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ABSTRACT

The nonstructural Pns9 protein of Rice gall dwarfvirus (RGDV) accumulates in viroplasm inclusions, which
are structures that appear to play an important role in viral morphogenesis and are commonly found in
host cells infected by viruses in the family Reoviridae. An RNA interference construct was designed to
target the gene for Pns9 of RGDV, namely Trigger_G9. The resultant transgenic plants accumulated short
interfering RNAs specific for the construct. All progenies from self-fertilized transgenic plants had strong
and heritable resistance to RGDV infection and did not allow the propagation of RGDV. By contrast,
our transgenic plants remained susceptible to Rice dwarf virus, another phytoreovirus. There were no
significant changes in the morphology of our transgenic plants compared with non-inoculated wild-
type rice plants, suggesting that genes critical for the growth of rice plants were unaffected. Our results
demonstrate that the resistance to RGDV of our transgenic rice plants is not due to resistance to the vector
insects but to specific inhibition of RGDV replication and that the designed trigger sequence is functioning
normally. Thus, our strategy to target a gene for viroplasm matrix protein should be applicable to plant

viruses that belong to the family Reoviridae.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Rice gall dwarf virus (RGDV), which belongs to the genus Phy-
toreovirus in the family Reoviridae, infects rice and the grass weed
Alopecurus aequalis (Xie et al., 1983) and seriously damages rice
production in Thailand (Omura et al., 1980), Malaysia (Ong and
Omura, 1982), and Fujian and Guandong provinces in China (Xie
et al., 1994). Infection of rice plants by RGDV leads to severe stunt-
ing with small galls along the leaf veins on the abaxial surface of
leaves and the outer surface of sheaths, considerably decreasing
grain yield. RGDV is transmitted to rice plants in a persistent man-
ner by leafthoppers (Nephotettix spp.). The virus replicates in the
insect vector (Omura et al., 1980). In addition to the relatively long-
distance migration of the virus in such viruliferous insects, RGDV is
transmitted transovarially to progeny via their eggs (Hibino, 1996).
Thus, eradication of the disease is very difficult once widespread
infection has occurred (Hibino, 1996).

Genetic resistance is one of the most effective means of pro-
tecting crop plants from viral infection. However, there are no
reports, to the best of our knowledge, of naturally occurring genes
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that endow resistance to RGDV infection. Although the high cost
of insecticide application is a major burden to growers, insecti-
cides against the vector insect are generally the most common
control measure in affected regions. Additionally, the vector insects
are likely to become resistant to certain insecticides after contin-
uous, widespread use of these chemicals (Brogdon and McAllister,
1998). Therefore, we are developing genetic engineering strategies
as potential solutions to control RGDV disease.

RNA silencing or RNA interference (RNAi), an evolutionarily
conserved process that is active in a wide variety of eukaryotic
organisms, is a form of gene suppression that occurs at transcrip-
tional and post-transcriptional levels (Baulcombe, 2005; Voinnet,
2005). Double-stranded RNA (dsRNA) is diced into short/small
interfering RNAs (siRNAs) of 21- to 24-nucleotide (nt) (Bernstein
et al., 2001; Hamilton et al., 2002). These siRNAs are then incor-
porated into the RNA-induced silencing complex to guide the
degradation or translational repression in a sequence-specific man-
ner (Hammond et al., 2000; Liu et al., 2004). As hairpin constructs
(Miki et al., 2005; Waterhouse et al., 2001 ), dsRNA can be expressed
in plants relatively easily, enabling us to apply this technology to
a wide range of species to silence the expression of both specific
endogenous genes and genes of invading pathogens (Mansoor et al.,
2006). RNAi has been an important tool to render plants resistant
to plant virus infection (Collinge et al., 2010; Mansoor et al., 2006;
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Prins et al., 2008). There are several reports of the induction of viral
resistance in plants by targeting the genes of certain plant viruses
(Bonfim et al., 2007; Di Nicola-Negri et al., 2005; Fahim et al., 2010;
Kalantidis et al., 2002; Patil et al., 2011; Reyes et al., 2011; Ribeiro
et al.,, 2007; Shimizu et al., 2009, 2011a,b; Wang et al., 2000). How-
ever, the levels of achieved resistance varied from immunity to a
delay in the appearance of symptoms or the absence of resistance
(Mansoor et al., 2006).

