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Rice dwarf virus (RDV) is a double-shelled particle that contains a major capsid protein (P8), a major core
protein (P3), several minor core proteins, and viral genomic double-stranded RNA. Coexpression of P8 and P3
in transgenic rice plants resulted in formation of double-shelled, virus-like particles (VLPs) similar to the
authentic RDV particles. The VLPs were not detected in transgenic rice plant cells expressing P8 alone. This
in vivo result suggests that P8 interacted with P3 and that these two proteins provide the structural integrity
required for the formation of VLPs in rice cells independently of other structural proteins, nonstructural
proteins, or viral genomic double-stranded RNAs.

Rice dwarf virus (RDV), which is the pathogen causing rice
dwarf disease, belongs to the family Reoviridae and the genus
Phytoreovirus. RDV can replicate both in the rice plant and in
its leafhopper vectors (Nephotettix cincticeps or Resilia dorsalis)
(11). It is an icosahedral double-shelled particle approximately
70 nm in diameter (5, 7, 9, 23). The genome of RDV is com-
posed of 12-segment, double-stranded RNAs (dsRNAs) (S1 to
S12), which encode at least six structural proteins, P1, P2, P3,
P5, P7, and P8, and other nonstructural proteins (17, 20). The
outer shell of the RDV capsid is composed of two proteins (P2
and P8), and the inner core consists of four structural proteins
(P1, P3, P5, and P7) and the 12 segments of dsRNAs (6, 9, 10).
P8 (46 kDa) is the main component of the outer shell, and P3
(114 kDa) is the major core protein of the inner core shell (5,
10, 12, 20, 23; S. Ueda and I. Uyeda, Molecular Plant Pathol-
ogy On-Line [http://www.bspp.org.uk/mppol/]). These two pro-
teins account for approximately 52 and 29% of the total pro-
teins of an intact viral particle, respectively (10).

The three-dimensional structure of the RDV capsid was
determined by electron cryomicroscopy, and computer recon-
struction revealed a T513 outer icosahedral shell composed of
trimeric clusters of P8 and a T51 inner icosahedral shell of P3
dimers, indicating that the two RDV shells have mismatched
lattice symmetries (5). The lack of matched lattice symmetries
suggests that the other minor proteins (e.g., P2 or P7) or the
structural variations in the floor domains of P8 may be involved
in accommodating the mismatched lattice symmetries of the
outer and inner shells in assembly of the RDV particle (5;
Molecular Plant Pathology On-Line). Indeed, it was found that
the appearances of viral particles with or without P2 present
were indistinguishable (19). Thus, the involvement of P2 or P7
in capsid formation is unclear. Takahashi et al. (13) demon-
strated the reassembly of RDV and rice gall dwarf virus
(RGDV) core particles with homologous and heterologous
capsids extracted from purified virions in vitro. Ueda et al. (14;
Molecular Plant Pathology On-Line) suggested that P7 may
play an important role as a “hinge” for the assembly of viral

structural proteins and genomic RNA, based on in vitro inter-
actions between P7 and other viral structural proteins or viral
dsRNAs using far-Western blotting and Northwestern blotting.
However, the requirement of P7 for viral particle assembly has
not been determined. So far, little is known about interactions
among structural proteins and the in vivo assembly process of
RDV.

In this study, we coexpressed P8 and P3 in transgenic rice
plants, the host plants of RDV, to investigate whether P8 and
P3 interact with each other to form a virus-like structure (e.g.,
virus-like particle [VLP]). Results from this work will help to
determine the viral proteins necessary to form a double-
shelled, viral structure.

The coding regions of S8 and S3, which encode P8 and P3 of
RDV, respectively, were cloned from a Fujian isolate of RDV
(20, 22). The S8 and S3 genes were then cloned into plant
expression vectors under the control of the CaMV 35S pro-
moter. These vectors contained either neomycin phospho-
transferase or hygromycin phosphotransferase selective mark-
ers. Plasmid constructs harboring the S8 or S3 gene were
cotransformed into rice embryogenic callus by using a particle
bombardment technique as described previously (22). After
selection using 100 mg of G418/liter and 50 mg of hygromycin/
liter, putative transgenic rice plants were regenerated (22). The
regenerated transgenic rice plants were maintained in the tis-
sue culture vessels and analyzed for gene expression.

To confirm the integration of the S8 and S3 genes in the rice
genome, total DNA was extracted from leaf tissue of trans-
formed and untransformed rice plants as previously described
(8) and subjected to Southern blot analysis (Fig. 1). A 32P-
labeled, 1.4-kb cDNA probe specific for the S8 sequence was
used to probe the XhoI-digested plant DNA, and a 32P-labeled
3.2-kb cDNA probe specific for the S3 gene was used to probe
the SalI-digested plant DNA. Results of this work show that
both S8 and S3 genes were integrated into the genome of the
independent transgenic rice plant lines 1 and 2 (Fig. 1).

To detect the expressions of P8 and P3, total protein was
extracted from leaves of transgenic rice plants and subjected to
Western blot assay using polyclonal antiserum against RDV P8
or RDV P3, as previously described (20, 22). The S8- and
S3-encoded products were detected in plant lines 1 and 2 (Fig.
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2). Together with the 46-kDa band, the major product of S8-
encoded protein, a 42-kDa protein band was also observed
(Fig. 2A). This lower-molecular-mass band has been identified
previously as a posttranslational cleavage product of the 46-
kDa protein (6).

