
ORIGINAL ARTICLE

Interactions between the P6 and P5-1 proteins of southern rice
black-streaked dwarf fijivirus in yeast and plant cells

Jing Li • Jin Xue • Heng-Mu Zhang •

Jian Yang • Ming-Fang Lv • Li Xie •

Yuan Meng • Pei-Pei Li • Jian-Ping Chen

Received: 17 September 2012 / Accepted: 13 January 2013 / Published online: 10 March 2013

� Springer-Verlag Wien 2013

Abstract Southern rice black-streaked dwarf virus

(SRBSDV) is a recently described member of the genus

Fijivirus, family Reoviridae. The roles of the proteins

encoded by the SRBSDV genome have rarely been studied.

In a yeast two-hybrid (YTH) assay in which SRBSDV P6,

a putatively multifunctional protein, was used as bait and

an SRBSDV cDNA library was used as prey, there was a

strong interaction between the P6 and P5-1 proteins. The

interaction was confirmed by bimolecular fluorescence

complement (BiFC) assay in plant cells. YTH analysis

using truncated mutants showed that the N-terminal region

(amino acids 9-231) of P5-1 is necessary for binding P5-1

to P6 and that the N-terminal fragment (amino acids 1-93)

of P6 is necessary for its interaction with P5-1. SRBSDV

P5-1 formed granules positioned at the cell periphery in

Nicotiana benthamiana leaves; P6 was present in both the

cytoplasm and the nucleus and formed punctate bodies

associated with the cell periphery. Immunogold labeling

showed that both P6 and P5-1 localized within viroplasms

in infected cells of rice plants. These results suggest that

the interaction between P5-1 and P6 of SRBSDV may be

involved in the formation of viroplasms.

Introduction

Southern rice black-streaked dwarf virus (SRBSDV) (or

rice black-streaked dwarf virus 2), is a recently described

member of the genus Fijivirus [1, 2], a genus of plant-

infecting viruses in the family Reoviridae [3]. Like all

known members of the genus, it can be propagatively

transmitted to its hosts in a persistent manner by plant-

hoppers and contains ten linear genomic segments of

double-stranded RNA (dsRNA), ranging in size from

approximately 1.4 to 4.5 kb and named S1-S10 according

to their migration in PAGE. SRBSDV is a candidate

member of Fijivirus group 2, which currently has

four recognized species, Rice black-streaked dwarf

virus(RBSDV), Maize rough dwarf virus (MRDV), Mal de

Rio Cuarto virus (MRCV), and Pangola stunt virus (PaSV)

[4]. PaSV has not been studied recently, but the remaining

viruses of group 2 are very closely related. They have

similar particle morphology, genomic profiles, and sero-

logical relationships [1, 5–8] and cause similar symptoms

on maize plants [9–11]. The best-studied member of the

group is RBSDV: the complete genomic sequences of two

isolates have been determined [6, 7, 12], and the functions

of some viral genes have been identified [13–18]. SRBSDV
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was first reported in 2001 in Yangjiang City, Guangdong

Province, China, and was initially considered an isolate of

RBSDV because of its particle morphology and serological

similarity to RBSDV [19], but it is now considered distinct

on the basis of sequence analysis and differences in vector

specificity. The complete genomes of two SRBSDV iso-

lates from Guangdong and Hainan Provinces, China, have

been sequenced [20]. Most genome segments contain one

open reading frame (ORF), but S5, S7 and S9 each contain

two ORFs. Not much is known about the functions of the

proteins encoded by the genome segments of SRBSDV.

Similar to their homologues in RSBDV, the P7-1 and P9-1

proteins of SRBSDV are involved in the formation of

tubular structures and viroplasms, respectively, and P6 is a

silencing suppressor [13, 21–23, 38]. S6 is the least con-

served of the fijivirus genome segments and is thought to

encode a nonstructural protein that may be involved in

several processes, such as viroplasm nucleation, virus

morphogenesis, and virus pathogenicity [7, 17, 24]. S5

contains one major ORF (P5-1) and a partially overlapping

ORF (P5-2), but the functions of these proteins remain

unknown [20]. Genomic comparisons have shown that

S1-S4, S8, and S10 of SRBSDV encode putative structural

proteins: the RNA-dependent RNA polymerase, the major

core structural protein, capping enzyme, the outer shell

B-spike protein, the minor core protein, and the major outer

capsid protein, respectively [1, 2, 20]. Viral protein-protein

interactions play important roles in the life cycle of plant

viruses, including genomic replication and packaging,

virion assembly, cell-to-cell movement, and long-distance

transport [25–27]. Here, we used SRBSDV P6 as bait and

an SRBSDV cDNA library as prey and found a strong

interaction between the P6 and P5-1 proteins. We then

confirmed and investigated the interaction using bimolec-

ular fluorescence complementation (BiFC) in plants.