RGDVisanicosahedral double-shelled particle of approximately
65-70 nm in diameter, with two concentric layers of proteins that
enclose core. The viral genome consists of 12 segments of dsRNA
(Hibi et al., 1984), designated S1 through S12 in order of their
migration during SDS-PAGE, that encode six structural and six non-
structural proteins (Ichimi et al., 2002; Koganezawa et al., 1990;
Maruyama et al., 1997; Moriyasu et al., 2000, 2007; Noda et al.,
1991; Omura et al., 1985; Takahashi et al., 1994). In our previous
cytopathological studies, we characterized the role of these 12 pro-
teins encoded by the genome segments of Rice dwarf virus (RDV),
a member of the same genus in the Reoviridae. We have shown
that viral structural proteins assemble inside and at the periphery
of the viroplasm, which is the putative site of viral replication and
composed of three nonstructural proteins, namely, Pns6, Pns11 and
Pns12 (Wei et al., 2006). We have demonstrated that Pns12 can ini-
tiate the formation of viroplasm-like inclusions in the absence of
other viral proteins and that it is the first detectable viral protein
in infected insect-vector cells (Wei et al., 2006). Furthermore, we
have shown that transgenic plants that harbored RNAi constructs
comprising 500 nt that correspond to the 5’ termini of the coding
region of the S12 genome segment, which encodes Pns12, conferred
strong resistance to the virus (Shimizu et al., 2009). These observa-
tions suggested to us that the gene for Pns9 of RGDV, which is the
functional orthologue of RDV Pns12 through homology searches
between both viral genomic RNAs (Moriyasu et al., 2007) and
cytopathological studies (Akita et al., 2011; Wei et al., 2009), might
be a critical target for suppression of the proliferation of RGDV in
infected rice plants.

In the present study, we analyzed the effects of target sequences
that correspond to 500 nt of the S9 genome segment of RGDV,
which encodes Pns9, using transgenic rice plants that expressed
an inverted-repeat (IR) construct. We demonstrated that targeting
the gene for the viroplasm matrix protein is effective in conferring
resistance to RGDV in transgenic rice plants.

2. Materials and methods
2.1. Construction of plasmids

For generating an RNAi-inducing construct, a 5’ terminal 500-
bp fragment of the gene for Pns9 of RGDV, namely Trigger_G9, was
amplified from cDNA clone using the following oligonucleotides:
Trigger G9F, 5'-CACCATGTTTACATCTTCTGCAGCC-3’; and Trig-
ger_GOR, 5'-TTGTGAATATCATAATTTAGCATTAC-3'. The Trigger_-G9F
primer contained CACC at the 5 end for directional TOPO®
cloning (Invitrogen, Life Technologies Corp., Carlsbad, CA, USA).
The product was subcloned into a Gateway entry vector, the
pENTR™/D-TOPO® (Invitrogen). The final RNAi vector was pro-
duced by an LR clonase®-catalyzed reaction (Invitrogen) between
this entry vector and a Gateway destination vector, pANDA (Miki
et al., 2005; Miki and Shimamoto, 2004) for transformation of rice
calli, according to the manufacturer’s instructions. In these reac-
tions, the PCR-derived fragments were inserted into two regions
flanked by two recombination sites (attB1 and attB2) in oppo-
site directions, and the B-glucuronidase (gus) linker sequence was
flanked by the two inverted repeats. The resulting plasmid was
introduced into Agrobacterium tumefaciens EHA101.

2.2. Transformation of rice calli

Rice calli (cv. Nipponbare) were subjected to Agrobacterium-
mediated transformation according to a previously published
method (Hiei et al, 1994). Transformants were selected in a
medium containing hygromycin B (50 mg/L). Regenerated plants
(To generation) from hygromycin-resistant calli were eventually
transferred to commercial soil (Bonsol; Sumitomo Chemical, Tokyo,
Japan) in pots and grown to maturity in a greenhouse at 25+3°C
under natural sunlight.

