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Abstract Southern rice black-streaked dwarf virus
(SRBSDV), an insect- and plant-infecting reovirus of the
genus Fijivirus, induced the formation of virus-containing
tubules in infected plant and insect vector cells. Expression
of the nonstructural protein P7-1 of SRBSDV in insect
cells by a recombinant baculovirus resulted in the forma-
tion of tubules with dimensions and appearance similar to
those found in SRBSDV-infected cells. These tubules
protruded from the cell surface, supporting the hypothesis
that the P7-1 protein contains two putative transmembrane
domains that are necessary for the formation of tubules.
Furthermore, the self-interaction of SRBSDV P7-1 protein
indicates that this protein has the capacity to form homo-
dimers or oligomers to assemble the proposed helical
symmetry structure of tubules. Taken together, our results
indicate that SRBSDYV P7-1 has the intrinsic ability of self-
interaction to form tubules growing from the cell surface in
the absence of other viral proteins.
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Introduction

Plant-infecting reoviruses are found in the genera Phyto-
reovirus, Fijivirus and Oryzavirus of the family Reoviri-
dae [1]. They are transmitted by leathopper or planthopper
vectors in a persistent-propagative manner. The formation
of tubules with viral particles inside is a common feature
of plant and insect cells infected with plant-infecting
reoviruses [2, 3]. Rice black-streaked dwarf virus
(RBSDV) is a fijivirus that replicates both in plants and in
an invertebrate insect vector [1]. The viral genome con-
sists of 10 segmented, double-stranded RNAs (dsRNAs),
designated S1 through S10, in the order they appear in the
electrophoretic migration pattern on SDS-polyacrylamide
gels. The nonstructural protein P7-1 of RBSDV is local-
ized to virus-containing tubules [4], suggesting that
RBSDV P7-1 is one of the constituents of the tubules.
Recently, a tentative species in the genus Fijivirus, named
Southern rice black-streaked dwarf virus (SRBSDV), has
been proposed by two groups [5, 6]. In the past several
years, SRBSDV has spread rapidly throughout southern
China and northern Vietnam and has caused severe dam-
age to rice in some regions [7]. SRBSDV is transmitted by
white-backed planthoppers, Sogatella furcifera (Hemip-
tera: Delphacidae), in a persistent-propagative manner.
SRBSDV is most closely related to RBSDV, since both
viruses have about 81% amino acid identity in P7-1, which
is encoded by genomic segment S7 [5-7]. Furthermore,
SRBSDV infection also induces the formation of
tubules in rice plants and insect vector cells [5; Fig. 1A].
However, the significance and origin of the tubules
remain unknown. In the present study, we found that P7-1
of SRBSDV has the intrinsic ability to form tubules
growing from the cell surface in the absence of other viral
proteins.

@ Springer


http://dx.doi.org/10.1007/s00705-011-1041-9

1730

Y. Liu et al.

Materials and methods
Cloning of the P7-1 gene and plasmid construction

Total RNAs were extracted from rice tissues infected with
the isolate of SRBSDV from Fujian Province, China, using
an RNeasy Plant Mini Kit (QIAGEN) following manu-
facturer’s instructions. Reverse transcription was then
performed using Superscript III reverse transcriptase
(Invitrogen) and the appropriate reverse primers. The pri-
mer sequences used for cloning and mutagenesis in this
study are listed in Supplemental Table 1. The reverse pri-
mer for SRBSDV P7-1 was fused in frame with the
sequence of Strep-tag II. Gene sequences were amplified
by PCR using Phusion DNA polymerase (NEB). The
resulting cDNA fragments were purified and transferred by
recombination into the entry vector pPDONR221 (Invitro-
gen) using BP clonase II (Invitrogen), following the man-
ufacturer’s protocol. The insert of the resulting pDONR
clone was verified by sequencing. The pDONR221 vector
containing P7-1-Strep-tag II was transferred by recombi-
nation into the Gateway baculovirus vector pDEST™S to
generate plasmid pDEST-P7-1-Strep-tag II. The pPDONR221
vector containing SRBSDV P7-1 was recombined into
binary destination vector pEarleygate101 [8, 9] to generate
plasmid P7-1-yellow fluorescent protein (P7-1-YFP). The
vectors used in bimolecular fluorescence complementation
(BiFC) assay were described previously [10]. The
pDONR221 vector containing SRBSDV P7-1 was recom-
bined into BiFC vectors YN and YC to generate plasmids
P7-1-YN and P7-1-YC. The yeast two-hybrid system used
in this study was obtained from the DUALmembrane
system (Dualsystems Biotech) and is suitable for identifi-
cation of the interactions of transmembrane proteins. The
fragment containing SRBSDV P7-1 was amplified by PCR
and inserted into the DUALmembrane system bait vector
pBT3-STE and the prey vector pPR3-N using the Sfi 1
restriction site to make the constructs SRBSDV-STE-P7-1
and SRBSDV-N-P7-1, respectively. The insert of the
resulting DUALmembrane system clone was verified by
sequencing.