Materials and methods

Construction of recombinant plasmids

The cDNA library of SRBSDV Vietnam isolate was con-

structed as described previously [1, 20]. The yeast vectors

pGBKT7 and pGADT7 and the control plasmids pGADT7-

T, pGBKT7-53 and pGBKT7-Lam were used for yeast

two-hybrid (YTH) assays (Clontech, Palo Alto, CA). The

binary expression vector pCV-GFP-N1, which harbours the

eGFP-encoding gene, and the BiFC vectors pCV-nYFP-C

and pCV-cYFP-C (for split YFP N-terminal/C-terminal

fragment expression) were kindly provided by Dr. Fei Yan

[28]. The primers used for construction of recombinant

plasmids are listed in Table 1.

To construct plasmids for YTH analysis, the coding

sequences of the intact SRBSDV P6 protein and its trun-

cated mutants P6M1 (amino acids 1-661), P6M2 (amino

acids 204-794), P6M3 (amino acids 1-359), P6M4 (amino

acids 1-286), P6M5 (amino acids 153-359), P6M6 (amino

acids 1-150), P6M7 (amino acids 1-93), P6M8 (amino

acids 1-70) and P6M9 (amino acids 20-93) were amplified

separately using primer pairs P6F/P6R, P6F/P6M1R,

P6M2F/P6R, P6F/P6M3R, P6F/P6M4R, P6M5F/P6M3R,

P6F/P6M6R, P6F/P6M7R, P6F/P6M8R and P6M9F/

P6M7R, respectively. The products were then inserted into

the NdeI/BamHI sites of pGADT7, creating the recombi-

nant plasmids pGADT7-P6, pGADT7-P6M1, pGADT7-

P6M2, pGADT7-P6M3, pGADT7-P6M4, pGADT7-P6M5,

pGADT7-P6M6, pGADT7-P6M7, pGADT7-P6M8 and

pGADT7-P6M9, respectively.

The coding sequences of the full-length SRBSDV P5-1

protein and its truncated mutants P5-1-1 (amino acids

1-540), P5-1-2 (amino acids 479-940), P5-1-1M1 (amino

acids 1-392), P5-1-1M2 (amino acids 203-540), P5-1-1M3

(amino acids 1-257), P5-1-1M4 (amino acids 1-231), P5-1-

1M5 (amino acids 1-202), P5-1-1M6 (amino acids 9-231)

and P5-1-1M7 (amino acids 22-231) were amplified sepa-

rately using primer pairs P5-1F/P5-1R, P5-1-1F/P5-1-1R,

P5-1-2F/P5-1R, P5-1-1F/P5-1-1M1R, P5-1-1M2F/P5-1-

1R, P5-1-1F/P5-1-1M3R, P5-1-1F/P5-1-1M4R, P5-1-1F/

P5-1-1M5R, P5-1-1M6F/P5-1-1M4R and P5-1-1M7F/P5-

1-1M4R, respectively. The PCR fragments were digested

with BamHI/PstI or NdeI/BamHI and cloned into the

pGBKT7 vector to generate the recombinant plasmids

pGBKT7-P5-1, pGBKT7-P5-1-1, pGBKT7-P5-1-2, pGBKT7-

P5-1-1M1, pGBKT7-P5-1-1M2, pGBKT7-P5-1-1M3,

pGBKT7-P5-1-1M4, pGBKT7-P5-1-1M5, pGBKT7-P5-1-

1M6 and pGBKT7-P5-1-1M7, respectively.

For BiFC analysis, the full-length and truncated mutant

(amino acids 9-231) of SRBSDV P5-1 were amplified by

PCR, using primer pairs Y5-1F/Y5-1R and Y5-1-1M6F/

Y5-1-1M6R, respectively; the full-length and truncated

mutant (amino acids 1-93) of SRBSDV P6 were amplified

by PCR, using primer pairs Y6F/Y6R and Y6F/Y6M7R,

respectively. PCR products were cloned into pCV-nYFP-C

as a fusion with the N-terminal fragment of YFP or pCV-

cYFP-C as a fusion with the C-terminal fragment of YFP

via the BamHI/SacI sites, forming pCV-nYFP-P5-1, pCV-

nYFP-P6, pCV-nYFP-P5-1-1M6, pCV-nYFP-P6M7, pCV-

cYFP-P5-1, pCV-cYFP-P6, pCV-cYFP-P5-1-1M6 and

pCV-cYFP-P6M7, respectively.