2.3. Screening by PCR

For multiplex PCR screening of transgenic lines, genomic DNA
was extracted from all plants (Tg, T; and T, generations) used
in this study according to the published protocols (Edwards
et al,, 1991). To amplify the transgene-specific gus linker and an
endogeneous rice gene for actin, we used the following oligonu-
cleotides: GUS-F, 5-CATGAAGATGCGGACTTACG-3’; GUS-R, 5'-
ATCCACGCCGTATTCGG-3’; ACT-F, 5-TCCATCTTGGCATCTCTCAG-
3’; and ACT-R, 5'-GTACCCGCATCAGGCATCTG-3'.

2.4. Isolation and detection of small RNAs

Total RNA was isolated from leaves of rice plants used in this
study with TRIzol reagent (Invitrogen) according to the manu-
facturer’s instructions. Northern blot analysis was performed as
described previously (Shimizu et al., 2011b). For detection of siR-
NAs, Digoxigenin (DIG)-labeled sense riboprobe corresponding to
Trigger_G9 was prepared by in vitro transcription, with a DIG RNA
Labeling Kit (Roche Diagnostics GmbH., Mannheim, Germany).

2.5. Assessment of resistance to RGDV

Transgenic plants (T; or T, generation) were inoculated with
RGDV using a method similar to that described by Shimizu
et al. (2007). Wild-type rice plants (cv. Nipponbare) were used
as controls. In brief, 10-day-old rice seedlings were exposed to
approximately 10 viruliferous leafhoppers per plant in an inoc-
ulation chamber (70 cm wide by 70cm deep by 75cm high) for
2 days. After the inoculation period, the leafhoppers were killed
with insecticide (Kadan-A; Fumakilla, Tokyo, Japan) according to
the manufacturer’s instructions and plants were transferred to
an insect-free greenhouse at 25+ 3°C under natural sunlight for
development and evaluation of symptoms. The appearance of
symptoms on developing leaves was monitored daily until harvest.

2.6. Detection of RGDV by ELISA

Infection by RGDV and its concentration in plants were
evaluated by double antibody-sandwich (DAS) enzyme-linked
immunosorbent assays (ELISA) using an antiserum against RGDV,
described by Takahashi et al. (1991). To evaluate RGDV infection,
we harvested pieces (about 100 mg) of leaf sheath plus stem tissue
from RGDV-inoculated rice plants. These samples were flash-frozen
in liquid nitrogen and then ground in the Multi-beads shocker®
(Yasui Kikai, Osaka, Japan). The ground samples were suspended
with 10 volumes of phosphate-buffered saline (PBS; 137 mM Nacl,
8.1 mM NayHPOy, 2.7 mM KCl, 1.5 mM KH,PO4, pH 7.4). Each sap
extract was diluted 20-fold with PBS and subjected to DAS-ELISA
as described by Satoh et al. (2010).
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Fig. 1. RNA silencing of the Rice gall dwarf virus (RGDV) S9-derived transgene. (a)
Genetic map of S9 of the RGDV genome. The line represents dsRNA genome, the
box denotes Pns9-protein-coding region, the arrow shows the origin of fragment
for the RNAi-trigger, Trigger.G9, which was amplified and cloned into the vector
for plant transformation. (b) Schematic diagram of the construct for Pns9-specific
RNAI. Trigger_-G9, derived from the S9 genome was cloned in two orientations in
PANDA to trigger RNAI. Transcripts of the RNAi-trigger region were designed to be
expressed constitutively under the control of promoter pUbq of the maize gene for
ubiquitin. Downstream of pUbq, the two unlabeled boxes represent exons and the
thin line separating the exons marks an intron of the Ubq gene. Small arrowheads
indicate position of primers used to detect a transgene. (c) Detection of siRNAs in
three independent lines of transgenic Ty plants that harbor Trigger-G9. Numeric
designations of transgenic lines are shown above the panels. Approximately 3 j.g of
total RNA was probed with digoxigenin-labeled transgene-specific RNA. The lower
panel shows the detection of 5.8S rRNA, used as a control to confirm loading of equal
amounts of RNA in each lane.