Protein secondary structures were predicted based on
their primary amino acid sequences using the CUBIC
PredictProtein server (http://cubic.bioc.columbia.edu/pp/).
Transmembrane helices (TM) in P7-1 were predicted using
the programs PHDhtm [11], Tmpred [12] and TMHMM
[13]. The P7-1 mutants in which the putative TM1 and
TM2 were deleted individually were amplified by the
fusion PCR protocol, as described previously [14, 15]. The
PCR primer sequences and fusion PCR protocol are pro-
vided in Supplementary Table 1 and Fig. S1. The P7-1
mutant with the C-terminal 10 residues truncated was
generated by PCR with the primers described in
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Supplementary Table 1. The resulting P7-1 fragments were
recombined into plasmid pDONR?221, and then into the
Gateway baculovirus vector pDEST™$ to generate plas-
mids ATMI1-Strep-tag II, ATM2-Strep-tag II and 1-348-
Strep-tag 1I.

Expression of the P7-1 protein of SRBSDV
by baculovirus

The recombinant baculovirus vectors P7-1-Strep-tag II,
ATM1-Strep-tag II, ATM2-Strep-tag 11 and 1-348-Strep-
tag Il were introduced into DH10Bac (Invitrogen) for
transposition into the bacmid. The recombinant bacmid
was isolated and used to transfect Spodoptera frugiperda
(Sf9) cells in the presence of CellFECTIN™ (Invitrogen).
For cytological observations, Sf9 cells on coverslips were
infected with the recombinant baculoviruses. The cells
were further incubated for 72 h at 27°C before being pro-
cessed for immunofluorescence or electron microscopy.

Purification of tubules

The purification of tubules from baculovirus-infected Sf9
cells was performed basically as described previously [16].
Briefly, 72 hours post-inoculation (p.i.), Sf9 cells were
harvested, washed with phosphate-buffered saline (PBS),
and resuspended in STE buffer (150 mM NaCl, 1 mM
EDTA, 10 mM Tris-HCI [pH 7.5]) containing 0.5% Triton
X-100. Cells were disrupted by homogenization, and the
nuclei and cell debris were pelleted by centrifuging for
5 min at 1,500 g. The supernatant was loaded over a
cushion of 3 ml of 40% sucrose in STE buffer and cen-
trifuged for 2 h at 200,000 g. The resulting pellet was
resuspended in a small volume of STE buffer, loaded onto
a 10% to 40% gradient of sucrose in STE buffer, and then
centrifuged for 1 h at 141,000 g. The pellet and 1.5 ml of
each fraction of the gradient were collected, stained with
2% uranyl acetate, and then observed under an H-7650
electron microscope (Hitachi).