For subcellular localization, the full-length coding

sequences of SRBSDV P5-1 and P6 were amplified by

PCR using the primer pairs Y5-1F/G5-1R and Y6F/G6R,

respectively. The products were subsequently digested with

BamHI/KpnI and ligated into the corresponding sites of
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pCV-GFP-N1, generating recombinant plasmids pCV-P5-

1-GFP and pCV-P6-GFP, respectively.

These PCR amplifications were conducted using LA

Taq polymerase (TaKaRa Bio, Dalian, China), and the

PCR amplification program was as follows: preheating for

one cycle of 3 min at 94 �C; 30 cycles of 1 min at 94 �C,

50 s at 58 �C, 1-3 min at 72 �C; and a final extension at

72 �C for 10 min.

Yeast two-hybrid assays

YTH assays were performed using the MatchmakerTM

Gold Yeast Two-Hybrid System (Clontech, Palo Alto, CA),

according to the manufacturer’s protocols. Saccharomyces

cerevisiae strain Y2HGold was co-transformed with bait

and prey plasmids using the small-scale lithium acetate

method [37]. The two plasmids supplied with the kits,

pGBKT7-53 and pGADT7-T, were used as positive con-

trols for co-transformation, whereas pGBKT7-Lam and

pGADT7-T, pGBKT7 and pGADT7-P6, and pGBKT7-P5-

1 and pGADT7 were used as negative controls for

co-transformation. Co-transformants were first plated on

synthetically defined (SD) medium lacking adenine, histi-

dine, leucine, and tryptophan (SD/-Ade/-His/-Leu/-Trp),

and positive yeast colonies that grew on the auxotrophic

medium were then tested for a-galactosidase activity on

SD/-Ade/-His/-Leu/-Trp medium supplemented with X-a-Gal

and aureobasidin A (SD/-Ade/-His/-Leu/-Trp/X-a-Gal/AbA).

All experiments were done at least three times.

Subcellular localization and BiFC assay

Agrobacterium tumefaciens strain C58C1 was transformed

with different binary plasmids by electroporation.

Table 1 Primers used in

plasmids construction
Primer Sequence (50-30) Restriction site (underlined)

P5-1F CGCGGATCCGTATGACATATTTGAAAGTGAAG BamHI

P5-1R AAAACTGCAGTCATCGCGCTGTAGTTGGTTG PstI

P5-1-1F GGGAATTCCATATGACATATTTGAAAGTGAAG NdeI

P5-1-1R CGCGGATCCCTTCATGTGATTGAGAACGT BamHI

P5-1-2F CGCGGATCCGTGAAGATGACATGATCCATT BamHI

P5-1-1M1R CGCGGATCCAAAATCAGACGGAATGTTAGCG BamHI

P5-1-1M2F GGAATTCCATATGATGAGCGGAGGACATAAC NdeI

P5-1-1M3R CGCGGATCCAATCATAACGTCTTTAACGTCG BamHI

P5-1-1M4R CGCGGATCCTGATTTATCCAAATAAATTTTTAC BamHI

P5-1-1M5R CGCGGATCCCAAGTTCAAAGCACTAAAG BamHI

P5-1-1M6F GGAATTCCATATGACCACAGATCCTTCCGAA NdeI

P5-1-1M7F GGAATTCCATATGTTCAACCCAACGAACGAAAT NdeI

P6F GGAATTCCATATGTCTACCAACCTCACGAAC NdeI

P6R CGCGGATCCTTACTCTGAAATAAGTTGCC BamHI

P6M1R CGCGGATCCTTCGACAACGGAACTGTTTC BamHI

P6M2F GGAATTCCATATGGTGATCATCACCGACTCTG NdeI

P6M3R CGCGGATCCGACCATCAGGATGACGTGAT BamHI

P6M4R CGCGGATCCTGATACGATAAAGAGAGAAGG BamHI

P6M5F GGAATTCCATATGCTGTTTGTCGTATTCCAG NdeI

P6M6R CGCGGATCCTCCGGTATACAAAGTGGAAG BamHI

P6M7R CGCGGATCCCATAAGCACAGAAGCATTCG BamHI

P6M8R CGCGGATCCGGCAACTGTAGATGAAGAAG BamHI

P6M9F GGAATTCCATATGACCACTAACACCTCTGTC NdeI

Y5-1F CGCGGATCCATGACATATTTGAAAGTGAAG BamHI

Y5-1R CGGAGCTCTCATCGCGCTGTAGTTGGT SacI

Y5-1-1M6F CGCGGATCCATGACCACAGATCCTTCCGAA BamHI

Y5-1-1M6R GCGAGCTCTCATGATTTATCCAAATAAATTTTTAC SacI

Y6F CGCGGATCCATGTCTACCAACCTCACGAAC BamHI

Y6R GCGAGCTCTTACTCTGAAATAAGTTGCC SacI

Y6M7R GCGAGCTCTTACATAAGCACAGAAGCATTCG SacI

G5-1R CGGGGTACCTCGCGCTGTAGTTGGTTGA KpnI

G6R CGGGGTACCCTCTGAAATAAGTTGCCAC KpnI

Interactions between P6 and P5-1 of a fijivirus 1651
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Agroinfiltration was done as described [29] with a few