3. Results

3.1. Accumulation of transgene-specific siRNAs in the Ty
generation

For generating an RNAi-inducing construct, an internal 500-nt
region of the S9 genome segment of RGDV, namely Trigger_.G9
(Fig. 1a), was amplified and cloned into the vector pANDA that
would transcribe hairpin RNA (hpRNA). As shown in Fig. 1b, the
Trigger_G9 fragments were inserted into two sites in opposite direc-
tions, separated by the gus linker sequence and were driven by
the promoter of the maize (Zea mays) gene for ubiquitin (Ubq)
(Christensen et al., 1992). We introduced this RNAi construct into
rice calli derived from seeds of an RGDV-susceptible rice cultivar
(cv. Nipponbare). We generated 16 transgenic plants from inde-
pendent transformed calli by selection for hygromycin resistance
and confirmed the presence of the transgene in the genome DNA
by PCR analysis (data not shown).

To monitor the extent of RNA silencing in transgenic plants, we
examined the induction of RNAi by analyzing total RNA from indi-
vidual Trigger_G9 transgenic Ty rice plants by Northern blotting,
using Trigger_G9-specific digoxigenin (DIG)-labeled RNA probes.
As shown in Fig. 1c, we selected three lines (#1-3) that accumu-
lated siRNAs specific to the 5'-proximal region of the gene for Pns9,
which migrated as RNA molecules of 21- to 24-nt, among our trans-
genic Ty plants. Then, we self-fertilized these transgenic Ty plants
to generate Ty progeny for further analysis.

3.2. High-level resistance to RGDV in transgenic rice plants that
harbored Pns9-specific sequence

To evaluate the response to infection by RGDV, we exposed
transgenic T; plants to viruliferous (RGDV-carrying) leafhoppers,
using wild-type plants as controls. After the insects were killed
with insecticide, we monitored plants daily for symptoms. The
progeny from each line of Trigger_G9 transgenic rice plants were

Table 1
RGDV resistance of Ty generation of transgenic rice plants that harbored Trigger G9
for RNAI and of control plants.

Transgene Parent line Reactions of test plants

To n? sb R
Trigger.G9 #1 32 8¢ 24

#2 31 6¢ 25

#3 34 7¢ 27
Nipponbare (susceptible cv.9) 66 60 6

3 Number of rice plants examined.

b Typical symptoms were observed 2 weeks after inoculation.

¢ Plants remained symptomless for the 8-week of observation period.
d Cultivars used as controls.

¢ None of the plants inherited the transgene when detected by PCR.

f Plant escaped from infection by RGDV.

significantly resistant to RGDV infection (Table 1 and Fig. 2).
Furthermore, all the plants that had no symptoms 2 weeks
post-inoculation (wpi), when all infected plants normally exhibit
symptoms, were symptoms-free until the harvest time, as was the
case, for example, for line #1 among the Trigger_G9 plants (Fig. 3).
The extent of the resistance to RGDV was similar in each line.
By contrast, newly developed leaves of the wild-type plants had
typical stunting symptoms by 2 wpi. Not all the wild-type con-
trol plants were infected (Table 1), and some escaped infection as
observed previously (Shimizu et al., 2009, 20114, 2011b). As shown
in Fig. 4a, all the transgenic T; plants of line #1 of the Trigger_G9
that were resistant to RGDV infection had inherited a transgene,
whereas eight T; plants of this line that had symptoms of RGDV
infection had not inherited a transgene. Among all 97 plants in 3
lines analyzed, all the transgenic Trigger_.G9 T; plants that were
infected with RGDV within 2 wpi did not harbor a transgene (data
not shown), as was the case for line #1 of the Trigger_.G9 T; plants
described above.

