCP-
Bam-R and fused to the GAL4 DNA-binding domain or the GAL4 activation
domain. The products were then cloned into pGBKT7 or pGADT7 at the
Ndel/BamHI site to produce pGAD-NCP and pGBK-NCP, respectively. Two
plasmids, pGAD-NSvc4 and pGBK-NCP, or pGBK-NSvc4 and pGAD-NCP,
were cotransformed into Saccharomyces cerevisiae AH109 cells using the BD
Matchmaker library construction and screening kits according to the manufac-
turer’s instructions (Clontech, Palo Alto, CA). At the same time, the two plas-
mids pGBKT7-53 and pGADT7-RecT (Clontech) were cotransformed into S.
cerevisiae AH109 cells and used as positive controls. Plasmids pGBKT7-Lam and
pGADT7-RecT were also cotransformed into the AH109 cells and used as
negative controls.

RESULTS

Complementation of movement-defective PVX by RSV
NSve4. To identify the viral gene(s) involved in RSV cell-to-
cell movement, we inserted RSV OREFs individually into plant
expression vector pBin438. We then introduced each of the six
constructs together with the movement-defective PVX con-
struct (pPVX.GUS-Bsp) into mature leaves of N. benthamiana
via particle bombardment. In addition, construct pBI-P25, ex-
pressing the PVX p25 triple-gene-block MP, was cobombarded
with pPVX.GUS-Bsp into the N. benthamiana leaves and used
as a positive control. When only pPVX.GUS-Bsp, which has a
deletion in p25, was bombarded into the leaves of N. benthami-
ana, GUS activity was observed in single cells at 40 hpb under
a stereomicroscope (Fig. 2A). This result supports the previ-
ously reported data showing that mutant PVX is able to ex-
press GUS in initially infected cells but is defective in cell-to-
cell movement (27). The cobombardment of pPVX.GUS-Bsp
with one of the six constructs (e.g., 35S-NS2, 35S-NSvc2, 35S-
NS3, 35S5-NCP, 35S-SP, and 35S-NSvc4) showed that only the
NSvc4 from 35S-NSvc4 was able to complement the cell-to-cell
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FIG. 2. Histochemical analysis of GUS activity in Nicotiana benthamiana leaves bombarded with pPVX-GUS-BSP (A), 35S5-NSvc4 plus
pPVX-GUS-BSP (B), or pBI-P25 plus pPVX.GUS-BSP (C). The assay was conducted at 40 hpb. Images were photographed using an Olympus

stereomicroscope with enlargement.

movement of mutant PVX in bombarded leaves of N.
benthamiana, as determined by the observation of blue spots at
40 hpb. Microscopic examination of the pPVX.GUS-Bsp/35S-
NSvc4-cobombarded N. benthamiana leaves confirmed the
presence of GUS expression in clusters of multiple epidermal
cells (Fig. 2B). This observation suggests that NSvc4 facilitated
mutant PVX spreading from initially infected cells into the
surrounding cells. Further analysis of pPVX.GUS-Bsp/35S-
NSvc4-cobombarded mature and young developing N.
benthamiana leaves showed that the ability of RSV NSvc4 to
complement the movement of mutant PVX in these leaves was
similar (data not shown). These results provide the first evi-
dence that RSV NSvc4 has a function similar to that reported
previously for other viral MPs. RSV NSvc4 also appeared to be
less efficient in facilitating mutant PVX movement in N.
benthamiana leaves than the PVX p25 gene based on the size of
GUS-containing foci in cobombarded N. benthamiana leaves
(Fig. 2C). To further confirm that the complementation of the
movement-defective PVX was controlled by the NSvc4 protein,
we altered the translational start codon of the NSvc4 ORF from
ATG to ATC. After the cobombardment of N. benthamiana
leaves with pPVX.GUS-Bsp and 35S-NSvc4M, multicell GUS
foci were not seen in any bombardment experiment (data not
shown). These results strongly indicate that the NSvc4 protein can
function to complement PVX GUS-Bsp movement.
Subcellular localizations of RSV NSvc4-GFP in leaves of
onion and tobacco and of NSvc4 in RSV-infected O. sativa. To
determine the localization of RSV NSvc4 in plant cells, the
NSvc4 ORF was fused to the GFP ORF, and the plasmid
(pCHF3-NSvc4:eGFP) was bombarded into onion epidermal
cells. By 24 hpb, green fluorescence from the NSvc4:eGFP
fusion protein, visualized using confocal microscopy, was
present in the cytoplasm and nucleus and also as punctate
spots at the cell periphery in over 90% of the cells examined
(Fig. 3A). The amount of green fluorescence from NSvc4:
eGFP appeared to be present at levels in the cytoplasm and
nuclei of bombarded cells similar to those in cells bombarded
with the control vector pCHF3-eGFP (Fig. 3B). The transient
expression of the NSvc4:eGFP fusion in N. benthamiana epi-
dermal cells through agroinfiltration also resulted in the for-
mation of intense fluorescing punctate foci near the walls of
infiltrated cells (Fig. 3C), indicating a possible association of
NSvc4 with the PDs. In contrast, fluorescence was generally
cytoplasmic, and cell wall-associated punctate spots were not