modifications. Briefly, cultures of C58C1 harbouring the

relevant binary plasmid were grown in YEP medium con-

taining rifampicin (50 lg/ml) and kanamycin (100 lg/ml)

at 28 �C for 16 h. For subcellular localization, C58C1

strains containing recombinant plasmids pCV-P5-1-GFP

and pCV-P6-GFP were resuspended and diluted to an

OD600 of 0.6 with infiltration medium (10 mM MES, pH

5.6, 10 mM MgCl2, 200 mM acetosyringone). For the BiFC

assay, the plasmid combinations pCV-nYFP/pCV-cYFP-

P5-1, pCV-nYFP-P6/pCV-cYFP, pCV-nYFP/pCV-cYFP-

P6, and pCV-nYFP-P5-1/pCV-cYFP were used as negative

controls, and Agrobacterium cultures containing the BiFC

plasmids were resuspended at a final OD600 of 0.8:0.8. The

cells were incubated at room temperature for 2 to 4 h and

then used to infiltrate 5- to 6-week-old Nicotiana benth-

amiana leaves. Underside epidermal cells of infiltrated

leaves were assayed for fluorescence by confocal micros-

copy 48-72 h after infiltration [30].

Confocal laser scanning microscopy

Fluorescence analysis was performed using a Leica TCS

SP5 confocal laser scanning microscope (Leica Microsys-

tems, Heidelberg, Germany) with an argon laser. GFP was

excited at 488 nm, and the emitted light was captured

between 500-550 nm. YFP was excited at 514 nm, and the

emitted light was captured between 530-600 nm.

Immuno-electron microscopy

For immunogold labeling, tissue samples from SRBSDV-

infected or healthy rice plants were cut into small pieces

and then fixed with a mixture of 4 % paraformaldehyde

and 0.1 % glutaraldehyde for 1 h at 4 �C after a brief

vacuum infiltration. The fixed samples were rinsed three

times in phosphate buffer (PB) and dehydrated through a

graded ethanol series (50 %, 70 %, 90 % and 100 %) at

-20 �C. After a graded infiltration of resin (30 %, 70 % in

ethanol) and pure Lowicryl K4M resin (Electron Micros-

copy Sciences, Fort Washington, PA), samples were

polymerized under UV light (360 nm) for 72 h at -20 �C

and then for 48 h at room temperature. Ultrathin sections

were cut using a glass knife with a UC6 microtome (Leica,

Vienna, Austria) and collected on nickel grids. For im-

munogold labeling, sections were first blocked with

blocking buffer for 30 min at room temperature. The

blocking buffer was 50 mM PB, pH 6.8, containing 1 %

(wt/vol) bovine serum albumin (BSA) and 0.02 % poly-

ethylene glycol 2000. Grids were then incubated for 2 h at

37 �C with polyclonal antibodies raised against P5-1 or P6

proteins, followed by 10-nm IgG-gold conjugate antibody

(Sigma St. Louis, MO) for 2 h at 37 �C. After each

antibody treatment grids were washed three times with

water to remove nonspecific binding. Sections incubated

with blocking buffer followed by IgG-gold were used as

labeling controls. Finally, sections were stained with uranyl

acetate for 15 min and then with lead citrate for 15 min

before being examined under a H-7650 transmission elec-

tron microscope (TEM, Hitachi, Akagi, Japan) at 80 kV of

accelerating voltage. Photographs were taken with a Gatan

830 CCD camera (Gatan, USA).

Results

Interaction between P5-1 and P6 in yeast cells

Using P6 as bait and an SRBSDV cDNA library as prey in

a yeast two-hybrid (Y2H) assay, 267 independent clones

were recovered following growth on selective media.

Sequencing showed that 223 of these clones corresponded

to the first open reading frame (P5-1) of genomic segment

S5. The full-length coding regions of genome segments S5

and S6 were sequenced and deposited in the GenBank/

EMBL/DDBJ databases with the accession numbers

HQ731496 and HQ731497, respectively. To test the

interaction of SRBSDV P5-1 with P6 in yeast, S. cerevisiae

Y2HGold cells were co-transformed with pGBKT7-P5-1

and pGADT7-P6 plasmids containing the full-length cod-

ing region of SRBSDV P5-1 and P6 after eliminating the

autoactivation and toxicity. The resultant transformants

were selected on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/AbA

medium. Only transformants of pGBKT7-P5-1/pGADT7-

P6 and the positive control grew well and turned blue. In

contrast, no growth was observed in the negative controls

(Fig. 1). The results confirmed a strong interaction between

SRBSDV P5-1 and P6 in yeast cells.