To confirm the resistance to RGDV infection in inoculated trans-
genic rice plants, extracts of leaf sheath plus stem from each of
all plants 50 days post inoculation were examined for the pres-
ence of RGDV by DAS-ELISA with polyclonal antibodies raised
against RGDV particle. We were unable to detect RGDV in all the
transgenic T; plants of line #1 of Trigger_.G9 that accumulated

Trigger_G9 #1

wild type

Fig. 2. Highly enhanced resistance to Rice gall dwarf virus (RGDV) of self-fertilized
transgenic rice plants (T;) due to Pns9-specific RNAi. Phenotypes of RGDV-
inoculated transgenic T; rice plants, 50 days post inoculation. Plants in containers
from left to right are: resistant progeny of line #1 of Trigger.G9 plants, showing
healthy growth after RGDV inoculation; RGDV-susceptible nontransgenic wild-type
rice plants (cv. Nipponbare), showing typical stunting after RGDV infection. Bar,
20cm.
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Fig. 3. Appearance of transgenic T; rice plants that harbored Trigger_G9 at harvest
time. Plants in pots from left to right are: a mock-inoculated wild-type rice plant,
showing normal growth (left); an RGDV-resistant progeny line, showing healthy
growth and fertile after RGDV inoculation (center); an RGDV-susceptible nontrans-
genic wild-type rice plant, showing typical stunting after RGDV infection (right).
RGDV, inoculated with RGDV by viruliferous leafhoppers; and Mock, “inoculated”
with virus-free leafhoppers. Bar =30 cm.

transgene-specific siRNAs (Fig. 4b and c). By contrast, in eight T,
plants of this line that had not inherited a transgene and did not
accumulate these siRNAs, RGDV was detected at levels as high as
those in the control, wild-type plants (Fig. 4). Among all 97 plants
in 3 lines analyzed, we were unable to detect RGDV in all the trans-
genic Trigger_G9 Ty plants that had inherited a transgene (data not
shown), as was the case for #1 of Trigger_G9 T; plants, described
above.
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Fig.5. Accumulation of siRNAs in three independent plants from three lines of trans-
genic T, plants that harbored Trigger_G9. Numeric designations of transgenic plants
are shown above the panels. For others, refer to the legend for Fig. 1c.

3.3. Genetic stability of the transgenic RGDV resistance

To monitor the maintenance of RNAI in the T, generation, we
examined the accumulation of transgene-specific siRNAs by ana-
lyzing total RNA from Trigger.G9 transgenic T, rice plants. As
shown in Fig. 5, siRNAs specific to Trigger_.G9, which migrated
as RNA molecules of 21- to 24-nt, accumulated in transgenic T,
plants. Then, to assess the stability of the resistance phenotype, we
exposed seedlings from the T, generation of Trigger_G9 transgenic
rice plants and wild-type rice plants to RGDV-carrying leafhoppers.
The inoculated Trigger_G9 transgenic T, rice plants were signifi-
cantly resistant to RGDV infection (Table 2). Among all 148 plants in
9 lines analyzed, all 125 transgenic Trigger_G9 T, plants that exhib-
ited strong resistance to RGDV infection had inherited a transgene
(data not shown). By contrast, all 23 plants that were infected with
RGDV had not inherited a transgene (data not shown). Thus, our
observations revealed that the resistance to RGDV of plants with
Trigger_G9 RNAI constructs was stably inherited.

3.4. No resistance to another phytoreovirus in transgenic rice
plants that expressed RGDV Pns9-specific siRNAs

To evaluate the response to infection by other phytoreoviruses,
progeny T; plants from each transgenic line generated with