Immunofluorescence microscopy

At different times after inoculation, Sf9 cells on coverslips
were fixed for 30 min at room temperature in 2% para-
formaldehyde (Sigma) diluted in water. Cells were then
washed with PBS and permeabilized in PBS containing
0.1% Triton X-100. Then, the cells were incubated with a
monoclonal anti-Strep-tag II antibody (IBA), diluted in
PBS containing 0.5% bovine serum albumin (BSA), for
60 min at 37°C. After three washes in PBS, fluorescein
isothiocyanate (FITC) anti-mouse IgG (Sigma) diluted in
PBS containing 0.5% BSA was added and incubated for
60 min at 37°C. Cells were visualized using a LEICA TCS
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Fig. 1 Subcellular localization
of P7-1 in baculovirus-infected
Sf9 cells at 72 h p.i.

(A) Ultrathin section of salivary
glands of viruliferous insect
vector showing tubules of about
85 nm in diameter with viral
particles inside in the cytoplasm
of infected cells. Bar, 100 nm.
(B) Immunofluorescence
staining of P7-1 showing
aggregation of numerous
tubule-like structures in the
cytoplasm or protruding from
the cell surface. Bar, 10 um.
(C) Electron micrograph
showing the presence of tubules
(of about 85 nm in diameter)
located in the cytoplasm (arrow)
or protruding from Sf9 cell
surface (arrowheads). Bar,

100 nm. (D) Immunogold
electron microscopy showing
that the tubules specifically
react with a monoclonal anti-
Strep-tag II antibody in the
cytoplasm (arrow) or protruding
from the Sf9 cell surface
(arrowhead). Bar, 100 nm.

(E) Electron micrograph of a
purified tubule. Bar, 100 nm.
The image in B combines the
images of P7-1-Strep-tag 11
fluorescence and that of
differential interference contrast
(DIC).

SP5 fluorescence microscope. Mock-infected cells were
included in each experiment as a negative control and were
processed in the same manner as the infected cells.

Immunoelectron microscopy

For electron microscopy, Sf9 cells on coverslips or salivary
glands of viruliferous white-backed planthoppers were
fixed, dehydrated, and embedded as described previously
[17]. For immunoelectron electron microscopy, sections on
the grid were probed with monoclonal anti-Strep-tag II
antibody followed by a 15-nm protein A-gold conjugate
(Sigma) as described previously [17]. All samples were
observed under an electron microscope (H-7650; Hitachi).

Transient expression in Nicotiana benthamiana

Four-week-old N. benthamiana plants grown in a green-
house at 22°C to 24°C were used for Agrobacterium tum-
efaciens (strain GV3101)-mediated transient expression of
P7-1-YN, P7-1-YC and P7-1-YFP fusion proteins, as
described previously [18]. The relevant binary vectors for
expressing P7-1-YN, P7-1-YC and P7-1-YFP fusion pro-
teins were introduced into GV3101 by electroporation and
infiltrated into leaf tissues using a 1-ml syringe by gentle
pressure through the stomata on the lower epidermal
surface. For leaf infiltration, agrobacteria harboring the
relevant binary vectors were grown overnight in LB plus
the appropriate antibiotics, collected by low-speed
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Fig. 2 The amino acid
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centrifugation, and then resuspended in 1 ml of 10 mM  Results

MgCl, containing 100 uM acetosyringone.
Yeast two-hybrid assay

Yeast transformation was performed using the lithium-
acetate-based protocol for preparing and transforming
yeast competent cells following the instructions of the
DUALmembrane starter kit user manual (Dualsystems
Biotech). Briefly, yeast strain NMYS51 was co-transformed
with the bait vector SRBSDV-STE-P7-1 and the prey
vector SRBSDV-N-P7-1. Simultaneously, NMY51 was
co-transformed with the plasmid pTSU2-APP and pNubG-
Fe65 or pPR3-N as a positive and a negative control,
respectively. All transformants were grown on SD-trp-leu-
his-ade plates for 3-4 days at 30°C. In addition, authentic
transformants were confirmed by their color in the HTX-
galactosidase assay, as described in the DUALmebrane
starter kit user manual.
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P7-1 induces tubule formation in vivo