Interaction between P5-1 and P6 in plant cells

Bimolecular fluorescence complementation (BiFC) assays

were performed to confirm the interaction between P6 and

P5-1 in living plant cells. The full-length coding sequen-

ces of P5-1 and P6 were cloned into BiFC transformation

vectors pCV-nYFP-C and pCV-cYFP-C, and two pairs of

combinations, pCV-nYFP-P6/pCV-cYFP-P5-1 and pCV-

nYFP-P5-1/pCV-cYFP-P6, were generated. These plasmid

combinations were used to agroinfiltrate N. benthamiana

leaves. Three days after agroinfiltration, the infiltrated

N. benthamiana leaves were examined for YFP fluores-

cence using laser confocal scanning microscopy. As

shown in Fig. 2 (panels A and B), strong reconstitution

of YFP fluorescence was detected in leaf epidermal

cells of N. benthamiana co-infiltrated with pCV-nYFP-P6/

pCV-cYFP-P5-1 or pCV-nYFP-P5-1/pCV-cYFP-P6. No

1652 J. Li et al.
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fluorescence was observed in leaves co-infiltrated with

pCV-nYFP/pCV-cYFP-P5-1, pCV-nYFP-P6/pCV-cYFP,

pCV-nYFP/pCV-cYFP-P6, or pCV-nYFP-P5-1/pCV-

cYFP (Fig. 2C, D, E, F). These results confirmed that

there were strong interactions between P5-1 and P6 in

plant cells.

The reconstituted granular YFP fluorescence observed

was randomly distributed in the cytoplasm and ranged from

0.5 to 10 lm in diameter (Fig. 2A, B). No fluorescence was

seen in the nuclei. The fluorescence appeared similar to the

viroplasm-like structures (VLS) that were formed when

MRCV P9-1 was expressed in Sf9 cells [31] or when

RBSDV P6 was expressed in onion epidermal cells [17].

The region of SRBSDV P5-1 necessary

for its interaction with P6

To analyze the domains of SRBSDV P5-1 that mediate its

interaction with P6, native P5-1 protein was divided into

two fragments, P5-1-1 (amino acids 1-540) and P5-1-2

(amino acids 479-940), as shown in Fig. 3A. Both frag-

ments were subcloned into pGBKT7 and used together

with pGADT7-P6 to transform S. cerevisiae Y2HGold

cells. As shown in Fig. 3B, yeast cells co-transformed with

the plasmid pair pGBKT7-P5-1-1/pGADT7-P6 grew well

and turned blue on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/AbA,

similar to those co-transformed with pGBKT7-P5-1/

pGADT7-P6, while no visible growth was observed for

cells co-transformed with pGBKT7-P5-1-2/pGADT7-P6,

indicating that only the N-terminal part of P5-1 contains

the domains that are indispensable for interacting with P6.

Similar experiments with a series of truncated mutants

showed that interactions were obtained with P5-1-1 frag-

ments comprising amino acids 1-392 (P5-1-1M1), 1-257

(P5-1-1M3) or 1-231 (P5-1-1M4) but not with the fragment

comprising amino acids 203-540 (P5-1-1M2) (Fig. 3). This

was further refined by showing an interaction with P5-1-

1M6 (amino acids 9-231) but not with P5-1-1M5 (amino

acids 1-202) or P5-1-1M7 (amino acids 22-231) (Fig. 3).

These results show that amino acids 9-231 of P5-1 are

crucial for its interaction with P6.

The region of SRBSDV P6 necessary for its interaction

with P5-1

To determine the domain of P6 responsible for its interaction

with P5-1, nine truncated mutants (P6M1-P6M9; Fig. 4A)

were subcloned in pGADT7 and then used together with

pGBKT7-P5-1 to transform S. cerevisiae Y2HGold cells. In

the YTH assay (Fig. 4B), the interaction with P5-1 was

abolished when the 203 amino acid residues in the N-ter-

minal part of P6 (i.e. P6M2 mutant) were removed, but

fragments comprising amino acids 1-661 (P6M1), 1-359

(P6M3) or 1-286 (P6M4) were able to interact. This was

further refined by showing an interaction with P6M6 (amino

acids 1-150) and P6M7 (amino acids 1-93) but not with

P6M5 (amino acids 153-359), P6M8 (amino acids 1-70) or

P6M9 (amino acids 20-93) (Fig. 4B). Therefore, the region

of P6 involved in the interaction with P5-1 was located

within the N-terminal fragment (P6M7, amino acids 1-93).