a T1 progeny from line #1 of Trigger_G9 transgenic plant
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Fig.4. Correlation between inheritance of a transgene and RGDV accumulation in a population of segregating progeny from line #1 of Trigger_-G9 transgenic rice plant. (a) PCR
screening for the inheritance of a transgene. Genomic DNA from transgenic and wild-type (wt) plant was analyzed by multiplex PCR with transgene-specific 8-glucuronidase
(gus) linker primers and with primers specific for an endogeneous rice gene for actin, as a control. Numbers above lanes represent individual plants. Response to infection of
each plant is indicated below the panel by “R” or “S”. R, no symptoms of disease (i.e. resistance) 50 days post inoculation (dpi); and S, typical symptoms were apparent 14 dpi.
(b) Accumulation of siRNAs in transgenic and wild-type (wt) rice plants. Numbers above lanes represent individual plants. Approximately 1 g of total RNA was probed with
digoxigenin-labeled transgene-specific RNA. For others, refer to the legend for Fig. 1c. (c) Detection by ELISA of RGDV particle in transgenic and wild-type (wt) rice plants
50dpi. Values refer to absorbance at 405 nm, measured after hydrolysis of substrate for 1 h. wt mock, non-transgenic wild-type exposed to virus-free leafhoppers.
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Table 2
RGDV resistance of T, generation of transgenic rice plants that harbored Trigger_.G9
for RNAI and of control plants.

Transgene Parent line Reactions of test plants
To-Ti n? sb RC

Trigger.G9 #1-1 17 0 17
#1-2 15 3¢ 12
#1-3 17 4¢ 13
#2-1 16 0 16
#2-2 16 4¢ 12
#2-3 17 5¢ 12
#3-1 16 0 16
#3-2 17 3¢ 14
#3-3 17 4¢ 13

Nipponbare (susceptible cv.9) 51 46 5f

2 Number of rice plants examined.

b Typical symptoms were observed 2 weeks after inoculation.

¢ Plants remained symptomless for the 8-week of observation period.
d Cultivars used as controls.

¢ None of the plants inherited the transgene when detected by PCR.

f Plant escaped from infection by RGDV.

Trigger_.G9 were inoculated with RDV and monitored daily for
symptoms. Almost 95% of the Trigger_G9 transgenic plants, irre-
spective of whether or not they harbored a transgene, developed
typical symptoms that were similar to those on RDV-inoculated
wild-type rice plants (Table 3). Symptoms developed at the same
rate and were as severe as those in the wild-type rice plants
(Supplementary Fig. S1).

4. Discussion

Transgenic plants that expressed Trigger_G9, which targeted the
RGDV gene for Pns9 viroplasm matrix protein had strong, herita-
ble resistance to RGDV infection. These transgenic rice plants that
remained asymptomatic after challenge with RGDV did not con-
tain detectable amounts of the virus, as determined by ELISA. This
result is considered to be important for the field level control of
viral disease because our transgenic plants will not be sources of
RGDV infection.

In the case of animal viruses that belong to the same family
Reoviridae, evidence is accumulating that suppression of the gene
for a viroplasm matrix protein, important in viral replication, is
effective in viral control. In animal reoviruses, the reduction of
expression of genes for NSP2 and NSP5 (viroplasm matrix proteins
of mammalian rotavirus) and of the gene for wNS (a viroplasm
matrix protein of mammalian orthoreovirus) by siRNA adversely
affected many aspects of the viral replication cycle, including the
formation of viroplasms; the synthesis of all viral proteins, plus-
strand RNAs, and dsRNAs; and the production of infectious virions
(Kobayashi et al., 2006; Lopez et al., 2005; Silvestri et al., 2004).
Our previous study of RNAi-mediated resistance to RDV (genus

Table 3
Absence of RDV resistance of T; generation of transgenic rice plants that harbored
Trigger_G9 for RNAi and of control plants.

Transgene Parent line Reactions of test plants

To n? sb R¢
Trigger-G9 #1 32 30 2¢

#2 27 26 1¢

#3 33 32 1¢
Nipponbare (susceptible cv.4) 34 32 2¢

2 Number of rice plants examined.

b Typical symptoms were observed 2 weeks after inoculation.

¢ Plants remained symptomless for the 8-week of observation period.
d Cultivars used as controls.

¢ Plant escaped from infection by RDV.