Ultrathin sections of salivary glands of viruliferous white-
backed planthoppers showed tubules of about 85 nm in
diameter with viral particles inside in the cytoplasm of
infected cells (Fig. 1A). To investigate whether P7-1 has
an inherent ability to form these tubules, Sf9 cells were
infected with a recombinant baculovirus expressing P7-1-
Strep-tag II and incubated for different periods of time. By
immunoblot analysis, P7-1-Strep-tag II was first detected at
24 h p.i., and its expression reached maximum level at 72 h
p.i. (data not shown). By immunofluorescence microscopy,
P7-1-Strep-tag II was shown to aggregate to form numer-
ous tubule-like structures at 72 h p.i. in all of the cells that
were tested (Fig. 1B). These tubule-like structures exten-
ded from the cell surface (Fig. 1B). No specific fluores-
cence was detected in uninfected cells (data not shown).
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Fig. 3 (A) Schematic illustrations of SRBSDV P7-1 protein, which is
358 amino acids in length and includes two putative transmembrane
(TM) domains. Portions of the putative TM1 and TM2 are colored
red. Construct names were indicated at the left. Blocks represent the
region of P7-1 contained in the construct. Discontinuous lines
represent the deleted region. Numbers indicate the relative amino acid
positions in P7-1. The subcellular distribution of protein derived from

Electron microscopy revealed that tubules of about
85 nm in diameter were located in the cytoplasm or
protruded from the Sf9 cell surface (Fig. 1C). These
tubules had an appearance (e.g., diameter and length)
similar to the tubules produced by wild-type virus
(Fig. 1A). Furthermore, immunogold electron microscopy
showed that P7-1 was localized in these tubules
(Fig. 1D). Obviously, the results described above indi-
cated that expression of P7-1 alone, in the absence of the
virus replication process, is sufficient for tubule formation
in Sf9 cells. Therefore, it is reasonable to conclude that
P7-1 can self-aggregate to form tubules in SRBSDV-
infected host cells. No reaction with cellular structures
was observed by incubation of uninfected cells with
monoclonal anti-Strep-tag II antibody, or with viral
structures, by incubation of infected cells with preim-
mune rabbit serum (data not shown).

To purify the tubules, infected cell extracts were
prepared and subjected to sucrose density gradient
centrifugation. A portion of each fraction was analyzed
by immunoblotting (data not shown). The peak frac-
tions containing P7-1 protein were pooled and pelleted.
Electron microscopy confirmed that the preparation
contained tubules of about 85 nm in diameter
(Fig. 1E).

each construct is summarized at the right. (B) Subcellular localization
of various deletion mutants of SRBSDV P7-1 in Sf9 cells. Sf9 cells
were infected with baculovirus encoding P7-1-Strep-tag II, ATM1-
Strep-tag I, ATM2-Strep-tag I or 1-348-Strep-tag II. Cells were
fixed 3 days p.i., stained with monoclonal anti-Strep-tag II and FITC
anti-mouse IgG as a secondary antibody, and visualized by confocal
fluorescence microscopy. Bars, 10 pm.

The putative transmembrane domains of P7-1
is required for tubule formation in vivo

Based on secondary structure prediction using the CUBIC
PredictProtein server (http://cubic.bioc.columbia.edu/pp/),
P7-1 is composed of three regions, including a large
N-terminal region that is predominantly composed of
o-helices that are separated by short f-strand structures
(Part I, residues 1-316), a region containing only f3-strands
(Part II, residues 323-340), and a small C-terminal tail
(residues 334-358) with no apparent o-helical or f-strand
structures (Fig. 2).

Computer analysis of the P7-1 amino acid sequence
further revealed the presence of two putative o-helical
transmembrane domains of 18 and 17 amino acid residues,
respectively. The two predicted transmembrane segments
were designated TM1 and TM2 (Fig. 3A). We generated
two P7-1 deletion mutants (ATM1 and ATM2) in which the
TM1 and TM2 were deleted, respectively, and found that
both deletion mutants were diffusely distributed in the
cytoplasm, different from the distribution of P7-1-Strp-tag
II in the tubules (Fig. 3A, B). Thus, deletion of either the
TMI1 or TM2 domain of P7-1 abolished the ability to form
tubules. However, another P7-1 mutant with the C-terminal
10 residues deleted retained the ability to form the
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Fig. 4 The direct self-
interaction of SRBSDV P7-1.
(A) BiFC array showing the
self-interaction of P7-1 in
planta. A strong BiFC
fluorescence was observed in
inclusion bodies in the
cytoplasm of leaf cells of