Interaction between the reactive minimal mutants

of SRBSDV P5-1 and P6 in yeast and plant cells

Interaction between the minimal reactive mutants of both

proteins (P5-1-1M6 and P6M7) was then confirmed both

by YTH assay and BiFC. In YTH (Fig. 5A), transformants

of pGBKT7-P5-1-1M6/pGADT7-P6M7 and the positive

control pGBKT7-53/pGADT7-T grew well and turned blue

on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/AbA medium, while

there was no significant cell growth for the negative con-

trols (pGBKT7/pGADT7-P6M7, pGBKT7-P5-1-1M6/

pGADT7 and pGBKT7-Lam/pGADT7-T). To confirm the

interaction in plant cells, we cloned P5-1-1M6 and P6M7

into BiFC transformation vectors pCV-nYFP-C and pCV-

cYFP-C to generate pCV-nYFP-P5-1-1M6, pCV-nYFP-

P6M7, pCV-cYFP-P5-1-1M6 and pCV-cYFP-P6M7,

respectively. All BiFC constitutive vectors were used

individually to transform A. tumefaciens strains C58C1,

and then used for co-infiltration of leaves of N. benthami-

ana. YFP fluorescence was observed at 3 days post-infil-

tration (dpi) in the cells co-expressing pCV-nYFP-P6M7/

pCV-cYFP-P5-1-1M6 and pCV-nYFP-P5-1-1M6/pCV-

cYFP-P6M7 (Fig. 5B, C), but not in the control cells

Fig. 1 Interaction of SRBSDV P5-1 with P6 in transformed

S. cerevisiae Y2HGold cells grown on SD/-Ade/-His/-Leu/-Trp/X-

a-Gal/AbA. Segment 1, pGBKT7-53/pGADT7-T (positive control);

segment 2, pGBKT7-Lam/pGADT7-T (negative control); segment 3,

pGBKT7-P5-1/pGADT7-P6; segment 4, pGBKT7-P5-1/pGADT7

(negative control); and segment 5, pGBKT7/pGADT7-P6 (negative

control)
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co-expressing pCV-nYFP/pCV-cYFP-P5-1-1M6, pCV-nYFP-

P6M7/pCV-cYFP, pCV-nYFP/pCV-cYFP-P6M7 or pCV-

nYFP-P5-1-1M6/pCV-cYFP (data not shown). These

results indicate that the minimal reactive mutant of P5-1

(P5-1-1M6) interacts with the minimal reactive mutant of

P6 (P6M7) in both yeast and plant cells.

Fig. 2 Interaction of SRBSDV P5-1 with P6 in living plant cells.

N. benthamiana leaves were co-infiltrated with pCV-nYFP-P6/pCV-

cYFP-P5-1 (A), pCV-nYFP-P5-1/pCV-cYFP-P6 (B), pCV-nYFP/

pCV-cYFP-P5-1 (C), pCV-nYFP-P6/pCV-cYFP (D), pCV-nYFP/

pCV-cYFP-P6 (E) or pCV-nYFP-P5-1/pCV-cYFP (F). The white

arrow points to a granule. The results were observed 72 h after

infiltration. Scale bar, 25 lm
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Subcellular localization of P5-1 and P6

in N. benthamiana leaves

To gain insight into the molecular mechanism of the

interaction between SRBSDV P5-1 and P6, we further

examined the subcellular localization of both proteins.

Constructs expressing P5-1 or P6 fused with eGFP at

their C terminus (pCV-P5-1-GFP and pCV-P6-GFP)

were constructed and introduced into N. benthamiana

epidermal cells by Agrobacterium infiltration. GFP fluo-

rescence was monitored by confocal microscopy at 2 dpi.

In the control, the non-fused GFP was generally dis-

tributed in the cytoplasm and nucleus (Fig. 6A), but in

most of the cells expressing pCV-P5-1-GFP, there were

fluorescent granules of various sizes positioned at the

cell periphery and fluorescence in the nucleus (Fig. 6B).

In cells expressing pCV-P6-GFP, fluorescence was

detected in both the cytoplasm and the nucleus. A

punctate GFP signal associated with the cell periphery

was also observed in infiltrated N. benthamiana epider-

mal cells (Fig. 6C).