Phytoreovirus) demonstrated that strong resistance was induced in
transgenic rice plants when the gene for RDV Pns12, a functional
orthologue of RGDV Pns9 (Akita et al., 2011), was targeted for RNA
silencing (Shimizu et al., 2009). Our results here also showed that
strong resistance to RGDV (genus Phytoreovirus) was induced in
transgenic rice plants that harbored the RNAi construct directed
against the gene for viroplasm matrix protein Pns9, suggesting that
this protein plays a key role in viral proliferation. Thus, interfer-
ing with the expression of a gene for a viroplasm matrix protein
seems to be a viable strategy to use RNAi for conferring resistance
to viruses that construct viroplasm inclusions to propagate.

In Arabidopsis thaliana, DCL2, DCL3 and DCL4 process both repli-
cating viral RNAs and RNA-induced hpRNAs into 22-, 24- and 21-nt
siRNAs, respectively (Brodersen and Voinnet, 2006). The 21- and
22-nt siRNAs are generally believed to be involved in antiviral
activities (Bouché et al., 2006; Deleris et al., 2006; Fusaro et al.,
2006). Our transgenic plants accumulated 21-, 22-, and 24-nt
classes of transgene-specific siRNAs, suggesting that the antivi-
ral RNA silencing machinery of the host plant had been activated.
No potential off-target candidates were detected in our designed
trigger sequence when they were analyzed with a web-based
computational siRNA-scanning tool (Xu et al., 2006) using default
settings (21 nt identity or complementarity). Moreover, there were
no significant differences between the morphology of our trans-
genic plants and that of non-inoculated wild-type rice plants,
suggesting that genes critical for the growth of rice plants were
unaffected.

The spectrum of RNAi-mediated virus resistance is highly
sequence specific and thus limited to the virus from which the
transgene is derived (Hassani-Mehraban et al., 2009). Similarly, our
RGDV-resistant rice plants were not resistant to challenge inocu-
lation with RDV, which is transmitted to rice plants by the same
vector insect, probably because the nucleotide sequence of the cod-
ing region of RGDV Pns9 on S9 genome segment shares only 49%
identities with that of RDV Pns12 on S12 segment (Moriyasu et al.,
2007), thus the conserved region longer than 21 nt was not found
between them. Taken together, our results demonstrate that our
designed trigger sequence is functioning normally and that the
RGDV resistance of the Trigger_G9 transgenic rice plants is not due
to resistance to the vector insect but rather specifically to inhibition
of RGDV replication.

The expression of viral dsRNA for targeting the Pns9 sequence
seems to be an efficient method for developing lines of RGDV-
resistant rice plants. The T, generation of Trigger_ G9 transgenic
rice plants exhibited strong resistance to RGDV infection, suggest-
ing that the observed high level resistance will be stable into future
generations. However, the possibility of breakdown of the RNAi-
mediated resistance, as described (Hassani-Mehraban et al., 2009;
Mitter et al., 2003), cannot be excluded if the transgene silencing
was suppressed by following infection with heterologous viruses,
since crops are frequently infected with multiple viruses simulta-
neously in the fields. For example, in southern Vietnam, a mixed
infection with Rice ragged stunt virus and Rice grassy stunt virus,
which belongs to the genus Oryzavirus in the family Reoviridae and
to the genus Tenuivirus, respectively, has been a serious problem for
rice production (Cabunagan and Choi, 2009). Therefore, introduc-
tion of a chimeric transgene, in which heterologous virus genome
sequences are fused to each other, would be a promising method
to engineer broad-resistance.

RNAi is a natural antiviral defense in plants, which can be
exploited in transgenic plants for pre-programming virus recog-
nition and ensuring enhanced resistance. However, levels of
resistance to several plant viruses have varied widely (Mansoor
et al., 2006). Recently, we have demonstrated that the variable
levels of resistance to viral infection of plants that harbor RNAi con-
structs depend on which viral gene was targeted by the individual
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construct, suggesting that it is essential to target the expression of
a protein that plays an important role in viral propagation (Shimizu
et al.,, 2011b). In this study, we verified that our strategy is a practi-
cal and effective way to control serious plant reoviruses. Thus, our
strategy should be applicable to viruses that belong to the genera
Phytoreovirus, Fijivirus, and Oryzavirus in the family Reoviridae.
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