observed in control N. benthamiana epidermal cells infiltrated
with pCHF3-eGFP (Fig. 3D).

To further confirm that RSV NSvc4 associates with the cell
wall of RSV-infected O. sativa cells, we prepared thin sections
from fixed and embedded O. sativa leaves. The sections were
then analyzed for NSvc4 localization using a gold-conjugated
antibody against the protein. Under an electron microscope,
the conjugated gold particles were seen primarily in cell walls
of infected young leaves (Fig. 4A and B). This gold labeling
pattern is similar to that reported for other viral MPs. Wall-
specific gold labeling was not observed in RSV-infected sec-
tions probed with buffer or with a preimmune serum followed

FIG. 3. Green fluorescence in bombardment or agroinfiltration-
treated onion and Nicotiana benthamiana cells with pCHF3-NSvc4:
eGFP or pCHF3-eGFP. Cells were imaged under a confocal micro-
scope at 24 h after bombardment or agroinfiltration. The NSvc4:eGFP
fusion protein accumulated in the cytoplasm and nucleus and as punc-
tate spots adjacent to cell walls of bombarded onion (A) and agroin-
filtrated tobacco cells (C). GFP alone accumulated evenly in the cyto-
plasm and nucleus in bombarded onion (B) and agroinfiltrated tobacco
cells (D). N. benthamiana leaves bombarded with pCHF3-eGFP
showed green fluorescence only in single epidermal cells (E), while N.
benthamiana leaves bombarded with pCHF3-NSvc4:eGFP showed
green fluorescence in multiple epidermal cells (F).



12308

XIONG ET AL.

J. VIROL.

FIG. 4. Detection of NSvc4 in RSV-infected rice cells using immunogold labeling and electron microscopy. The NSvc4 protein was detected
near or in cell walls of infected cells. Arrows in A and B indicate immunogold labeling in cells. No immunogold labeling was seen in RSV-infected
rice sections treated with buffer followed by the gold-conjugated secondary antiserum (C). No gold labeling was detected in healthy rice leaf

sections probed with the NSvc4 antiserum (D). Bars represent 0.5 pm.

by the gold-conjugated antibody (Fig. 4C and data not shown)
or in cells from mock-inoculated rice leaf sections (Fig. 4D).
These results support the findings from the bombardment and
agroinfiltration experiments and show that RSV NSvc4 is ca-
pable of targeting walls of different types of cells.

Trafficking GFP from cell to cell by NSved. To test if the
NSvc4:eGFP fusion protein can traffic from one cell to an-
other, plasmids pCHF3-NSvc4:eGFP and pCHF3-eGFP were
delivered individually into epidermal cells of N. benthamiana
leaves through biolistic bombardment. The bombarded leaves
were harvested 1 day after bombardment and examined for
GFP expression in cells using a confocal microscope. Green
fluorescence was seen in single N. benthamiana epidermal cells
bombarded with plasmid pCHF3-eGFP (Fig. 3E). In N
benthamiana leaves bombarded with plasmid pCHF3-NSvc4:
eGFP, however, the green fluorescence from the fusion pro-
tein was seen in clusters of two to five cells in approximately
30% of bombarded sites (Fig. 3F). This indicates that the
fusion protein has the ability to spread from the originally
bombarded cells into the adjacent cells through PDs.