N. benthamiana coexpressing
P7-1-YN and P7-1-YC 48 h
post-agro-infiltration. Chl,
chlorophyll autofluorescence.
Bar, 10 pm. (B) P7-1-YFP
formed inclusion bodies in the
cytoplasm in the leaf cells of
N. benthamiana 48 h post-
infiltration. Bar, 10 pm.

(C) Yeast two-hybrid assay
showing the self-interaction of
P7-1 protein. Transformants
were grown on SD-trp-leu-his-
ade plates for 3 days.

(D) Transformants appear
colored in the HTX
p-galactosidase assay.

I, Positive transformant of
pTSU2-APP/pNubG-Fe65.

II, Transformants of
pBT3-STE-P7-1/pPR3-N-P7-1.
III, Negative transformant of
pTSU2-APP/pPR3-N.

tubule-like structures growing from the cell surface
(Fig. 3A, B). These data indicate that the putative trans-
membrane domains are necessary for P7-1 to form tubules
in Sf9 cells.

P7-1 has the capacity of self-assembly to form tubules

To determine whether there is direct interaction between
P7-1 molecules to form homodimers or oligomers, a BiFC
assay was carried out. P7-1-YN and P7-1-YC were coex-
pressed in N. bethamiana leaf cells, and indeed, there was
strong BiFC fluorescence found in the inclusion bodies in
the cytoplasm 48 h post-infiltration (Fig. 4A), whereas no
BiFC fluorescence was visible in the negative control (data
not shown). This result suggested that there was self-
interaction of P7-1 in planta. To investigate whether P7-1
could form tubule-like structures in a non-host plant,
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P7-1-YN+P7-1-YC+Chl

P7-1-YFP+Chl

N. benthamiana was used for transient expression via
agoinfiltration [18]. We found that P7-1-YFP formed
inclusion bodies rather than tubule-like structures in the
cytoplasm of N. benthamiana leaf cells 48 h post-infiltra-
tion (Fig. 4B).

Because P7-1 is a membrane-protein, we took advantage
of the DUALmembrane system, a variant of the yeast two-
hybrid approach, to detect P7-1 self-interaction on the
surface of cellular membranes. Yeast cells co-transformed
with all possible pairwise combinations of plasmids con-
taining the NubG and Cub fusion proteins were then
assayed for histidine and adenine prototrophs. As a result,
only yeast expressing the homologous combination of P7-1
showed growth (Fig. 4C, D). These results confirmed that
the specific self-interaction is not an artifact of the BiFC
assay, and thus SRBSDV P7-1 protein was found to
interact specifically with itself.
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Discussion

Expression of one of the SRBSDV nonstructural proteins
(P7-1) fused with Strep-tag II (P7-1-Strep-tag II) in Sf9
cells can induce the formation of tubules with dimensions
and appearance similar to those found in SRBSDV-infected
plant and insect vector cells [5, Fig. 1]. These results
demonstrate that P7-1 of SRBSDV is responsible for the
formation of tubular structure and that the production of
tubules is not specific to host plant or insect vector cells.