Fig. 3 Mapping of the P5-1 region involved in the P5-1-P6

interaction. (A) Schematic representation of P5-1 mutants: P5-1,

full-length P5-1 (amino acids 1-940); P5-1-1, amino acids 1-540;

P5-1-2, amino acids 479-940; P5-1-1M1, amino acids 1-392; P5-1-1M2,

amino acids 203-540; P5-1-1M3, amino acids 1-257; P5-1-1M4,

amino acids 1-231; P5-1-1M5, amino acids 1-202; P5-1-1M6, amino

acids 9-231; P5-1-1M7, amino acids 22-231. The ability of P5-1

mutants to interact with intact P6 in YTH assays is shown on the right

(?, positive; -, negative). (B) Interaction of SRBSDV P6 and

mutants of P5-1 in transformed S. cerevisiae Y2HGold cells grown on

SD/-Ade/-His/-Leu/-Trp/X-a-Gal/AbA. Segment 1, pGBKT7-P5-1/

pGADT7-P6; segment 2, pGBKT7-P5-1-1/pGADT7-P6; segment 3,

pGBKT7-P5-1-2/pGADT7-P6; segment 4, pGBKT7-P5-1-1M1/

pGADT7-P6; segment 5, pGBKT7-P5-1-1M2/pGADT7-P6; segment

6, pGBKT7-P5-1-1M3/pGADT7-P6; segment 7, pGBKT7-P5-1-1M4/

pGADT7-P6; segment 8, pGBKT7-P5-1-1M5/pGADT7-P6; segment

9, pGBKT7-P5-1-1M6/pGADT7-P6; segment 10, pGBKT7-P5-1-

1M7/pGADT7-P6; segment 11, pGBKT7-53/pGADT7-T (positive

control); segment 12, pGBKT7/pGADT7-P6 (negative control)

Fig. 4 Mapping of the P6 region involved in the P5-1-P6 interaction.

(A) Schematic representation of P6 mutants: P6, full-length P6

(amino acids 1-794); P6M1, amino acids 1-661; P6M2, amino acids

204-794; P6M3, amino acids 1-359; P6M4, amino acids 1-286;

P6M5, amino acids 153-359; P6M6, amino acids 1-150; P6M7, amino

acids 1-93; P6M8, amino acids 1-70; P6M9, amino acids 20-93. The

ability of P6 mutants to interact with intact P5-1 in YTH assays is

shown on the right (?, positive; -, negative). (B) Interaction of

SRBSDV P5-1 and mutants of P6 in transformed S. cerevisiae

Y2HGold cells grown on SD/-Ade/-His/-Leu/-Trp/X-a-Gal/AbA.

Segment 1, pGBKT7-P5-1/pGADT7-P6; segment 2, pGBKT7-P5-1/

pGADT7-P6M1; segment 3, pGBKT7-P5-1/pGADT7-P6M2; seg-

ment 4, pGBKT7-P5-1/pGADT7-P6M3; segment 5, pGBKT7-P5-1/

pGADT7-P6M4; segment 6, pGBKT7-P5-1/pGADT7-P6M5; seg-

ment 7, pGBKT7-P5-1/pGADT7-P6M6; segment 8, pGBKT7-P5-1/

pGADT7-P6M7; segment 9, pGBKT7-P5-1/pGADT7-P6M8; seg-

ment 10, pGBKT7-P5-1/pGADT7-P6M9; segment 11, pGBKT7-53/

pGADT7-T (positive control); segment 12, pGBKT7-P5-1/pGADT7

(negative control)
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Intracellular localization of P5-1 and P6 in infected rice

plants

Previous studies revealed that the cytopathology of

SRBSDV-infected plants is typical of fijivirus infections,

with virus crystals, viroplasms and tubular structures [2, 9].

Virus particles were arranged in a regular order in crystals

and tubular structures, but scattered throughout the viro-

plasm. To determine the intracellular localization of P5-1

and P6 in infected plant cells, immunogold labeling

experiments were performed using polyclonal antibodies

against these proteins. Antibodies to both proteins labeled

the viroplasms in infected rice cells (Fig. 7). With the P6

antibody, many immunogold particles were observed in

amorphous viroplasms with higher electron density

(Fig. 7B), suggesting that P6 is a major component of these

viroplasms, while the smaller number of particles seen with

the antibody to P5-1 suggests that this protein is a minor

component (Fig. 7A). None of the structures in healthy rice

plants reacted with these antibodies (data not shown).

Discussion

Viroplasms are amorphous electron-dense cytoplasmic

inclusions often found in reovirus-infected cells and are

thought to be structures where dsRNA is synthesized and

packaged into pre-virion core particles [32–34]. There have

been many studies of the composition and formation of

viroplasms of animal reoviruses but only a few reports on

the viroplasms of fijiviruses. In RBSDV, P6 is thought to

self-interact to form punctuate VLS in the cytoplasm and to

recruit viroplasm-associated protein P9-1 [13, 16–18].

MRCV P9-1 can self-interact and bind single-stranded

RNA, has ATPase activity, and is thought to be associated

with the formation of viroplasm structures [31, 35, 36]. A

Fig. 5 Interaction between

P5-1-1M6 and P6M7 in yeast

cells and living plant cells.