RNA-binding capability of the recombinant NSvc4 protein.
The His-tagged NSvc4 protein was expressed in E. coli cells,
purified under native conditions (Fig. 5A), and tested for
RNA-binding properties. In vitro transcripts corresponding to
a 275-bp segment of RSV RNA1, RNA2, RNA3, or RNA4
were used for the assay, and transcripts representing a 275-bp
segment of PVX and a 268-bp segment of GFP were used as
controls. Results of the experiments show that all the partial
RSV transcripts, as well as the partial PVX and GFP tran-
scripts, interacted with the recombinant RSV NSvc4 protein as
determined by the reduced mobilities of the RNA/NSvc4 com-
plexes during electrophoresis (Fig. 5B, top). Similar binding
activities were also observed when NSvc4 was incubated with
dsRNA (Fig. 5B, bottom). When BSA was incubated with
RNA transcripts under comparable concentrations, no re-
tarded electrophoretic mobility was found with any of the
treatments (data not shown). Thus, we conclude that the ob-
served RNA/NSvc4 binding resulted from a unique RNA-bind-
ing property of the NSvc4 protein.
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FIG. 5. Electrophoretic mobility shift assay of RNA-NSvc4 complexes. (A) Hiss-tagged NSve4 protein before and after purification. (B) Dif-
ferent concentrations of His,-tagged NSvc4 were incubated with [a->*P]JUTP-labeled RNA transcripts, and RNA-NSvc4 complexes were resolved
individually on native gels. Gels were analyzed by phosphorimaging. [a->*P]UTP-labeled RNA transcripts were a 275-bp fragment representing
partial sequences of RSV RNA1, RNA2, RNA3, RNA4, or PVX or a 268-bp fragment representing a partial sequence of the GFP gene. ssSRNA,

single-stranded RNA.

Interaction between NSvc4 and the NCP. To determine
whether NSvc4 interacts with the viral nucleocapsid protein
during RSV infection, the NSvc4 ORF and the NCP ORF were
separately inserted in frame into the GAL4 DNA-binding do-
main in vector pGBKT7 and also GAL4 activation domain
vector pGADT7. Plasmids pGAD-NSvc4 and pGAD-NCP,
both encoding the fusions from the GAL4 activation domain,
were cotransformed with pGBK-NCP (e.g., pPGAD-NSvc4 and
pGBK-NCP) and pGBK-NSvc4 (e.g., pGBK-NSvc4 and
pGAD-NCP) into yeast cells. Yeast cells cotransformed with
plasmids pGBKT7-53 and pGADT7-RecT, and pGBKT7-Lam
and pGADT7-RecT, served as positive and negative controls.
Our results show that only yeast cells cotransformed with
pGBKT7-53/pGADT7-RecT were able to grow on selective
media (Fig. 6), indicating that no specific interactions occurred
between NSvc4 and the NCP in the yeast two-hybrid system.

DISCUSSION

To establish systemic infections in plants, plant viruses need
to traverse PDs in walls between adjacent cells, followed by
long-distance transport through vascular bundles. To move
between cells, plant viruses evolved different strategies utiliz-
ing a specific MP(s) encoded by the viral genome (5, 16).
Although several tenuiviruses have been reported to cause

FIG. 6. Analysis of the interaction between NSvc4 and NCP using
a yeast two-hybrid assay. Yeast cells cotransformed with pGADT7-
RecT and pGBKT7-53 (row 1) and pGADT7-RecT and pGBKT7-
Lam (row 2) were included as positive and negative controls. Row 3
shows yeast cells cotransformed with pGADT7-NSvc4 and pGBKT7-
NCP. Row 4 shows yeast cells cotransformed with pPGADT7-NCP and
pGBKT7-NSvc4. Only yeast cells that cotransformed with pGADT7-
RecT and pGBKT7-53 were able to grow on selective medium.

severe diseases in cereal crops in different countries including
China (8, 31, 33, 46; Association of Applied Biologists Descrip-
tions of Plant Viruses website [http:/www.dpvweb.net/dpv
/showdpv.php?dpvno=375]), little is known about the viral and
Jor host factors involved in tenuivirus movement between plant
cells. In this study, we investigated six proteins encoded by
RSV and their ability to traffic virus or infectious viral material
between cells. Our results provide the first evidence that a
fusion protein between NSvc4 and GFP is able to accumulate
in multicell clusters following transient expression in the
epidermal cells of N. benthamiana leaves. This multicell
accumulation indicated that the NSvc4:eGFP fusion had the
ability to move through PDs into neighboring cells. Our
complementation experiments demonstrated that RSV NSvc4
can support a movement-defective PVX for cell-to-cell
movement in N. benthamiana leaves, possibly through
directing the mutant PVX to the site adjacent to PDs and/or
through regulating the size exclusion limit of the PDs. We
suggest that the same action may be responsible for RSV RNA
movement in infected rice cells.