The predicted secondary structure of SRBSDV P7-1
shows a high degree of similarity to the predicted sec-
ondary structure of the nonstructural protein Pns10 of rice
dwarf virus (RDV), a phytoreovirus [1, 17; Fig. 2]. The
expression of Pns10 in Sf9 cells is known to induce the
formation of tubules similar to those in RDV-infected hosts
[17]. Therefore, SRBSDV P7-1 and RDV Pns10, both of
which are major constituents of tubular structures, appear
to have similar structures with a conserved assembly
strategy. Katayama et al. [19] have previously shown,
using tomography and computer image processing, that the
tubules of RDV Pns10 have a helical symmetry structure.
We show in the current study that the purified tubules of
SRBSDV P7-1 also appear to have a similar helical sym-
metry structure, suggesting a similar strategy for the
assembly of tubules by SRBSDV and RDV. Our observa-
tions that P7-1 can interact with itself in yeast two-hybrid
and BiFC assays provide evidence that this protein has the
capacity of forming homodimers or oligomers (Fig. 4),
which may play a role in forming the helical structure of
the tubules. This type of helical structure is likely formed
by end-to-end interactions between P7-1 molecules. In
support of this contention, our data show that YFP fusion
with the C-terminus of P7-1 (P7-1-YFP) abrogates the
correct assembly of P7-1 to form tubular structures in non-
host N. bethamiana leaf cells, and it instead forms an
inclusion body.

Our microscopic observations indicate that the tubules
of SRBSDV P7-1 protrude from the plasma membrane of
Sf9 cells, suggesting that P7-1 is a membrane-associated
protein. Computer analysis of membrane-spanning
domains within the amino acid sequence of P7-1 identifies
two putative a-helical transmembrane domains of approx-
imately 18 and 17 amino acid residues, respectively
(Figs. 2, 3). Deletion of either of the two putative trans-
membrane domains can abolish the formation of tubules in
Sf9 cells, and the deletion mutants exhibit a punctate dis-
tribution in the cytoplasm (Figs. 2, 3). By contrast, the
deletion of the C-terminal 10 residues of P7-1, which did
not form a-helical and f-strand structures, does not elim-
inate the ability to form tubules in Sf9 cells (Figs. 2, 3).
These data suggest that proper membrane association is
necessary for the assembly of P7-1 into tubules.

The morphology of the tubules with virions inside them
in host cells infected with plant-infecting reoviruses is
similar to the structures formed by the movement proteins
of several other plant viruses, such as cowpea mosaic virus,
which form tubules that are embedded within highly
modified plasmodesmata that transport viral particles [20].
The tubules of plant-infecting reoviruses have never been
found to be associated with the cell wall [2, 3], suggesting
that these tubules are not related to the cell-to-cell move-
ment of viral particles in plants. By using insect vector
cells in monolayers, we recently determined the func-
tional roles of the tubules induced by a phytoreovirus,
RDV, and found that the virus employs the tubules
formed by RDV Pnsl0 to move along the actin-based
filopodia extending toward neighboring insect vector
cells to enhance viral movement [17, 21, 22]. The
tubules containing RDV particles are found in associa-
tion with the actin-based microvilli of the midgut in
viruliferous vector leathoppers [23]. Therefore, RDV
might utilize these tubules to spread among cells of
vector insects. It will be interesting to examine whether
the similar tubules induced by fijiviruses play a similar
role in the spread of virus among their insect vector cells.
In this regard, the observation that P7-1 tubules of
SRBSDV protrude from the plasma membrane of Sf9
cells suggests that the virus-containing tubules induced
by fijiviruses infection can move out of the infected
insect vector cells, providing a possible route for viral
spread among insect vector cells.

The appearance of tubular structures during viral mor-
phogenesis has been reported in studies of other members
of the family Reoviridae. The infection and replication of
bluetongue virus (BTV), member of the genus Orbivirus of
the family Reoviridae, is accompanied by the formation
of tubules of about 52 nm in diameter that are composed of
the nonstructural protein NS1 [16]. The tubules composed
of P7-1 of SRBSDV are morphologically similar to the
NS1 tubules of BTV. However, SRBSDV tubules contain
viral particles within them and have the ability to protrude
from the plasma membrane of non-host Sf9 cells [16]. By
contrast, BTV tubules do not contain viral particles within
them and the expression of NSI results in formation of
tubules within the cytoplasm, rather than protruding from
the plasma membrane of Sf9 cells. The NS1 protein of
BTV has been reported to play a direct role in the cellular
pathogenesis of BTV [24]. Therefore, the tubules induced
by plant-infecting reoviruses and by BTV play different
roles in viral infection.
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