To identify VLPs in leaf extracts by electron microscopy
(EM), the tissues from the transgenic rice leaves (100 mg) were
homogenized in 200 ml of 0.1 M phosphate buffer (pH 7.0) and
clarified using an equal volume of chloroform. For antibody
capture, carbon-coated 300-mesh grids were incubated on a
1:200 (vol/vol) dilution of RDV P8 antiserum in phosphate-
buffered saline (PBS) for 1 h following three washes in PBS.
The antibody-coated grids were then incubated on 10 ml of leaf
extracts overnight at 4°C. The grids were washed five or six
times in water, stained with 2% uranyl acetate, and examined
under an electron microscope (model JEM101; JEOL, Tokyo,
Japan). Results of the experiment show that typical double-
shelled VLPs were present in the transgenic rice plants har-
boring both RDV S8 and S3 genes (Fig. 3a and b). The VLPs
were similar in size and shape to native double-shelled RDV
particles (Fig. 3e). Such VLPs were not found in the extracts
from nontransgenic rice plants or from transgenic rice express-
ing the S8 gene alone. This finding suggests that P8 alone did

not form VLPs. A similar result was obtained with purified P8
from virions (23). To further confirm the identity of VLPs,
purified antibody against RDV P8 was labeled with 5-nm-
diameter colloidal gold as previously described (3, 18). EM
grids coated with extracts from transgenic rice plants harboring
S3 and S8 were placed onto drops of immunogold solution
(1:20 [vol/vol] in 50 mM PBS containing 0.15 M NaCl, 0.02%
polyethylene glycol 20,000, and 0.15% NaN3) containing im-
munogold-conjugated P8 antibody overnight before the nega-
tive staining. EM micrographs showed specific immunogold
labeling of VLPs (Fig. 3c and d). This result demonstrated
clearly that the VLPs contained RDV P8 on the outer capsid
shell.

Our study has demonstrated that coexpression of RDV P8
and P3, but not expression of P8 alone, in rice plants resulted
in formation of double-shelled VLPs. These VLPs were similar
to authentic RDV particles. This in vivo result suggests that P8
interacts with P3 and that these two proteins provide the struc-
tural integrity of the double-shelled particle. Consequently, the
minor structural proteins (P1, P2, P5, and P7), nonstructural
proteins, and viral dsRNAs are not required for the assembly
of these VLPs.

To our knowledge, no VLP formation has been reported for
any plant reoviruses in vivo. Expression of coat protein genes
of several RNA plant viruses in bacteria or plants resulted in
formation of VLPs in different plant virus taxonomic groups (1,
4, 14, 21). For reovirus, it has been showed that the viral cores
from purified virions could be recoated with baculovirus-ex-
pressed outer capsid proteins m1 and s3 in vitro (2).

Our results have provided further information on RDV as-
sembly. VLPs were produced in transgenic rice without the
presence of other minor structural proteins, such as P2 and P7,

FIG. 1. Genomic DNA Southern blot analysis. Genomic DNAs isolated from
the independent transgenic rice plant lines 1 and 2 and from nontransformed
control plants (NC) were digested with restriction enzyme XhoI (A) or SalI (B)
and hybridized with a radiolabeled 1.4-kb fragment of the RDV S8 gene (A) or
3.2-kb fragment of the RDV S3 coding region (B). The molecular size markers
(in kilobases) are on the right.

FIG. 2. Western blot analysis showing the coexpression of RDV P8 and P3 in
transgenic rice plants. Total proteins extracted from independent transgenic rice
plant lines 1 and 2, from nontransformed control plants (NC), and from RDV-
infected rice plants (P) were detected with an antiserum against RDV P8 (A) or
P3 (B).

FIG. 3. Electron micrographs of uranyl acetate-stained RDV particles.
Shown are double-shelled VLPs assembled in cells of transgenic rice lines 1 (a)
and 2 (b) coexpressing the P3 and P8 structural proteins. Also shown is immu-
nogold probe detection of P8 in VLPs from transgenic rice plant lines 1 (c) and
2 (d). (e) RDV particle purified from RDV-infected rice plants. Bars 5 10 nm.
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although the previous reports had indicated that P7 might be
necessary for protein-RNA interactions and that it also inter-
acts with P3 and P8 in far-Western blotting analysis (14). We
conclude that P7 is not necessary for the formation of VLPs.
This result does not support the previous hypothesis of Ueda
and Uyeda (Molecular Plant Pathology On-Line). Our data
also suggested that P8-P3 interaction was necessary for the
formation of a structure closely resembling RDV particles. The
interaction between P3 and P8 was also demonstrated in far-
Western blotting assay by Ueda and Uyeda (Molecular Plant
Pathology On-Line). A recent report on the structures of dou-
ble-shelled RDV and of its single-shelled core determined by
cryoelectron microscopy and image reconstruction implied
that part of the P8 trimers, anchored by paired P3-P8 interac-
tion at the positions of the threefold axes, would form the
seeding center for assembling the symmetry-mismatched outer
shell and inner shell (16).

These in vivo results may have significant impact on under-
standing reovirus assembly and replication.
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