Complementation of mutant virus movement has been car-
ried out in various host plants using MPs encoded by several
different viruses belonging to the same or different genera (27).
For example, MPs of Rice dwarf virus and Rice yellow stunt virus
were used to complement PVX mutant movement in N.
benthamiana plants (11, 18). Even more interesting, Flock
House virus, an insect virus, can spread in N. benthamiana
plants expressing MP of TMV or Red clover necrotic mosaic
virus (7). Thus, it is not surprising that an MP encoded by a
tenuivirus could facilitate the movement of a movement-de-
fective PVX in N. benthamiana plants. The complementation
of mutant PVX using the RSV NSvc4 protein appeared to be
less effective than that supported by the PVX 25-kDa MP, as
determined by the size of the blue GUS foci. This difference
might be due to RSV primarily infecting rice (a monocotyle-
donous plant) in nature, and the RSV NSvc4 protein may not
interact efficiently with a specific host factor(s) in a dicotyle-
donous plant like N. benthamiana.

The NSvc4:eGFP fusion protein was able to move from the
initially bombarded cells to the neighboring cells in Nicotiana
benthamiana leaves (Fig. 3F) but was unable to traffic in onion
cells (Fig. 3A). Mechanical inoculation assays indicate that
Nicotiana benthamiana is a host of RSV, while RSV cannot



12310 XIONG ET AL.

infect onion mechanically or by insect transmission (our un-
published data). The lack of trafficking in onion cells suggests
that in this nonhost, either the mechanism to modify the MP to
allow functional moving is lacking, a key host protein is absent,
or a defense mechanism prevents MP function or results in its
elimination (34).

It has been reported that MPs encoded by tobamoviruses
and dianthoviruses can bind single-stranded RNAs and trans-
port them through PD in the form of ribonucleoprotein
complexes (23, 37, 44). Liang et al. (19) previously showed
single- and double-stranded RNA-binding activities of RSV
NSvc4 and suggested that the RNA-binding activities of
NSvc4 may relate to a movement function. Our gel mobility
shift assays, using purified NSvc4 protein and radioactively
labeled RNA transcripts, also showed a sequence-nonspecific
single-stranded RNA- and dsRNA-binding property for
NSvc4. The nucleocapsid is the minimal infectious unit for
negative-strand viruses like RSV, so it is likely that the move-
ment of negative-strand viruses like RSV occurs as a viral
nucleocapsid complex. Hence, we speculate that during RSV
infection in rice, NSvc4 interacts with the viral nucleocapsid for
transport from cell to cell rather than interacting directly with
the viral RNA in the form of viral ribonucleoprotein com-
plexes. However, yeast two-hybrid assays did not support an
interaction between NSvc4 and NCP. It is still not clear which
model best fits RSV movement. Future studies are necessary to
investigate the possibility that NSvc4 participates in the transit
of infectious nucleocapsids by associating with the RNA within
core complexes.

Using electron microscopy, we have further demonstrated
that RSV NSvc4 accumulated in areas adjacent to and within
cell walls. The pattern of NSvc4 accumulation is similar to that
observed previously for TMV and Cucumber mosaic virus MPs
and for the Soilborne wheat mosaic virus 37K protein (1, 12, 13,
29, 40). Our observation of NSvc4 in cell walls though immu-
nocytochemistry suggests that RSV NSvc4 may interact with
the cytoskeleton and/or ER network in RSV-infected rice cells
and travel along the network from viral replication sites to PDs
in walls.

Liang et al. (20) previously described the immunolocaliza-
tion of several RSV gene products including NSvc4 in infected
rice plants and in virulent leafhoppers. NSvc4 was identified in
a ring-like structure in infected plant cells, and cell wall local-
ization was not mentioned. The differences between the pat-
terns shown by previous work and those shown in this study are
not clear, but our results clearly show the presence of NSvc4 at
the cell wall.

It was previously suggested that the protein encoded by the
complementary strand of tenuivirus RNA4 had a predicted
secondary structure that corresponded with viral 30K move-
ment proteins (26). Analysis of RSV NSvc4 potential struc-
tures also revealed that the protein has core regions common
to the 30K MP superfamily (data not shown). Taken together,
our study provides the first experimental evidence demonstrat-
ing that RSV NSvc4 functions as an MP during RSV infection
in its host plant.
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