(A) Interaction of P5-1-1M6

with P6M7 in transformed

S. cerevisiae Y2HGold cells

grown on SD/-Ade/-His/-Leu/-

Trp/X-a-Gal/AbA. Segment 1,

pGBKT7-53/pGADT7-T

(positive control); segment 2,

pGBKT7-Lam/pGADT7-T

(negative control); segment 3,

pGBKT7-P5-1-1M6/pGADT7-

P6M7; segment 4, pGBKT7-P5-

1-1M6/pGADT7 (negative

control); segment 5, pGBKT7/

pGADT7-P6M7 (negative

control). (B) and

(C) Visualization of P6M7-P5-

1-1M6 interaction in

N. benthamiana epidermal cells

by BiFC assay. N. benthamiana

leaves were co-infiltrated with

pCV-nYFP-P6M7/pCV-cYFP-

P5-1-1M6 (B) or pCV-nYFP-

P5-1-1M6/pCV-cYFP-P6M7

(C). The white arrows indicate

the positions of the cell nuclei.

The results were observed 72 h

after infiltration. Scale bar,

25 lm
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recent study has shown that SRBSDV P9-1 is a component

of the viroplasm matrix [38]. Here, immunogold labeling

revealed that both P5-1 and P6 of SRBSDV were localized

in the viroplasm, clearly indicating that P5-1 is also a

component of this structure in fijiviruses in addition to P6

and P9-1.

The region of RBSDV P6 from amino acids 395-659,

which is predicted to harbour a coiled-coil structure and the

ATPase domain of structural maintenance of chromosomes

(SMC) proteins [17], is responsible for P6 self-interaction,

heterologous interaction with P9-1, and VLS formation

[17]. SRBSDV P6 has 43-62 % identity to the corre-

sponding proteins of RBSDV and MRCV [20]. A BLAST

search also showed that SRBSDV P6 contains the ATPase

domain of SMC proteins, suggesting that these fijivirus

proteins are homologous. In transient expression systems,

Fig. 6 Subcellular localization

of SRBSDV P5-1 and P6

proteins in N. benthamiana leaf

epidermal cells. GFP

fluorescence in N. benthamiana

leaves agroinfiltrated with pCV-

GFP-N1 (A), pCV-P5-1-GFP

(B) and pCV-P6-GFP (C). The

white arrows indicate the

positions of the cell nuclei.

Representative granular bodies

are marked by white triangles,

and punctate bodies are marked

with black triangles. The results

were observed 48 h after

infiltration. Scale bar, 25 lm

Fig. 7 Immunogold labeling of SRBSDV P5-1 (A and B) and P6 (C) proteins in infected rice cells. Panel B is a magnification of the square

region in Panel A. VP, viroplasm; CV, core virus particles or incomplete virions; CW, cell wall
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fluorescence appeared as granular structures in the cyto-

plasm, whether P6 was expressed alone or co-expressed

with P5-1, supporting the view that P6 is involved in for-

mation of VLS. This is confirmed by the immunogold

labeling of ultrathin sections showing that SRBSDV P6

was specifically enriched within the viroplasm of infected

rice cells. However, the reconstituted YFP-fluorescence,

formed by co-expression of the minimal truncated mutants

of SRBSDV P5-1 and P6 (Fig. 5), did not aggregate into

viroplasm-like structures, suggesting that something more

than the interaction between the minimal interactive

regions is necessary for VLS formation.

We also noted that both P5-1 and P6 were found in

nuclei in addition to the cytoplasm when we studied GFP

fusion proteins in the leaves of N. benthamiana (Fig. 6).

The reconstituted YFP fluorescence formed by the minimal

interactive truncated mutants of SRBSDV P5-1 and P6 was

also observed in both the nucleus and cytoplasm (Fig. 5).

However, the reconstituted YFP-fluorescent granules

formed when the entire P5-1 and P6 were co-expressed in

the leaves of N. benthamiana were not found in nuclei

(Fig. 2), suggesting that the interaction may affect the

subcellular localization of the proteins. Co-localization

experiments indicated that the interaction between RBSDV

P6 and P9-1 proteins can change the distribution pattern of

P9-1 in onion cells [17]. It would therefore be interesting to

determine whether this change of localization is a universal

phenomenon during viroplasm formation in fijiviruses. In

addition, interaction between P6 and P9-1 of SRBSDV was

also found in a yeast two-hybrid (Y2H) assay, but it was

not as strong as the interaction between P6 and P5-1 (data

not shown), supporting the conclusion that fijiviral P9-1 is

involved in viroplasm formation [17, 31, 35, 36, 38].

Further research on the relationships among P5-1, P6, and

P9-1 would be very helpful to provide a deeper insight into

viroplasm formation in fijivirus infections.
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